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NsutraL beam powsr a n 3  s n e r 3 y  r s q u i r e m m t s  ar3 compsrsd  f o r  ' f u l l  

d e n s i t y  f u l l  b o r s  31-13 e x p a n d i n g  r a d i u s  s t a r t u p  s c a n a r i o s  i n  .an 

s l o n g 3 t s d  p l s s m a ,  Tne Next  S t s p  (TNS),  33 a f u x t i o n  o f  dsam puLs2 t i m e  

and  p l a sm3  d a n s i c y -  Aac-;rus? o f  chr! s i m i l a r i t y  o f  p a r a i n e t e r s ,  th.2 

r e s u l t s  s h o u l d  a l s o  b s  s p p l i c a b l e  t o  3 n g i n s e r i n g  T e s t  S s c i l i t y  ( E r P )  

and I n t e r n s t  i o n a l  Tokln3k H ~ ~ c t o r  ( LiJTOR) S t u d i d S .  A c r 3 n s p o r t  mod2L 

c o n s i s t i n  o f  n ? o c l a s s i c s l  i o n  condu,::tion and .anom:iLous . s l e z t r o n  

c o n d u 3 t i o n  and .cl i f  f u s i o n  b a s e d  o n  "A32.4.r3A sc.1 i 3 q "  l e a d s  t o  .averaqa .  

d e n s i t i a s  i n  t h e  ran.3; <n.> .- :I. 3-1.2 x 1314 b e i n g  s u f f  i o i s n t  f o r  

i g n i t i o n .  Y g u t r a l  deu;ar  iutn b(3.m s n s r g i e s  i n  t h e  rsncp? 120-1 33 K ~ V  a r a  

I 

a d 2 q u a t e  f o r  p ? n e t r a t i o n ,  w i t h  t h e  r e q u i r ? d  ?ow?r i n j e c t e d  i n t o  t n o  

, . 
plas ins  d 3 c r a . 3 ~  i n 3  w i t h  i n c r a a s i n s  b e a a  en?r%y. rne n e u t r a l  bswn powsr - 
d e s r e a s 1 2 s  s t r o n . 3 1 ~  w i t h  i n c r e a s i n g  bean  p u l s e  l e n g t h  t b  u n t i l  tb 

e x c e e d s  3 f w  t o t a L  iener3y ~ o n f i n e m e n t  timss, y i e l d i n s  t b  " , 4 - 5  3 f o r  

til2 riJ:j pLasm.3. Ln . x l d i t i o n  t o  x v o ~ a i n ~  s k i l l  c u r r o r i t  ~ f f e c t s  and 

p o s s i b l y  a l l o w i n 3  f o r  a more i m p u r i t y - f r e e  p lasm3 i n i t i 3 t i o n ,  t n ' l  

l x p a n d i n g  r x i i u s  s ~ e n a r i o  h a s  s l i q n t l y  r?duced "earn e n c r g y  d n d j n r  powzr 

requi rem.2nfs .  Wnon t n e  s x p a n d i n q  r a d i u s  s c e n a r i o  is e x t m d e d  t o  2ven 

l s r g e r  powar r s * c t o r s ,  3 n e u c r a l  d a u t a r i u m  b e a a  en13rgy o f  1j3 'x3V 

relnair~s s u f f i c  i s n t  f o r  p e n 3 t r a s i o n .  



'Tne stlrtup of 3 tokamak reaztor plasma can be divided into two 

gsnaral ghsses. Pirsc is an initiation phase in which 31obsL analyses 

h a v e  baan used to obtain 3stimates for tne appLia:i toroidsl volta33 as 

a function of tho n.sut,ral g ~ s  filling pressure 11-41. The associated 

power requiremants for ionization of the plasm3 have ~ L Y U  b.3Qil mad9 

with this cype of anslysis. dstiaatsa of 59-130 J n . 3 ~  besn obtai~ed 

for the required torold31 volza3e in ths Tok.amak Tusion rest Reackor 

( F ? ~ R )  :31 with sven higher estiinates for reactors 141. Miarowave 

brsakdowa and ?rt?hsst ing the e.lectr~ns n % r  the  e loo tr sn  ~ycluLr-on %rid 

upper hybrid frequmcies have been proposed as 3 ms3n.s of reducing the  

peak voltsge and power requiremznts during the initiation phase 151. 

At the and of the first phase, t h s r ?  .should be onsug!~ Lur-oldai current 

in e t ~ v  plasma to produce closed aa%n!?tic flux surfaces aad to provide 3 

r33son3ble amount of onmic heating t o  mlintain ths  plssaua. T W  

analysis presenLed h e r ?  ccrnoentnatr,~ on LII~ secan:r ph.3so of startup, 

-during wL~ich tne plasms current, d~nsity, temperature, and size are 

brou?;liL Lo Lgni tion condi tians. 

'Tns ona-dimensional : 1-D) to!<ama;< trangi>~rt :?ndm WHLS'r io used I," 

follow tna svolutim of dsnsity and temp=rature profiles in responsz to 

irsryinq neutr?l baan energy and power lev~ls. A brief summary of the 

physics i ~ o d e l ~  is pressnted in Section 2. A mars thorough discussion . 

of the equations and llgorithms is &contained in 3 companion report 151. 

Tne !nod?Ls in t h z  WHISr code are also dis~ussad in work on tne analysis 



of  t h 3 r m a l  s t a b i l i t y  1 7 1 ,  t h e  i n p a c t  o f  p o l o i d a l  d i v e r t o n s  1.33, aad  th.2 

e f f e c t s  o f  f u s L i n 3  p r o f i l e s .  :91 i n  tokamak r e a c t o r  plasmas.  

I n  S e c t i o n  3 3 s2ries o f  p a r a m e t e r  s u r v e y s  f o r  s t a r t u p  o f  a  .Ti15 

plasma is p r e s e n t e d .  T n s s z  r s s u l t s  s h o u l d  a l s o  b e  r e l e v a n t  f o r  

a n a l y s e s  o f  t h s  tokamak 8T8' and s t u d i e s  o f  t h e  I I2A-sponso red  INrO3 

Dacause, o f  t h s  s i m i l a r i t y  a f  ms?,hin2 p a r a m e t e r s .  S e n s i t i v i t y  t o  

n e u t r a l  bssm e n s r g y ,  powsr ,  and i n j e c t i o n  tirns is  examin.3d. 'Tn? 

2 f f e c t s  of  p l a s m  d e n s i t y  and l i m i t e d  v a r i a t i o n  i n  f h e  t r a n s p o r t  n o d e l  

are a l s o  d i s z u s s . 3 d  f o r  b o t h  f u L l  b o n ~  and 3 x p a n d i n 3  r a d i u s  s x n a r i o s .  

Tho a p p L i c a b i l i t y  o f  s n  expand inq  r a d i u s  s z e n a r i o  t o  s t a r t u p  o f  a  l i r g e  

powor-producing  t a k a n a k  is b r i e f l y  p r s s e n t e d  i n  S a c t i o n  4 .  

' rne 1-D f l u i d  e q u a t i o n s  and p h y s i c a l  models  u s e d  i n  'rlHIS'r f o r  t h i s  

a n a l y s i s  are f u l l y  d i s c u s s e d  i n  Ref. 1 .  The 1-D f l u i d  s q u a t i o n s  i r e  

t n o s e  s i v a n  by Hogan 1101, b u t  t h e y  h a v s  been  g e n e r a l i z e d  f o r  nuLt ipLe  

i o n  s p e c i e s  i n  t h e  mannsr p n e s a n t e d  by f l i n t o n  3nd iqoore : I l l ;  i . o . ,  c h ~  

e n s r s y  baLanzes  f o r  ,311 t h s r a a l  i o n  s p e c i e s  sre  summed t o  o b t a i n  3 

s i n g l e  e n e r g y  b s l a n l e  f o r  a l l  t h o r m a l  i o n s  a t  t n e  s3me f l u i d  

t e m p e r a t u r e .  r h e  sp . a t i3L  d i f f e r e n z i n g  i n  t h e  WHLS'I c o d s  c o n s e r v e s  

p s r t i c l e 3  and J n e r g y  on  a nonun-Lform sp.qt.iaL mssh while t h e  t i!no 

d i f f s r s n z i n g  is t r e a t e d  i m p l i c i t l y  t o  2 n s u r d  t h o  n g m e r i c a l  s t s b i l i t y  o f  

t n e  s t i f f  z q u a t i o n s  1121. 



r h s  plasma is d i v i d 3 d  i n t o  two r a d i a l  zones:  s plasma zone i n  

which t h e  ma3ne t i c  f i e l d  l i n e s  form c l o s e d  s a q n e t i c  s u r f s n , a s  and s 

s c r a p e - o f f  zons  i n  which f i e l d  L ines  c o n n e c t  t o  a m a t e r i a l  l i m i t e r  o r  

m:3anetic d i v e r t o - .  I n  t h 9  plasma z o n s ,  t h e  ' m u l t i s p e c l s s  p a r t i c l e  and 

e n e r 3 y  f l u x e s  o f  Hin ton  and Moors : I 1 1  a r e  ussd  3s t h e  b a s i s  f o r  

n l ~ o c l a s s i 3 s L  t r a n s p o r t  i n  t h e  banana/pLatesu regime. I n  a d d i t i o n  t o  

t h e  n ~ 3 o c l s s s i c a L  e g p r e s s i o n s ,  anomalous c o n t r i b u t i o n s  a r e  sdd,sd t o  ths 

p a r t i c l e  .and ?.Lectron h s a t  f lux$$  with a d i a g o n a l  modsl.., i , e .  , 

wnbre C3 = 1 ,  C1 = 3.25 x lo1 ' ,  and C9 = 3.2 are usad i n  t h i s  a n a l y s i s  - 
u n l s s s  o t n e r w i s e  no ted .  Tne s u b s c r i p t s  j and s d e s i s n a f e  i o n  3ni 

e l e c t r o n  s p e c i e s ,  r e s p e c t i v s l y .  Z s t i s a t i n g  X, from g l o b a l  o l e c t r o n  

i n s r q y  oonf insmant  w i t h  t h e  r e l e r i o n  r,, = [a2/4x1)(,)  g i v e s  v a l u a s  o f  C, 
d - - 

i n  t h e  r a n g e  3-7 x 10" f o r  ALCA13R [ l j l ,  t h a  Impur i ty  S tudy  Zxperiment 

[ISX-A) 1141,  3r1J t h e  P r i n c e t o n  L s r g e  T o r u s  (?Lr) : I 5 1  o n m i o s l l y  h a a t s d  

plasmas.  rne inv9rs .3  d e n s i t y  d lpendence  o f  X e  3 i v e s  improvsd e l e c t r o n  



enarqy ~onfinement with increasing density, as has been shown 

sxperimentally. Furthw improveaent in electron energy confinement 

with increasing temperature has been suggested in neutral-beam-heated 

PLT plasmas 1 1 5 1  but has not been incorporated into this analysis. 

Tns model of Manse and Emmert 131 is used for traisport in the 

scrape-off zons. Rsdial diffusion and slectron and ion conduction are 

all assumed to be Bohm-like:' 

?article and snsrgy losses due to flow along the magnetic field linss 

are evaluated self-consistently in terms of parallel flow rates and ths 

buildup of n sheath potential at the limiter/collector plate, Tn? 

charscteristic distancs alon.3 3 field line tnat a particle must travsl 

befors bsing intercepted by ths limiter/zollector plate is e-~aluatsd 

from the ma3netic field topology. For a wide scrape-off zono, the 

solution of the particle and snergy equations in the plasma is 

inssnsitive to ths boundwy conditions ,applied at the chambsr wsll 

because radisl flow of particles and enzrgy from the plasa.3 is balanced 

mostly by parallel flow Loss in the scrape-off zone. 



rne ionization probability of wall-emitted impurities is typically 

very high in the scrape-off zone for ths startup calaulations presented 

in Ssction 3. In a 15-em sarape-off zone, the typical ionization 

grob3bilities of 20-eV carbon, oxysen, and iron smitted isotropically 

from the wall are 9 3 . 3 3 ,  93.6$, and -1005, respectively. Thus, if the 

plnstna is kept frae of impurities during ths breakdown phas= and ths 

divertor efficiently solle~ts the impurities ionized in tho scrape-off 

.zons, th2 plasma should remain clean. Tne calculations prssented in 

Section 3 gPesume impurity-fres operstion during the entirs startup 

phase. Radiation lossss are esssntially 3us to hydrogenic 

bremsstrshLun3 and ionization of the nautr3L hydrogen gas. A limited 

mount of low-Z impuritiss should not affect the results significantly 

oecause thsy would bscome fully ionized during ths beam-heatin3 phase, 

B~v;ver, nigh-Z impurities must be avoided. 

Bacause tha scrape-off zone is very wide, ths ionization 

probability of nsutral hydrogen is aLso very high in the sarage-off 

'LU:IY. FOP cne s%ae cnse presented above, the ionization pn~bability 3f 

neutrsL hydro3en of 5 $V smitted isotropically fro3 the wall is 395 in 

ths scrape-off zon2. 'Tnus, 'gas puffing from the wall would put a very 

ni3h particLe Load on ths divertor and would 3Lso bs a very insfficient 

fuoling m2thod. In the sxpandins radius scenarios (fixed major radius, 

inzreasing minor radius in this analysis), t h 2  ssrape-nff  I-aye? is 9ven 

xidsr than that for the full bore scenarios cited above. In some cases 

2ssentiaLly no wnll-eaittsd nsutrals reach the plasaa b.=fore being 

ionized. For Lhis reason we specify a source of nsu:raL gas nt the 

Limiter radius in our axpanding radius s~zenario; i e. , wo require a 



7 

m a t e r i a l  L i a i c e r .  O t h w  a l t z r n . 3 t i i r e s  would be  t o  us.? p e l l e t  i n j e c t i o n  

t o  p s n e t r . a t e  t h ?  z o l d  s c r a p e - o f f  l a y e r  o r  expand t h e  plasm,,. o f f  t h s  

i n s i d s  o r  0 u t s i d . s  w a l l  o f  t h s  sh.%nber ( v a r y  the n a j o r  r a d i u s  

s i a u L t a n e o u s L y  u i t h  t h ?  minor  r a d i u s ) .  S?UDNUI 1 is u s e d  t o  

6aLcuL.ate t h e  n.sutraL 83s f u s L i n q  p r o f i l e s  w i t h  t h s  s o u r c s  st t h s  w a l l  

i n  f u l l  b o r 3  s z e n a r i o s  and a t  t h e  L i m i t e r  p o s i t i o n  i n  exp.3ndin3 r . ~ d i u s  

s c s n ~ r  io s .  

Bzcauss  n s u t r a L  b s a a  d e p o s i t i o n  c a l c u l a t i o n s  a r e  a  3 r i t i z a L  p w t  

o f  beain-Aeatin3 a n s L y s % s ,  t h e  d 2 p o s i t i o n  p r o f i l e s  f o r  t h e  r o u t i n a  BZAH 

u s 2 3  i n  d war2 banchm,arked a s a i n s t  FRSYA ( M o n k  Z a r l o - ? r  i n c e  t o n  

PLasina P n y s i c s  L a b o r a t o r y )  : I81 snd  HOFR ( ana ly t i c -O33L)  1191 r o u t i n a s .  

l'9e benchmark c a l c u l a t i o n s  show!?d e x c e l l e n t  a3 reemen t  f o r  v a r y i n 3  bean 

i n j e c t i o n  . ang le ,  a n e r g y ,  p lasma s i z e ,  and f i n i t e  beam s i z e  i n  pL3stnas 

. . w i t n  s i r c u l s r  c r o s s  s 3 c t i o n s  2 3 1 .  B2AY 23s a p p r o x i m a t e  c o r r a e t i o n s  

f o r  n o n c i r c u l a r  geomet ry  and f l u x  s u r f a a a  s h i f t s  a t  nign 8,  b u t  thess 

z f f e c t s  More n o t  i n c l u d 2 d  i n  t h o  benchmsrk c a l c u l a t i o n s  b e c a u s e  o f  th.3 

la?k  ot: ava  i l a b l e  z o d ? ~  .at t h s  time. A v e r s i o n  o f  FHSYA h a s  s i n c e  b?% 

s o d i f i e d  t o  i n c o r p o r a t e  t h ?  2 f f s c t s  o f  n o n c i r c u l a r  p l s s a a s  ant3 f l u x  

3 u n f 3 o s  s h i f t s  :21]. .  In :311. of t h e  c ~ b c u l t i o n s  p r e s ~ n t e d  i n  .Sections 

3 3nd 4 ,  we use n s a r - p z r p e n d i c u l a r  i n j e c t  i o n  ( 12' f r o 3  p e r p e n d i z u L 3 r )  

i n  t h 3  plasma m i d p l s n e  w i t h  .2 beam r a d i u s  o f  12 cm. Only d s p o s i t i o n  o f  

t h e  f u l l  en? r%y component is c o n s i d s r e d ,  and 311 powzns r c f a r  t o  t h o  

powt3r i n  t h e  f u l l  en.srgy coinponent d ~ l i v a r e d  t o  t h s  plasins. 



F a r a d a y l s  and  Onmfs Laws ar8 combinsd t o  o b t a i n  a z u n r e n t  

d i f f u s i o n  s q u a t i o n .  N e o c l a s s i c a l  r e s i s t i v i t y  is u s e d  w e n  t h o u s h  t h i s  

r a s u l t s  i n  t h e  f o r i n a t i o n  o f  s k i n  c u r r e n t s  if t h e  c u r r e n t  r m p  is st:sng 

snou3h  d u ~ i n g  s t a r t u p  snd t n e  p l s sma  r a d i u s  is f i x e d .  Tno expandin ,3  

r a d i u s  s c s n a r i o  r e d u c e s  o r  e l i m i n a t e s  s k i n  c u r r e n t  f o r a a t i o n ,  3s 

s u q ~ e s t e d  by ~ i i c h s  s t  al .  : 2 ~ ] .  I n  oun o p i n i o n  t h e  1 x 2  of '  a s k i n  

c u r r e n t  i n  e x p e r i m e n t s  is more l i k e l y  d u e  t o  r e d i s t r i b u t i o n  o f  c u r r e n t  

by magne tohydrodynzn ic  .(I .~HD) t e a r i n g  mode a z t i v i t y  123-243 : t h a n  t o  

anom2lous  p a r a l l e l  r e s i s t i v i t y .  .Tne e l i m i n a t i o n  o f  s k i n  z u r r e n t s  

d u r i n g  s t a r t u p  w i t h  a movins  l imiter,  t h e n ,  d o e s  n o t  n s c e s s a r i l y  r?du ,zs  

r c s i s t i v a  v o l t - s e c o n d  r e q u i r s m e n f s  b u t  d o e s  r e d u c s  c o n t a c t  betwoen t h ?  

p l3sma a n  l imiter d u r i n g  d i s r u p t i v e  r e d i s t r i b u t i o n  o f  s k i n  ~ r r e n t s ;  

t h a r 3 f o r 2 ,  i t  s h o u l d  r a d u c s  t h e  p o t e n t i a l  f o r  c o n t s a i n a t i o n  o f  c h s  

p l a sma  d u r i n g  s t a r t u p .  

I n  a l l  o f  o u r  c a l c u l a t i o n s ,  t h e  s p a t i a l  g r i d  t s  f i x e d  i n  time. 

GJ'nsn t h ?  c a l c u l a t i o n s  i n d i c a t e  t h g t  thg p r s s c r i b s d  mnvemenb o f  the 

L i m i  t e r / s e p a r s t r i x  h a s  p.sssed 3 spatial zone, t h e  paral,  1 el 1 nss t . - r m ~  

are removed f rom t h a t  s p s t i a l  z o n s ,  and  a s k i n  e u r r s n t  e l e m e n t  is added 

i n  3 s c o r d 2 n c e  w i t h  t h s  p y a s c r i b a d  rate o f  c u r r t n t  rise. I n  t h i s  way 

t h s  p l a sma  zone  i s  i n z r 2 a s e d  i n  s i z z  s t e p w i s . ? ,  and t h e r e  is a  

,zo?r?sponding  s t e p w i s ?  i n c r e a s e  i n  t h e  t o t a l  p lasma c u r r a x t .  

I l l u s t r a t i o n s  o f  t h e  s l g o r i t h m  a r e  c o n t ~ i n z d  i n  Ref. : G I l  P n r  bh? 

c a l c u l a t i o n s  o f  S e c t i o n s  3 and 9, t h e  c u r r s n t  is r a s ? z d  L i n o s r l y  i n  

time and t h e  r a d i u s  sxpanded  i n  s u c h  s w.ay t h a t  t h s  s a f e t y  f a z t o r  q 2 t  

tn ,?  Limiter rema i n s  c o n s  t a n  t. Ints is s i n i l a r  t o  t h e  

c o n s t a n t - o f - e x p a n s i o n  model o f  ~ k h s  e t  a l .  1221 and G i r a r d  e t  31. 
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1251,  a l t h o u g h  MHD a n a l y s i s  may d i c t a t e  t h a t  %rester s h o a ?  is 

d ~ s i r a b l e .  Some c u ? r e n t  d i f f u s i o n  x c u r s  d u r i n s  t h e  s x p a n s i o n  phnse  

s u c h  t h a t  s h e a r  is 3 r a d u a l l y  i n t r o d u c e d  e v s n  though q a t  t h e  l imiter is 

: > o n s t a n t  i n  time. 

3. NSUrRAL W A Y  ENJR3Y AND POW3R R3QUIRE~ZNTS FOR A N  I i?4ITION DEVICE 

I h l  p h y s i c a l  d i m e n s i o n s  and p a r a m e t s r s  o f  t h s  . i g n i t i o n - s i z s d  

plnsma shown i n  r s b l e  I a r e  t h o s e  o f  t h s  0 3 : ~  Ridge T!lS d e s i g n .  The 

t o r o i d a l  m?qnetic f i e l d  f o r  t h i s  s t u d y  is 4.2 ' r ,  s l t ' nough  i t  is h i g h e r  

i n  t h$  b a s 2  r!53 d e s i 3 n  1251. The s t a r t u p  r e s u l t s  p r e s e n t s d  h 3 r e  . a r e  

i n s s n s i t i v e  t o  t h o  t o r o i d a l  rn:asnst ic  f i e l d  b u t  i r e  somewhat more 

s e n s i t i v e  t o  t h e  L o r o i d a l  c u n r e n t  b e c a u s s  o f  c h s  n ~ s o c l s s s i c a l  i o n  

?,ondue t i o n  model. A h igh l j r  ma3net  ic f i e l d  d o e s ,  how~zver,  p r o v i d s  a 

g r e s t s r  m a r s i n  f o r  MHD bs ta  L i m i t s .  

Tne f u l l  D O r @  s c e n a r i o  n 7 l n l l l a t . i n n . 9  . s t a r t  w i t h  s ~ l d  nl?sma st 

f u l l  d s n s i  t y  , t o r o i d s l  c u r r e n t ,  3nd s iz.3- The a x p m d i n  r a d i u s  

c . x l c u l a t  i o n s  .start w i t h  h n l f  t h e  f i n a l  p lasma r a d i u s  (i. el , o n e '  q u s r  t e r  

o f  t h e  f i n a l  p lasma volume) and 1 Y4 o f  t o r o i d a l  c u r r e n t .  Ths  c u r r e n t  

is i n c r z a s z d  l i n e s r l y  i n  time t o  4 !IA o v e r  t h s  same t i m e  ' i n t s r v . 3 1  

d u r i n . 3  whi3n t h ~ !  n e u t r a l  beams a r e  a p p l i e d .  Hsnce ,  t b  is a s e d  t o  

d o n o t e  b o t h  t h e  e x p 3 n s i o n  time and b - l a m - h s s t i n ~  time. The r a d i u s  is 

a l s o  i n c r e a s e d  d u r i n g  t b ,  s u c h  t h a t  t h s  c r o s s - s e c t i o n a l  a r e a  i n o r l a s s s  

L i n e a r l y  i n  tim. The  z u r r z n t  d 2 n s i t y  is add..d u n i f o r m l y ,  and beClUS!3 

o f  t h e  c h o i c s  o f  i n i t i a l  and f i n a l  s i z z s  and s u r r e n t s ,  t h e  s a f e t y  



f a c t o r  q remains  c o n s t a n t  a t  t h e  L i n i t e r .  As t h s  plasma is i n c r e a s e d  

i n  s i z a ,  t h e  .average p l a s m  d e n s i t y  is a a i n t a i n e d  by t h e  n e u t r a l  beams 

and t h e  a d d i t i o n  o f  c o l d  f u s l  v i a  .3as p u f f i n 3  a t  t h e  l i m i t e r .  a n l y  t h s  

f u l l  e n s r 3 y  component o f  t h e  bgaa is used s o  t h e  irnpa2t o f  v a r y i n g  Seam 

onerqy  c a n  be c l a r i f i e d .  Tns beam powsr is t h e  powsr d e l i v e r e d  t o  t h e  

plasma and t h u s  d o e s  n o t  i n c l u d 2  n e u t r a l i z ~ t i o n  e f f i c i e n c y .  I n  f a c t ,  

t h o  ;x t r a ~ t e d  p r e n e u Z r a l i z ~ L i ~ n )  powzr r e q u i r e m e n t s  may increase w i t h  

i n c r e a s i n 3  energy  :271.  

F i g u r e  1 i l l u s t r a t e s  t h e  impact o f  n e u t r a l  beam e n e r s y  on t h e  pesk 

and a v a r a g e  i o n  t e m p e r a t u r e s  f o r  f u l l  bore  and sxp:lndin3 r a d i u s  

s c m a r i o s  a f t e r  1.5 s o f  nsat in :3 .  I n  a l l  c a w s  t h s  t o t a l  amount o f  

e n e r g y  i n j e c t e d  is 99 AJ. A s  t h s  beam energy  is i n c r e a s e d ,  t h e  a v e r a g e  

i o n  t e m p z ~ a t u r e  i n c r e a s z s  s l i g h t l y .  r h i s  i n d i c a t e s  t h a t  t h e  to231  

sner.gy c o n t e n t  o f  t h s  p l a s m  st tn.3. end nf r.%e h e a t i n g  ph.?sa baoo[nss 

h i q h e r  when h i g h a r  beam e n o r 3 i e s  are ussd.  The pesk i o n  t e m p e r s t u r e  

i n c r e a s e s  more r a p i d l y  t h a n  t h e  a v e r a g e ,  showing thqt. t.ns bsaa 

d s p o s i t i o n  b e c o a e s  more 2 e n t r s l l y  pssked as t h e  besin e n s r g y  is r a i s s d .  

The. mom pea4ad beam d e p o s i t i o n  and i o n  t e m p e y a t u r e s  Lead t o  l o n g e r  

z o n f i n s m e n t  o f  t h e  ener3y.  None o f  t h s s e  c a s a s  a ra  n e a r  enough t o  

i g n i t i o a  f o r  a l p h a  h e a t i n s  t o  5s s i g n i f i c a n t .  'S$e ~ ~ ~ . a n d i n q  f a d i l l s  

2 3 ~ 2 s  .are  o n l y  s l i g h t l y  h a t t s r  than t h e  f u l l  bora  c a s e s ,  i n d i c a t i n q  .3 

I I I U ~ ~ I Y  L ino~c33 :3  L? ti95 h e a t  i n 3  ef't'ic i r j r l ~ y  f o r  t h e  2Xpand.in.g r a d i u s  

6 3 ~ 3 s  f o r  a g i v ~ n  b s a a  ens r3y .  On t h e  o t h e r  hand,  a s o m s w h t  Low.=r 

baarn e n e r g y  s o u l d  be used f o ?  t h e  expanding r a d i u s  s c e n a r i o  to a c h i e v e  

t n ?  same f in .31 p l a s a a  s o n d i t i o n s  .ls i n  t h s  f u l l  bore  scf?.nario.  Th? 



b e c t e r  p e n e t r a t i o n  i n  t h s  i n i t i i l l y  sm.al1 p lasma i s  o f f s e t  somsw!,~.at bjr 

3 d e c r e a s ?  i n  t h s  c o n f i n e m e n t  t i m e  b e c a u s s  o f  t h e  s t n a l l e r  s i z a .  

Bacsuse  i n j e c t i o n  is n e a r l y  p,srp!ndicular t o  t h e  m n a , ~ n e t i c  a x i s  ( i n  

t h ?  "co" d i r e c t i o n ) ,  t h o  b e a a  p a t h  i n t e r s z c t s  t h s  w 3 l l  a f te r  o n e  p a s s  

t n r o u 3 h  t h s  plasma. d i 3 u r a  2 shows t h e  f r a c t i o n  o f  t h e  beam t h q t  

p n s s e s  ~ n t i r e l y  throu.3h t h e  p l a s m  w i t h o u t  b e i n 3  i o n i z a d .  S z t t i n . 3  a 

c o n s t r a i n t  on  t h e  maxiaum a l l o w s b l s  n e u t r a l  beax  f l u x  on  t h s  i n s i d s  

wall s a t s  3n upp9r  l i m i t  o n  t h e  ? i l lownble  n e u t r a l  beam e n e r 3 y  f o r  1 

z i v e n  plaslna d e n s i t y .  'The Small i n i t i a l  s i z ?  f o r  t h e  e x p a n d i n ,  r a d i u s  

s c e n 2 r i o  a l l o w s  1 of 3 153-kaV DO b e a a  t o  p e n s t r a t e  t o  t he  i n s i . j e  

w 3 L l  when t h ?  volume-nvsrao,ed p l a s s a  d s n s i t y  is <n>  = 3 x: 1313 . ~ m - ~ .  

As ths2 p lasma r a d i u s  is d o u b l e d ,  c h i s  Loss d r o p s  t3 9-55.  I f  tns 

i n i t i a l  p l a s m  d e n s i t y  is s v e n  lowor  b e . 2 a u s ~  of e i t h e r  th? 

3 t t ? 3 : 2 t i v 2 n 2 ~ 3  of Lov d e n s i t y  s t a r t u p  o r  p h y s i z a l  L i m i t a t i o n s  on  t h ?  

a c h i e v l b l ?  d s n s i t y ,  n e u t r a l  d e u t e r i u ! n  b2a.a e n e r 3 i e s  greater than 

0 153.-k?V i) bsco!na uncc : sp ' , ab l e  f o r  n e a r  p e r p e n d i 3 u l . a ~  i n j e z t i o n  i n  th,? 

expand ing  r n d i u s  s c e n a r i o .  Beam o r i e n t a t i o n  t s n p e n t i a l  t o  . the i n s i d , ?  

wall of t h 2  t o r u s  is t r a d i t i o n a l l y  used  t o  h e l p  p r e v e n t  o v e r p e n e t r a t i o n  

o f  t h e  beam i n  low d e n s i t y  01,Ismas 111 a d d i t i o n  :o r s d u o i n  o r b i t .  

Loss?s.  ?3st i o n  o r b i t  l o s s ? s  i n  t h i s  d.sviz.2 s h o u l d  be sln:3Ll 1 2 1 1 .  

F o r  t n e  r z m a i n d s r  o f  t h i s  s t u d y ,  wa u s ?  123-X~ ' J  3' b e a n s  f o r  th.3 

3xpsndin.g r a d i u s  s z a n a r i o s .  snd 153-k=V O" beams f o r  t h o  f u l l  oor13 

s c ~ n s r i o s .  Examina t ion  o f  Fig.  1 shows t h a t  t h e s s  two s c a n . a r i o s  h ~ v e  

e q u i v a l e n t  n z a t i r q  s f f i c i e n ~ i s s .  



.Low d e n s i t y  s t a r t u p  s c e n a r i o s  have  been  p roposed  a s  3 means of  

r e d u c i n g  beam e n e r g y  and power r e q u i r e m e n t s ,  b u t  t h e s e  s ~ s n s r i o s  have  

t h s i r  g r e a t e s t  s u c c e s s  i f  c o n f i n e m e n t  l o s s s s  d e c r e a s e  w i t h  d e c r e a s i n g  

p l a sma  d - 3 n s i t y  a s  w i t h  c l a s s i c a l  o r  p s s u d o ~ l a s s i c a l  t r x n s p o r t  a o d e l s  

125, 231. r ' i q u r e  3 shows t h a t  th.3 pzak and a v s r a g s  i o n  t e m p e r a t u r e s  

r e q u i r e d  for  i g n i t i o n  i n c r e a s e  s h s r p l y  a t  low p la sma  d e n s i t y  b e c a u s e  o f  

t n 3  a n x u a l o u s  i n c r e a s e  i n  2 l s c t r o n  c o n d u c t i o n  and ~ o n v s c t i o n  l o s a ? s  3t  

low d e n s i t y .  P l a s m s  w i t h  volume-averaged d e n s i t y  a t  t h e  end of t h l  

h a a t i n g  p h a s s  of < n >  < I x 13 - l3 w i l l  n o t  i 3 n i t e  no  matter how h o t  

t h e y  a r e  when t h e  beams are s h u t  o f f .  I t  must  b s  emph.asizsd t h a t  t h i s  

c u t o f f  is s e n s i t i v e  t o  v a r i a t i o n s  i n  t h ?  t r a n s p o r a t  models. I q n i t i o n  i s  

d e f i n e d  by t u r n i n  o f f  t h e  bsam h e a t i n g  and o b s s r v i n q  w h e t h s r  t h q  

p l a sma  q u s n c h s s  i t s e l f  o r  manages t o  s u s t a i n  i t s e l f  o n  s n s r q y  i n p u t  

f rom t h s  f u s i o n - p r o d u c e d  a l p h a s .  .Tns t e m p e r a t u r e s  shown i n  Fig. 3 are 

c n a P a 3 t e f i i s t i c  v a l a s s  o f  b o t h  f u l l  b o r e  and exp.andln.3 r a d i u s  s c m a r i o s  

a t  t h e  time t h e  b e a s s  3 r a  t u r n e d  o f f .  r n e  d e n s i t y  a t  t h e  2nd o f  cn.3 

h .=?t ing  ph3s3  may be r e a c h e d  by ramplng from some Lowar v a l u s  ( < n r  - < 5 

x 13 '3  ~ r n ' - ~ )  w h i l e  h e a t i n q  t h e  p l s s n a .  r h i s  c o u l d  p o s s i b l y  r s d u c e  beam 

ef la rgy  a n d / o r  power r e q u i r e m e n t s  : 2 7 ,  291. 

P z r h s p s  t h s  s t r o n 5 3 s t  c o n t r o l l a b l e  i n f l u e n c e  on t h e  b s a q  ?owe? 

r z q u i r e d  t o  h e a t  a p l s s m s  t o  i g n i t i o n  is t h e  beam p u l s o  Length :?a]. 

?iqu.rs ? s h ~ w s  t h s  pnuer i n  t.h.e f u l l  ansrgy oomponcnt n e s d s d  ts r e a c ! ~  

i 3 n i t i o n  i n  a 3 i v e n  time f o r  volume-avwa3ed d e n s i t i e s  i n  t h s  r a n s e  

n = 1 x 13'' c 3  f o ?  r f u l l  bore s t a r t u p .  Po? v e r y  s h o ? t  

s t a r t u p  t i n e s ,  c o n f i n s a e n t  L o s s e s  become n e g l i 3 i b l e ,  and t h e  s t o n z d  

I n e r s y  of  t h z  p lasma must  b e  s t t a i n s d  w i t h  h i g h e r  powsr p u l s e s  s u c h  



t h a t  ?b a ti1 ( s e e  Fig .  5 ) .  F o r  v e r y  Long s t a r t u p  times, c o n f i n r m e n t  

l o s s e s  d i c t a t e  a ainimum powsr t h a t  a u s t  b e  s u p p l i e d  i n  o r d e r  t o  r e a c h  

i 3 n i  t i o n .  Thm= t o  t:iL e n e r g y  s u p p l  i e d  d u r  i n k  t h e  p u l s e  t h s n  i n c r e a s s s  

a t b c  .as shown i n  Fl3.  5. r n s  t o t a l  e n e r s y  z o n f i n e m e n t  time f o r  t h s s e  

, 2 s szs  is i n  t h 2  v i c i n i t y  o f  1.5 s. Once t h e  bsan p u l s e  Lens th  e x c s e d s  

a  few times t h e  botaL e n e r g y  c o n f i n e m e n t  time, t h e  beam powsr 

r l q u i r e m e n t s  3rd s s s 2 n t i a L L y  r?duasd  LO a n  a s y m p t o t i c  l evsL .  

Note t h a t  t h e  power r a q u i r e d  f o r  i % n i t i o n ,  as s h w n  i n  3 3 .  4 ,  i s  

f . 3 i r l y  i n s e n s i t i v e  t o  t h s  plasma d e n s i t y .  T n i s  is f u r t h 2 r  i L L u s t r a t o d  

i n  Fi3.  6. A t  v e r y  Low plasma d e n s i t y ,  t h s  i n c r e a s e  i n  anomalous  

e l e c t r o n  z o n c l l ~ c t i o n  and c o n v e c t i o n  l o s s s s  and t h e  dscr ;aso  i n  t h 3  

f u s i o n  rsts Lead t o  s n  i n c r e a s e  i n  t h e  powsr r e q u i r e d  LO r e a c h  tn.2 

i g n i t i o n  t s a p e r , i t u r e .  F o r  < n >  - < I X 1 0 ' ~  w i t h  the b a s +  t r a n s p o r t  

modst ,  n 2 i t h e r  fuLL b o r s  n o r  e x p 3 n d i n s  r a d i u s  z a s e s  would i g n i t e .  A t  

t h e  h i s h e r  end o f  t h s  d e n s i t i e s  c x a a i n e d ,  be33 p e n e t r a t . i o n  is - r ~ d u : 2 3 3 ,  

and t h e r e  is s i n p l y  more p l a s m  t o  h e a t .  T n e s ~  two e f f e c t s  sr2 n o t  

o f f s e t  by t h e  r e d u c t i o n  i n  t h s  nnomnlous l o s s s s .  A l s o  shown i n  ?is. 5 

a r e  some i n d i v i d u l l  c a s e s  where  t h e  c o s f f i c i e n t s  o f  t n e  t r a n s p o r t  n o d e l  

wero v l r i s d .  d i t h  t h e  modss t  v a r i a t i o n  shown h e r e ,  t h e  S e a n  power c a n  

v3ny f r o n  ?b = 35-83 !W. C f  t n e  a n o r n . 3 1 0 ~ ~  L o s s s s  cont1nu.z t o  d3crssso 

w i t h  i n . c r e a s i n g  s l e c  t r o n  tempsr.atu."e 3s i n d  i a a t e d  by PL'I' beam-herltin.3 

e x p 3 r i m e n t s  : 1 6 ] ,  t h e  power r e q u i r e m e n t s  .3re e x p ~ x t e d  t o  L i e  a t  t h ?  

1ow;r end o f  t h i s  range .  



The expandins radius cases with Eb = 123 keV and the full bore 

csses with Eb = 153 keV nave essentially identical power requirements, 

s fact which is further illustrated in Fig. T .  If the bsan energy is 

reduced to 123 keV for the full bore case, ths power requirement is 

Ln.2reased in agreement with the scaling Sb pb::constant shown 

analytically by Scott and Shoffield 1391 and also nuaerisally by Holmss 

et sl. :271 . .  

rho bean deposition profiles for a11 of these scsnsrios are peaked 

on t h e  ma3netic axis. The beam enorsy deposition per unit. plasma 

volume, denoted by ~ ( r ) ,  is shown in Fig. 3 fo? a typical expandins 

radius scenario with Zb = 110 lev and <n> = 1014 CIU-~. Tns beams are 

turned on in ths interval 0 . 5  < t < 4.5 s, and the plasrna sinor radius - - 

is dou~led in size, Tns deposition profile sees fr.om very strongly 

peskod on axis to only moderately peakad as the plasma rea.2hes full 

s i ze .  8i~~ure 3 illuserates the evolu~.ion of .zurrent profile for this 

sane case. During ths first 0.5 s, the plasma arrant is rampsd t3 

1 i4.4 while th? plasma radius is msinbained constant < a  = i 2 . ,  5 cm). A 

noticeaSle skin currant develops bscause of ths neoclassical model for 

reslst lvicy- As aeritioned earlier, resistiva tearing mode activity 

would effeetivsly redistribute this skin current 123, 241. As the 

plasna is expanded to full size, toroidal current is added at the 

surfscs and sssentislly frozen into t . h ~  pl-asma by t he  b ~ a m  heatins, 
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T n i s  s c e n 3 r i o  was t e s t e d  w i t h  t h e  machine p a r a m e t e r s  shown i n  

T x b l e s  11 and 111. 'Tne d i m e n s i o n s  3re e s s e n t i a l l y  doubled from t h o s e  

f o r  TNS s i v e n  i n  Tnb le  I. The n e u t r a l  bean ener3y  was chosan  t o  be  t h s  

s m e  33 t h a t  f o r  t h e  f u l l  b o r e  s t a r t u p  s z e n a r l o s  i n  S s c t l o n  3 ,  i . e . ,  Eb 

s 150 i tsv,  

Tn,= p1asaa  i g n i t e d  ?,asiLy w i t h  ?b = 139 t4Gl a p p l i e d  f o r  4  s d u r i n 3  

? ? a s s  111. 'rh3 h i g h e r  p0wc.r r e q u i r a m e n t  is due  t o  t h e  much Larger  

p l s s m s  volume i n  t h i s  d o v i c e  coapared  b.n the 18; pL.9sma and c o u l d  

p r o b a b l y  b9 ['educed w i t h  a Lbng8r beiin pu l se .  F i g u r e  11 shows t h a t  a s  

thr Limiter 1s withdr?wn d u r i n g  2 h s s e  IV, th2 c o n d u c t i o n  and c o n v e c t i o n  

Lossss from t h e  p l a s m  e w e  h e a t  t h e  cold f u s l  added st t h e  plasma 

edge. 

I f  c o n t r o l  o f  a n  s x p a n d i n 3  r a d i u s  s c m a r i o  is f s s s i b l e ,  i t  s a n  be  

u s e d  t o  q r e s t  a d v a n t s g e  i n  a Large powsr r e a c t o r :  tha n s u t r a l  beaa  

e n e r g y  r e q u i r e d  d o e s  n o t  i n c r e a s s  Ssyond t h a t  f o r  a n  i 3 n i  t i o n  d.svi.ce 

s u c h  a s  rNS/El'Z/1NI'OA. 

N z u t r a l  dou te r lum beam e n e r g i e s  i n  t h e  range  Z b  = 120-150 ieV 

p r o v i d e  s u f f i c i e n t  p e n e t r a t i o n  f o r  s t a r t u p  o f  s n  i g n i t i o n - s i m d  p l a s a s  

i f  bana  o r i e n t a t i o n  is n s a r l y  p e r p e n d i c u l a r  t o  t h r -  magnet ic  a x i s  and 

svqera?e plasma d e n s i t i e s  a r e  l i m i t e d  t o  < n '  = 3.9-1.2 Y 1014 

d a r i n g  s t a r t u p .  I n  x d d i t i o n  to  ?educing t h e  p o t e n t i a l  f o r  s k i n  3 u r r z n t  

f o r m a t  i o n  d u r i n 3  s t a r t u p ,  2n expand in3  r a d i u s  s c e n a r i o  31 lows a n o d e s t  



r e d u 2 t i o n  i n  bean energy  w i t h o u t  s . 3 2 r i f i c i n g  bean p e n e t r a t i o n .  Beam 

p u l s e  t ime  o f  t h e  o r d e r  o f  s a v a r a l  ene rgy  conf inement  times m i n i a i z s s  

beam power r e q u i r e n e n t s  f o r  s t a r t u p .  An expanding r a d i u s  s 2 e n a r i o  may 

ho ld  i ts  Q r e a t e s t  promise f o r  s t a r t u p  o f  a ve ry  l a r g e  power r e a z t o r :  

beam e n s r g y  r e q u i r e n e n t s  may n o t  need t o  be i n c r a a s e d  beyond t h e  snor3y  

r s q u i r e d  f o r  s t a r t u p  o f  an  i s n i t i o n - s i z a d  dev ice .  

As t h i s  r e p o r t  u a s  i n  its f i n a l  p r e p a r a t i o n ,  a n  a d d i t i o n a l  and 

p o s s i b l y  p e s s i m i s t i c  a f f e c t ' o n  bean powor r a q u i r e m e n t s  came t o  o u r  

a t t e n t i o n  f r o s  two s e p a r a t e  s o u r c e s  131,  321. We have ussd  3 c13ss icaL  

model f o r  d s p o s i t i o n  o f  t h e  f a s t  a l p h a  s n e r 3 y  i n  t h e  i o n  2nd 2Lectron 

f l u i d s .  A t  rou3h ly  t h s  i s n i t i o n  t e m p e r a t u r e ,  t h s  c o u p l i n 3  between i o n s  

and = L e c t r o n s  becomes ~ 6 3 k ,  and t h e  i o n s  e s s e n t i a l l y  a l l o w  t h e  plasma 

t o  i s n i t e  by d e c o u p l i n ~  from t n s  l o s s y  e l e c t r o n  channel .  I f  . a l p h a (  

e n o r j y  d s p o s i t i o n  i n  t h e  s l e c t r o n  f l u i d  is .anomalously h i g h ,  i t  c a n  be 

much a o r e  d i f f i c u l t  t o  i g i t e  t h a  plascna 131 ] w h i l o  anomalous t .?ansf ,%r 

o f  a l p h a  e n o r s y  t o  t h e  i o n  f l u i d  c a n  g r e a t l y  r educo  powsr r e q u i r e m e n t s  

1321- Even i f  t n e  t h s r m a l i z a t i o n  is z . L s s s i c a l ,  a l p h a s  may become 

t r a p p e d  i n  t h s  t o r o i d a l  f i e l d  r i p p l s  snd d r i f t  ouf  o f  t h e  p l a s m  S e f o r o  

bscoming ' c o m p l e t e l y  the rmal ized .  B a c u s e  most o f  cn! aner3y L~.atlsfer 

t o  t h o  i o n  f l u i d  o c c u r s  ~t t h e  2nd o f  t h e  a l p h a  p a r t i c l e  

t h e r , n a l i z a t i o n ,  t h e  i o n  f l u i d  s u f f e r s  a  p ? o p o r t i o n a l l y  3 r e a t e r  e n e r s y  

l o s s  t h a n  cha el.eat,ron f l u i d  1331. 
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d iscuss ions  durin3 the development of t h i s  work. 
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Tsble I. Paraaeters f o r  igni t ion plasma 

Major radius  Ro 5.0 m 

Hinor r a d i u s  3 1.25 m 

3 Lonqa t ion b / 3  1.5 
- - - 

roroidal  f i e l d  st Ro 
B~ 

P Lasma current  

.. . 

T.~blo  11. Parameters For .a Large powsr reactor  

M.xjor rild ius  *o 10.0 m 

13 Long.at ion b/a  1.5 

rable 111. rime-varying paramsters f o r  a large  power rsactor  

Ph3se 

Parsama ter C C I 11 1 T \I 



i .  1. Hishe? h a m  e n e r g y  p r o v i d e s  b e t t e r  p a n 3 t r a t i o n  [ n e a r  

p s r p a n d i c u l s r  i n  t h e s e  casss) and a o r e  s f f i c i e n t  h % a t i n %  f o r  t h e  ssms 

n s t  h e a t i n g  power. 

i 2 .  l'ne f r a z t i o n  o f  beam powsr t h a t  passzs t n r o u j h  t h 3  

plasma i n c r e a s 2 s  w i t h  b e ~ m  ener3y.  h i s  is a more s e v e r e  problem w i t h  

t h e  small i n i t i a l  p lasma s i z e  i n  t h o  s x p a n d i n g  r a d i u s  s . x n s r i o  t h a n  

w i t h  t o o  f u l l  bops  s c e n n r i o .  

3 .  3. r9s i o n  t e m p e ~ a t u r e  r e q u i r e d  t o  r s a c h  i s n i t i o n  i n z r e a s s s  

s t r o n g l y  a t  low p l a s a a  d o n s i t y  b e c a u s e  o f  t h ?  i n g r e s e d   nom ma lo us 

s l e c t r o n  c o n d u c t i o n  Lo3ses and t h o  decreass i n  t h s  f u s i o n  gowsr 

produ.2 t ion.  

i 4 I h e  bsan powe? r e q u i r a d  t o  i 3 n i t e  t n s  p lasma d e n r s a s s s  

s t r o n 3 l y  w i t h  i n s r e . l s i n 3  o m s  p u l s n  Len3th  u ? t i l  t h e  puLso Len.2th 

zxqeeds  a fsw gLob.al e n e r g y  zonf ins -a~en t  times. 



Fig. 5. Gven thou,3h ths required bean power decreases with 

insreasing beam pulse Longth, the total amount of required beam enor3y 

durinp, the henting phase increasss nLlnost Linearly with pulse Length. 

Ti. 3.  rh? minimum power rzquired to h23t the plasma to 

i3nition for 3 fix~d beam pulse length is relstively insensitivs to 

plasaa dsnsity in the range 8 x ld3 .< <n> 1.2 x 1914 cme3. 

Pig. I. An expandin3 radius scenario with 123-keV neutr.31 

deu'Lerium beams 3ives hoatinq effi2ien:ies cquivalent to .a full bora 

scenario with 153-keV neutral deuterium beams. 'Thsre is .a nst savin3s 

of nbout 231  in Ssam powsr or a n e r s y  for the exp.andin3 rsdius scenario, 

Fig, 3. rhe b ~ a m  depnsition profile is plottsd 13 3 function of 

time for ths expanding radius scenario with 12a-keV n?utrxl dsuteriun 

beams oriented at 12' from psrpandicular. Tns uqiform deposition at 

th? end of Lhe heatin3 phase is indic3tive of H(r) for 120.-K~V bsams in 

tha full bore plasma. 



Pig. 9. 3 v o l u t i o n  o f  t h e  c u r r a n t  d e n s i t y  p r o f i l e  f o r  t h s  

expanding r a d i u s  s o e n a r i o .  I n  t h e  f i r s t  s t a g e  t h e  c u r r e n t  is ramped t o  

1 MA i n  3.5 s and a s k i n  z u r r e n t  f o r a s .  A s  t h e  plasma is sxpanded t o  

f u l l  s i z e ,  t h o  c u r r e n t  is rampsd t o  4 :!4A, anci s i m u l t a n e o u s  b e m  h z a t i n q  

" f r e e z e s  i n N  t h s  c u r r e n t  p r o f i l e -  

Fig. 13. Schemat ic  i l l u s t r a t i o n  o f  a m u l t i s t a q e d  s t a r t u p  o f  a 

larae power-produsin3 t o k m a k  r s a c t o r .  Ths v a l u s s  o f  t h e  p a r m e t e r s  

f o r  t h s  exam?le c a s e  d u r i n s  e w h  phase  a r e  shown i n  T a b l s  111. 

F i  11. 2volu:ion of t h s  i o n  t e m p e r a t u r e  p r o f i l e  d u r i n g  t h e  

m u l t i s t s ~ e d  s t a r t u p  o f  3 l a r g e  tokamak r e a c t o r .  I n  t h s  f i n a l  s t a g e  t h s  

bsams a r e  tupnsd o f f ,  and f u s i o n  a l p h a  h e a t i n 3  is used t o  h e a t  incornin3 

c o l d  f u 3 1  a s  t h e  plasma is expanbsd t o  f u l l  s i z e .  
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