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The 2 4  two-fluid code Sou(Y /1/ for carputing plasma profiles in the edge region of 
limiter tokamaks has been extended in several directions. First we shm4 that the p- 
loidal plasma rotation is related to the assunption of an ideally conducting limiter 
and strongly suppressed in the non-conducting case. Secondly we studied the influence 
of introducing an a m l c u s  radial viscosity in analogy to the other a m l c u s  perpen- 
dicular transport coefficients. Above a l l  we replaced the hitherto purely analytical 
modelling of the neutral gas transport by a Monte Carlo simulation with the code EIRENE 
/ 6 / .  By application of a "correlation sapling" m t b d  the ccupled codes rapidly con- 
verge tcwards the self-consistent stationary values of all physical quantities. 
We consider the TEXKR edge plasm in the rectangular integration damin ACFD of Fig. 1 
and take a/az z 0 thrcughout. We use the full set of Braginskij's *fluid equations 
as cutlinxl in /l/. The basic plasm equations for the particle, lIDmntun and energy 
balances contain the m c e  term fran the recycled neutrals: (at = a / W  

atn + v (n;) = s (1) 

a t ( 1 . 5  n T ) + v*Q = 3.E + S-(vpe - 3 x $1 + Q~~ +we 
at (1.5 n T~ + as mn G ~ )  + v-iti= - G-(vpe - 3 x 8 )  - Q~~ + tii 

( 2 )  

(3) 

(4) 

++ 
P at (mt) + v - (mnw) = -vp - v - + j x 6 + 3 

We allcw for nm-ambipolar motion with an electrical current density 3 = en(; - G), 
where a d  are the ion and electron velocities. T~E poloidal carponent j, follcws 
fran radial equilibriun, the other catpnents are derived fran a stream function Y 
and determined by the z-ccnponent of ( 2 ) :  (ax= a/ax, a = a/ay) 

Y 
jzB = a 3  = a (nTe + nTi), j = -8 Yr j = a Y ( 5 )  Y X Y  Y X  
B axy = - mn (vX ax + vy ay) vz + spz - mvz (6) 

The ten Qi is the them1 energy exchange between ions and electrons. The electric 
potential @ is calculated fran the parallel canponent of the generalized O h ' s  law in 
the limit of infinite conductivities, whereas the radial carponent yields the poloidal 
rotation velocity vz as the sun (finite in general) of the electric and the dianqnetic 
drift: eEx = - e ax@ = - age /n - 0.71 axTe 

Y Ypi 

(7) 

"3) enB vz =en a 0 + a 
The radial diffusion flux r' = nv = -D' a n i s  assuned a m l c u s  (D' = 0.6 m2/sec) , 
and the usual time relaxation on the 6 0 x  33 numerical grid is restricted to the x- 
component of ( 2 )  and to (11, (3) and (4). 
Let us first remider the case of a conducting limiter, characterized by a constant 
potential taken to be zero. using ~0hn-s condition rn = nv = nc at the limiter, the 
plasma potential at the plasm side of the Langmir sheath in front of the limiter is 

(9) 

Y Y 

x s  

@ = -  T, In [ I  ame (T~+ T~)/T~III~' (1 - j ~ ~ ) ]  - 3 T~ 

with the scund velocity cs = 4 (Te + Ti)&. 
yields @, application of (8) the rotation vz, and integration of ( 6 )  frcm x=O to L prc- 

Then integration of (7) fran x = L to 0 
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&ces Y and jx, starting with Y(x=O) = 0 . After very few i t e r a t ions  Q, vz, Y ,  jx, jy 
a r e  converged. k s u l t s  a r e  displayed by t he  plots P1. 7 to  P1. 9. 

In  t h e  case of a non-conductinq l imi t e r ,  haever, the  l imi t e r  p t e n t i a l  m y  vary 
a r b i t r a r i l y  along y. Defining an  add i t iona l  po ten t i a l  (y)  and a total po ten t i a l  

Q) mst be chosen such t h a t  jx nc = 0 a t  t he  limiter, which mans  t h a t  t he  electric 
current  eddies rmst be closed within the plasna. Hence 

Y 

* onc(x,y) = o(x ,y )  + o*(y) with a corresponding vz nc f r a n  ( 8 )  and Ync from ( 6 ) ,  

Ync(x=L) = 0 , which leads to 

(10) d2@*/dy2 1," w v dx + dQ)*/dy jo L m So dx = B2 Y(L,y) 

* 
with So or ig ina t ing  f r an  Sn and Spz. This d i f f e r e n t i a l  equation determines 0 (y )  i f  we 

assune Q)* = d@ /dy = 0 f o r  y-0 (no changes f a r  away f r a n  the scrape-off layer) .  Roth 
cases a r e  ccnpared by p l o t s  P1.10 and P1.11. W e  f i nd  t h a t Q n c  exh ib i t s  a mnotonic  in- 
crease f r a n  t h e  plasra core to the c u t e r  wall instead of a maximan near t h e  separatr ix .  

F u r t h e m r e ,  the ro t a t ion  vz nc and consequently Ync are strongly suppressed. 
The daninant ccnponents of t h e  viscosi ty  tensor 

* 

are taken as 

= x  = - q l a v  (11) I 

X y y x  Y X  
nxx = - q axvxl 

with q' = 4 y d 3  = 1.28 n Ti t i ,  ql = m DL (12) 

It  is consis tent  to a s sme  that the  perpendimlar v i scos i ty  q1 is also a m l o u s  l i k e  
t h e  corresponding heat m c k t i v i t i e s  4 = x: = nD1. The inpOrtance of an a m l o u s  
qL was evidenced by Hutchinson /2/. The v i s c o s i t i e s  appear i n  t h e  total heat fluxes: 

Qel = 2.5 n T 0 - x1 a T (13) 

(14) 

(15) 

(16) 

We prescr ibe Qel, Qil a t  the p l a s m  core bcundary (with total particle inflcw jrldx = 

65-ld9/m sec) and require  Q ~ ' =  5.5 T~ r', Q ~ ' =  3.5 T. r' a t  the limiter. A typical 
energy f l w  diagran is sficwn by Fig. 2. The q-term i n  the parallel equation of notion 

(qL a v ) strongly influence the shape of the vx- and n- 
Y Y X  

p ro f i l e s ,  see plots P1. 1, 2, 12, 13. M a r  t h e  limiter edge both term i n  (v*;)x are of 
equal order txt o p p i t e  sign. %us the presence of an a m l c u s  q1 is e s s e n t i a l  f o r  

repmtkcing t h e  experimntal ly  oberved steepening of the toroidal and radial p r o f i l e s  
when apprcaching the l i m i t e r  edge. Even with i n c l u s i m  of q1 we nust c b e  1 smaller 
than classical i n  order to avoid too rmch f l a t t en ing  of the p r o f i l e s  (Pl. 13).  We take 

and use the  same f ac to r  0.22 also f o r  x: and x z  , because a l l  p a r a l l e l  o*22 'class 
coe f f i c i en t s  Ebte t h a t  the proposed reduction with respect to classical 
values is suggested also by Igitkhanov /3/ f r an  non-local e f f e c t s  on the d i s t r i b u t i o n  
function and f r a n  coll isi .ons with inpuri t ies .  
For the recycling of neutrals  a t  the l i m i t e r  and their interact ion with the s.0.1. 
plasm we use and carpare tw mdels, a t b n t e  Carlo s m a t i o n  a s  inplewnted i n  t h e  
code EIREM /6/, and an  ana ly t i c  approximation /I/. The D+-ions inpinging on t h e  limi- 
ter are nearly nunoenergetic with near-normal incidence due to the  accelerat ion i n  the 
Langnuir sheath: and r = j j  y(Ei,Qi) dEidai . 
The f lux d i s t r i h t i o n  y a t  the limiter is sinulated consis tent ly  with the s h i f t e d  Max- 

e Y  e y e  
~ ~ ' = ( 2 . 5 n ~ ~ + 0 . 5 r n v ) v  +2 - 9  1 v a v  - X . ~ T  1 

X &' = 2.5 n T u - x a T - 0.71 Te j,/2 

Q. = (2.5 n T~ + a 5  m G2) vx - 0' v a v - x .  a T 

Y x y x  1 y i  

e x  e x e  
I I 

x x x  1 x i  

1 

-(v-n), = ax (q' axvx) + a 

I 

I Ei = B = Q:/rR + e 0 - 3.5 Ti + 3 T 
1 e 
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wel l ian  ion d i s t r i b u t i o n  function en te r ing  i n t o  the der iva t ion  /1/ of the  boundary con- 

d i t i o n s  f o r  the plasma equations. P a r t  of the neut ra l ized  D+ are re f l ec t ed  as " fa s t "  

neu t r a l s  wi th  reduced energy and ro f = -%fn -1111 y(Ei,Qi) R(Ei ,Ri ,E,Q) dEidBidEda, 
t h e  rest is re leased  as D2-molemles and treated as "slow" Rank-Condon atcrrs wi th  

energy EZ = 5 e V  and rs = -yn-rf . We choose t h e  r e f l ex ion  kernel R as described i n  /5/ 
f o r  limiter and wall, bu t  admit only a narrow cos-like angular d i s t r i b u t i o n  ( a  < 5.4 O) 

of the source neu t ra l s  clase to the  limiter normal. Many individual Monte Carlo trajec- 
tories are f o l l m e d  u n t i l  ion iza t ion  or loss across the p l a s m  core boundary. Higher 

charge exchange generations are a l l  included' and added to the  f a s t  corrponent. M u t r a l s  

h i t t i n g  t h e  w a l l  or l i m i t e r  e x p r i e n c e  loss of  energy and non-specular reflexion. 

In t h e  a n a l y t i c  -1 a l l  inc ident  ions have Ei= Ei and ai  = 0, t he  energy d i s t r i b u t i o n  
J ( E )  = R(Ei ,E)  is averaged such t h a t  t h e  m a n  energy E i  is a t t r ibu ted  to a l l  f a s t  neu- 
trals, and t h e  re f lex ion  coe f f i c i en t s  RN = 1 J ( E )  dE and RE are approximated by 

0 

- 

0.813 - 0.286 loglo (0.4 Ei)  

Ei J ( E )  dE - 0.962 - 0.259 loglo (0.4 Ei) (17) 
EE - E J ( E )  dE 

Ei R~ 
Emission is d i s c r e t e  i n t o  17 d i s t i n c t  d i r ec t ions ,  and t h e  17 f a s t  and slcw beans are 

e x p n e n t i a l l y  damped by e l ec t ron  impact ioniza t ion  and charge exchange according to 

and the  veloci-  
ties v f v s  = J 2 EOds/m . &flexion  a t  t h e  w a l l  is elastic and specular,  cx-neutrals 

c a n t  as lost. For both i=rcdels the scurce t e r n  i n  (1) to ( 4 )  are ca lcu la ted  as follows 

(wi th  s and f to be s m d ,  e.g. 

n f'%exp[-/ ds  ( v  + vcx) / vof"] with t h e  frequencies v I  and v 
0 cx 

0 

f n = no + nz ) : 
0 

S = v I n o = n S ( T ) n o  I e  (18) 

(19) 

(20) 

(21)  

(22)  

Spx,z = v I  m roxIz + vcx m (rOx ,z - n 0 v x,z ) 
W 

W .  = vI  c0 + vcx no (Eocx - 0.5 m v - 1.5 Ti) 

v = n Scx(Tieff), Tieff = Ti + TI (0.5 m v + Eocx)/4 

= - v I  no EI - v, no E, 

+2 

+2 
cx wi th  

liere r and c0 are t h e  neu t r a l  f lux  and energy dens i t i e s ,  SI and Scx the rate coe f f i c i -  
e n t s  of Janev /4/, E = 13.6 e V  and E, = 10.2 e V  the ion iza t ion  and e x c i t a t i o n  ener- 

g i e s .  The Monte Car lo  code is ab le  to es t ima te  "responses" (g) = g(; ) f (vo )  dvo f o r  
a r b i t r a r y  de t ec to r  func t ions  g. Spec ia l  cases are (1) = no, (0.5 m $3O= co, etc. This  

allows u s  to d i s t ingu i sh  ca re fu l ly  between the m a n  energy E of a l l  neu t r a l s  

and t h e  m a n  energy E = (a5 m $2- v c x ( ~ o ) )  / ( v c x ( ~ o ) )  of t h e  neu t r a l s  t h a t  un- 
dergo a cx  reac t ion ,  > Ef, s ince  higher energies are mre probably a f f ec t ed  by CX. 

m l y  f o r  slcw neut ra l s  E Z x  = < = 5 eV. Using a t racklength  es t imator  technique f o r  

a l l  "responses" withcut any non-analogous mthcds, t h e  h is tory  of 3 0  000 particles re- 
q u i r e s  about 3 min of (PC-time on a Cray X-MP, r e s u l t i n g  i n  statistical errors of - 1 % 

f o r  the averaged neu t r a l  densities. We couple t h e  2 4  f l u i d  code SOLXY with t h e  Monte 

Carlo code EIRENE and iterate t h e  p l a s m  and neu t r a l  gas parameters by running both 
codes a l t e r n a t e l y .  An e s s e n t i a l  irrprovemnt towards a successfu l  ccupling is the appli- 
ca t ion  of "cor re la t ion  sanplinq". This m a n s  that, by an appropriate d i f i c a t i o n  o f  
t h e  sequence of randan numbers, the particle trajectories of two successive runs of 

EIRENE are p s i t i v e l y  co r re l a t ed  such t h a t  f o r  small changes i n  the  background plasna 
thgr also s u f f e r  only m a l l  var ia t ions :  the stochastic f luc tua t ions  are "frozen". Under 

0 

+ +  I 

= E /n 
0 0 0  

ocx 0 
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t hese  condi t ions  t h e  iteration converges r ap id ly  tcnards  the self-consistent stationary 
values  o f  all phys ica l  quan t i t i e s .  The convergence is f u r t h e r  improved by u@ating t h e  
swrce terns (18) to  (21) every 2 0  time s t e p s  wi th  the  changed p l a s m  parameters n, c, 
Te, Ti and wi th  resca led  no, r , E~ according to the  change i n  the total f lux  roR of 
limiter recycled neut ra l s .  We f i n d  s t rong ly  darrped oscillations f o r  all p l a s m  variab- 
les and g loba l  neu t r a l  quan t i t i e s ,  shown i n  Fig. 3 f o r  roR and f o r  t he  total energy 
t r a n s f e r  AEcx = 11 Wicx dxdy f r a n  neu t r a l s  to ions by cx-reactions. Af t e r  only 5 itera- 
tions the convergence is exce l len t .  There r a i n  small f luc tua t ions  i n  local n e u t r a l  

q u a n t i t i e s  like %x, but due to t h e  positive c o r r e l a t i o n  the relative changes i n  t h e  
iterated va lues  are f a r  belcw t h e  relative standard devia t ions  (scme o/oo carpared to 
scme %). H c w e v e r ,  i f  co r re l a t ion  sanpl ing  is switched o f f  ( i t e r a t i o n s  6 to l o ) ,  the 
g loba l  q u a n t i t i e s  begin to oscillate again,  and the local nmX is subject to g r e a t l y  
enhanced f luc tua t ions .  T ~ E  %-profiles are displayed by P1.6 for m n t e  Car lo  and by 

P1.5 for t h e  a n a l y t i c  beans (saw plasm background). The changes i n  t h e  self-consis- 

t e n t l y  converged plasm parmeters a f t e r  passing f r a n  the a n a l y t i c  to t h e  m n t e  Carlo 
nadel are .I 2 % f o r  n, vx, Te, Ti and - 5 % for 9, vz, Y. We conclude that the s.0.1. 
plasm is remrkably insens i t i ve  to the approximations i n  the  a n a l y t i c  neu t r a l  gas  

rrPdel. EIFSNE admits fu tu re  r e f i n e m n t s  wi th  larger emission angles  and D2-m31ecules. 

0 
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