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FOREWORD 

This document is intended as a starting point for a continuing 

documentation of the Oak Ridge Tokamak Transport Code. The code has 

been developed by scientists whose chief interest lies in the analysis 

of tokamak experiments and the formulation of reliable models of extrap- 

olation. Consequently, potential users are cautioned that the version 

of the code described here is far from optimum in the computational sense. 

Some present versions of the code, incorporating most of the physical 

models described in this manual, have halved both execution time and stor- 

age requirements. Nonetheless, this manual contains such a detailed 

description that users who require greater efficiency have the information 

needed to obtain it. 

As this manual is written, the Oak Ridge Tokamak Transport Code in- 

cludes some features not described here. These include: 

a) a Fokker-Planck solution to the fast injected ion distribution 

function at N % 5-10 radial points (that is, Ni solutions of 
i 

the two-dimensional time-dependent equations for f (xi, V, 5, t). i 
b) a multi-group, discrete ordinate (S ) cylindrical geometry N 

calculation of neutral gas transport. This NUTRLSN package 

has been developed by modifying the XSDRN neutron and photon 

transport solver which has been extensively used in other 

fields . 
c) a quasi-two-dimensional magnetic geometry. In this scheme 

the (r,t) radial diffusion problem is replaced by one solved 

on a ($,t) grid where $ is the poloidal flux function. The 

ISLAND code of D. C. Stevens (as used in the work of Grad, Hu, 

and Stevens) is then employed to compute the two-dimensional 

axisymmetric magnetic surface structure. 

These additional modules are run with the same basic structure de- 

scribed in this manual and the logic has been designed to accept them. 

It is expected that documentation of these more sophisticated features 

will soon be forthcoming. 
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ABSTRACT 

A one-dimensional tokamak t r a n s p o r t  code i s  descr ibed  
which s imu la t e s  a plasma d i scha rge  us ing  a f l u i d  model which 
inc ludes  power ba lances  f o r  e l e c t r o n s  and i o n s ,  conserva t ion  
o'f mass, and Maxwell's equat ions .  The modular s t r u c t u r e  of 
t h e  code al lows 'a u s e r  t o  add models of v a r i o u s  phys i ca l  
processes  which can modify t h e  d i scha rge  behavior .  Such 
phys i ca l  processes  t r e a t e d  i n  t h e  v e r s i o n  of t h e  code de- 
s c r ibed  h e r e  i nc lude  e f f e c t s  of plasma t r a n s p o r t ,  n e u t r a l  
gas  t r a n s p o r t ,  impur i ty  d i f f u s i o n ,  and n e u t r a l  beam i n j e c -  
t i o n .  Each process  can be  modeled by a parameter ized ana- 
l y t i c  formula o r  a t  l e a s t  one d e t a i l e d  numerical  c a l c u l a t i o n .  
The program l o g i c  of each module i s  presented ,  followed by 
d e t a i l e d  d e s c r i p t i o n s  of each sub rou t ine  used by t h e  module. 
The phys ics  under ly ing  .the models i s  only b r i e f l y  summarized. 
The t r a n s p o r t  code was w r i t t e n  i n  IBM FflRTRAN-IV and imple- 
mented on IBM 3601370 series computers a t  t h e  Oak Ridge 
Nat iona l  Laboratory and on t h e  CDC 7600 computers of .  t h e  
Magnetic Fusion Energy (MFE) Computtng Center  of t h e  
Lawrence Livermore Laboratory. A l i s t i n g  of t h e  c u r r e n t  
r e f e rence  v e r s i o n  i s  provided on accompanying microf iche .  



A USER'S MANUAL FOR THE OAK RIDGE 
TOKAMAK TRANSPORT CODE* 

- 
1. INTRODUCTION 

1.1 GENERAL STRUCTURE OF PROGRAM SPATIAL-TIME GRID 

This  manual i s  intended f o r  a u s e r  who wishes t o  change t h e  b a s i c  

phys i ca l  model i n  t h e  code f o r  one o r  more p roces ses ,  o r  t o  i nco rpora t e  

a model f o r  some process  no t  a l r eady  t r e a t e d  i n  o rde r  t o  s tudy  i t s  in-  

t e r a c t i o n  wi th  t h e  b a s i c  plasma t r a n s p o r t  p rocess .  

The manual, can be  most e f f e c t i v e l y  used wi th  two o t h e r  documents : s 2  

J.  T. Hogan, " ~ u l t i - F l u i d  Tokamak Transpor t  Models , I '  0RN~/TM-5153 

(November 1975);  Methods of ComputatianaZ Physics, Vol. 16: Computer 

Appl ica t ions  t o  Confrol led Thermonuclear Research,  ed. by J.  K i l l e e n ,  

B. Alder ,  and S .  Fernbach (1976) . 
J. T. Hogan, PhysicaZ Models i n  the Oak Ridge Tokamak Transport Code, 

ORNL/TM, t o  be  publ ished.  

The r e fe rence  ve r s ion  of t h e  Oak Ridge Tokamak Transport  Code (GRTTC) 

i s  supp l i ed  i n  Appendix I V  on microf iche .  

The code i s  a v a i l a b l e  t o  members of t h e  c o n t r o l l e d  f u s i o n  community 

v i a  t h e  Magnetic Fusion Energy (WE) Computer Center  a t  t h e  Lawrence 

Livermore Laboratory.  

The tokamak t r a n s p o r t  code was developed a s  a t o o l t o  a i d  both 

t h e o r i s t s  and expe r imen ta l i s t s  working wi th  tokamak-type t o r o i d a l  plasma 

machines. Th i s  code has  been s t r u c t u r e d  t o  al low modular i nco rpora t ion  

of new models of v a r i o u s  plasma processes  a s  they  a r e  developed. The 

code has  been ex tens ive ly  documented i n t e r n a l l y  t o  a i d  u s e r s  who must 

know t h e  d e t a i l s  of t h e  processes  be ing  modeled. For t hose  who wish t o  

use t h e  code t o  help iilLeryret d a t a ,  t h e  1 n p u t . d a t a  i s  arranged s o  as t o  

a l low f o r  t h e  i n c l u s i o n  of ex t ens ive  comments i n  the  a c t u a l  i n p i ~ t  d a t a  

without  d i s t u r b i n g  t h e  normal running of t h e  program. 

* 
Research sponsored by t h e  Energy Research and Development Adminis t ra t ion  
under c o n t r a c t  wi th  Union Carbide Corporat ion.  



The i n p u t  d a t a  i s  grouped a s  much a s  p o s s i b l e  t o  r e f l e c t  t h e  

modular s t r u c t u r e  of t h e  program. This  p a r a l l e l  o rgan iza t ion  should 

f a c i l i t a t e  t h e  s e l e c t i o n  of op t ions  f o r  a p a r t i c u l a r  type  of s imu la t ion  

c a l c u l a t i o n .  Where p o s s i b l e ,  an  a t tempt  has  been made t o  i nc lude  a t  

least two a l t e r n a t i v e s  f o r  t h e  important  processes  modeled: an  a n a l y t i c  

model t h a t  p rov ides  a rough approximation but  g ives  a quick c a l c u l a t i o n ,  

and a more d e t a i l e d  numerical  computation.which t r e a t s  t h e  phys ics  of t h e  

p roces s  wi th  more ca re .  

The program can be  run  w i t h  a s e t  of d e f a u l t  i npu t  va lues .  Sfilce 

t h e r e  are many combinations of op t ions  a v a i l a b l e ,  a d e f a u l t  combination 

h a s  been cbnsan which w i l l  be des igna ted  t h e  s tandard  choice.  The 

"s tandard  choice" d a t a  set i s  a l s o  a u s e f u l  r e f e rence  p o i n t  i f  t h e  u s e r  

a t t e m p t s  t o  u s e  a combination of i npu t  va lues  f o r  which t h e  code produces 

numer ica l ly  u n s t a b l e  p r o f i l e s .  A poor choice of i npu t  d a t a  va lues  may 

r e s u l t  i n  d i f f i c u l t y  i n  g e t t i n g  a s imu la t ion  s t a r t e d ;  i . e . ,  problems may 

develop i n  t h e  f i r s t  few time s t e p s  and cause t h e  p r o f i l e s  t o  behave 

s t r a n g e l y  o r  t o  grow r a p i d l y  t o  l a r g e  magnitudes. The b a s i c  s p a t i a l  and 

t ime i n t e r v a l s  f o r  t h e  s t anda rd  choice  d a t a  set a r e  0.02 x (plasma 

r a d i u s ,  cm) and t e n s  of microseconds, r e s p e c t i v e l y .  Some u s e f u l  guide- 

l i n e s  t o  cons ider  i n  p u t t i n g  t o g e t h e r  a d a t a  set t h a t  ~ h o u l d  n o t  l ead  t o  

numer ica l  d i f f i c u l t y  are summarized i n  Sect. 1.4.8. Models c u r r e n t l y  

under  development are n o t  t r e a t e d  i n  t h i s  manual, bu t  a l o g i c a l  s t r u c t u r e  

which w i l l  accommodate them h a s  been chosen f o r  t h e  code. Some examples 

of models n o t  covered h e r e  are: 

computation of s u l u t i o n s  t o  a two-dimensional Fokker-Plaxick equat ion  
f o r  t h e  neutral Ledu i n j  ece ion  modula 

u s e  of t h e  NUTRLSN neut ron  t r a n s p o r t  code f o r  t h e  n e u t r a l  gas .module 
3 twu-dimensional f l u x  surface c a l c u l a t i o n s  

t h e  c o l l i s i o n a l  plasma model4 t o  r e p l a c e  t h e  plasma d i f f u s i o n  
equat ions .  

1 .2  USE OF SWITCHES AND DEFAULT VALUES 

The code uses  a number of swi tches  f o r  a v a r i e t y  of purposes.  These 

swi t ches  can  be  grouped according t o  t h e i r  purpose and/or  use i n t o  t h e  

fo l lowing  types :  



Type Purpose and/or  Use 

A Determines choice  of p a r t i c u l a r  model of a process  

B Cont ro ls  i npu t  and/or.  ou tput  

C Determines choice  of machine conf igu ra t ion ,  e .g . ,  
n e u t r a l  beam i n j e c t i o n  

D Provides choice of d i a g n o s t i c  op t ions  

E  Provides  va lues  of exponents f o r  power law ex- 
p re s s ions .  

A de ta i l ed -  d e s c r i p t i o n  of t h e  v a r i o u s  swi tches  is  given i n  Table 1. 

Table 1. Summary of switch types and t h e  
func t ion  o r  u s e  of each switch 

Type A Switches: Choice of a n a l y t i c  o r  d e t a i l e d  numerical  model 

NUTE (1) Neut ra l  gas c a l c u l a t i o n  
= 1, a l g e b r a i c  formula 
= 2,  Boltzmann t r a n s p o r t  model wi th  s l a b  geometry, 

no w a l l  r e f l e c t i o n  
= 3 ,  same as N U T E ( ~ )  = 2 ,  bu t  w i th  w a l l  r e f l e c t i o n  
= 4 ,  NUTRLSN t r a n s p o r t  code 

Options 3 and 4 a r e  no t  included i n  t h e  Reference Version 
( see  Appendix IV) 

I n i t i a l  impuri ty  s t r i p p i n g  c a l c u l a t i o n  
= 1, corona equ i l i b r ium t a b l e  f o r  carbon and oxygen 
= 2,  r a t e  equat ion  s o l u t i o n s  f o r  carbon and oxygen 

Rad ia l  d i s t r i b u t i o n  of t o t a l  i m p u r i t i e s  
= 1, corona equ i l i b r ium t a b l e s  t oge the r  wi th  r a d i a l  

d i s t r i b u t i o n  formulae f o r  carbon and oxygen. 
High-Z i m p u r i t i e s  a r e  t r e a t e d  us ing  a  crude 
e s t ima te .  

= 2 ,  corona equ i l i b r ium tables f o r  carbon, oxygen, 
and high-Z impur i ty  (Fe) atom charge s t a t e s .  
Rad ia l  d i s t r i b u t i o n s  a r e  ass igned  us ing  
formulae . 

= 3 ,  corona equ i l i b r ium t a b l e s  t oge the r  w i th  r a d i a l  
d i s t r i b u t i o n s  generated by Pfirsch-Schl i i ter  
d i f f u s i o n  f o r  carbon and oxygen. High-Z i m -  
p u r i t i e s  a r e  t r e a t e d  us ing  a  crude e s t ima te .  

= 4,  corona equ i l i b r ium t a b l e s  f o r  carbon, oxygen, 
and high-Z impuri ty  (Fe) atom charge s t a t e s .  
Rad ia l  d i s t r i b u t i o n s  a r e  generated by a  
Pfirsch-Schl i i ter  d i f f u s i o n  model. 



Table 1 (continued) 

IMp(3) ~ m ~ u r i t i e s :  Fixed v a l u e s  (= I )  o r  d e t a i l e d  c a l c u l a t i o n  
(=2) according t o  t h e  v a l u e  of IMP(2). 

(4) De ta i l ed  model f o r  i r o n  
= 0, i nc lude  i r o n  coronal  e q u i l i b r i a  
= 1, omit d e t a i l e d  d e s c r i p t i o n  

INJ(3) Curren t  p e r t u r b a t i o n  from i n j e c t e d  n e u t r a l  beam 

INJ(4) E l e c t r i c  f i e l d  e f f e c t  on f a s t  i ons  

INJ(5) Luss cul~t: cur.r.rcLlu~~ t u  f a s t  ion th r rmal izac iun  

INJ(G) Neu t r a l  i n j e c t i o n  gas 
= 0, hydrogen 
= 1, deuter ium 

Type B Switches: I/@ c o n t r o l  

IN IT(^) Generate  i n i t i a l  plasma p r o f i l e s  a n a l y t i c a l l y  o r  read  them 
i n i r e s t a r t  c a l c u l a t i o n  a t  some a r b i t r a r y  time. 

= 0, gene ra t e  i n i t i a l  p r o f i l e s  a n a l y t i c a l l y  ("normal" 
s t a r t )  

= 1, read i n  i n i t i a l  prof i l . es  
= 2, r e s t a r t  c a l c u l a t i o n  a t  a  des igna ted  t i m e  

Type C Swi relies ! Machine cnnf riguitati nn 

I N J  (1) Neu t r a l  beam i n j e c t i o n  
= 0, no i n j e c t i o n  
= 1, moments c a l c u l a t i o n  
= 2,  debug c a l c u l a t i o n  

INJ(2) Number and type  o r  n e u t r a l  beam i n j e c t i o n  used 
= 1, co- in j ec t ion  only  
= 2 ,  counter - in jec t ion  only  
= 3 ,  two i n j e c t o r s ,  one co- and one counter- 
= 4 ,  four  i n j e c t o r s ,  two co- and two counter- 

Type D Switches: Diagnost ic  op t ions  

INIT(4) Diagnos t ic  o p t i o n s  swi tch  
= 0, o f f  
= 1, on 

Type E Switches: Exponents and power l a w s  used 

NUTE(2) Exponent i n  power law f o r  n e u t r a l  gas  a n a l y t i c  model. 



A s tandard  s e t  of d e f a u l t  i npu t  va lues  has  been incorpora ted  i n t o  

t h e  code; t h e  e n t i r e  s e t  i s  g iven  i n  Appendix I. The choice  of d e f a u l t  

va lue  f o r  each inpu t  v a r i a b l e  i s  explained i n  t h e  d e t a i l e d  d e s c r i p t i o n  . . 
of t h e  inpu t  d a t a  (Sect .  1 .4) .  The d e f a u l t  va lues  f o r  t h e  type  A 

swi tches  w i l l  gene ra l ly  p i ck  t h e  a n a l y t i c  model. Type B swi tches  w i l l  

b e  s e t  t o  genera te  t h e  i n i t i a l  plasma p r o f i l e s  a n a l y t i c a l l y  and t o  pro- 

v i d e  d e t a i l e d  p r i n t o u t .  

1 . 3  BRIEF DESCRIPTION OF MODULAR STRUCTURE 

Each of t h e  seven b a s i c  modules c u r r e n t l y  i n  t h e  code is  discussed 

i n  a  s e p a r a t e  s ec t ion .  Each s e c t i o n  inc ludes  a d e s c r i p t i o n  of t h e  i n p u t  

d a t a  r equ i r ed  and a summary of t h e  func t ion  of each subrout ine  used by 

t h e  module. These modules and t h e i r  func t ions  a r e  b r i e f l y  a s  fol lows:  

MAIN - reads  t h e  inpu t  d a t a  and provides primary program c o n t r o l  
(Sect .  2.5) 

PLASMA - o b t a i n s  t h e  s o l u t i o n  f o r  t h e  s e t  of p a r t i a l  d i f f e r e n t i a l  
equat ions  desc r ib ing  t h e  t ime evo lu t ion  of t h e  plasma 
(Sect.  3) 

NEUT,RA - c a l c u l a t e s  t h e  e f f e c t s  of t h e  inward-diffusing cold n e u t r a l  
gas (Sect .  4) 

IMPRTY - c a l c u l a t e s  t h e  e f f e c t s  due t o  t h e  presence of t h e  i m p u r i t i e s  
carbon and oxygen and a high-Z element (Fe) (Sect.  5 )  

BEAM - models t h e  n e u t r a l  beam i n j e c t i o n  process  (Sect .  6)  

DIAGNQ - gene ra t e s  d i a g n o s t i c  tests t o  measure t h e  accuracy and 
performance of t h e  simulat ' ion (Sect .  7) 

SURFAC - models t h e  i n t e r a c t i o n  between t h e  plasma s u r f a c e  and t h e  
e x t e r n a l  world ( d i v e r t e r s ,  t o r u s  w a l l s ,  e t c . ) ( S e c t .  8) .  

Labeled common b locks  have been used ex tens ive ly  t o  s t o r e  v a r i a b l e s  

and a r r a y s  whose v a l u e s  a r e  used o r  generated i n  more ' than  one module o r  

subrout ine .  The common b locks  were cons t ruc ted  t o  p a r a l l e l  t h e  modular 

s t r u c t u r e  of t h e  t r a n s p o r t  code as much as poss ib l e .  Common b lock  names 

w e r e  chosen t o  suggest  a common phys i ca l  u se  o r  a s s o c i a t i o n  of t h e  v a r i -  

a b l e s  and a r r a y s  grouped i n  each block.  A l i s t  of t h e  v a r i a b l e s  ( a r r a y s )  

i n  each common block i s  given i n  Appendix 11, toge the r  w i t h  v a r i a b l e  and 

a r r a y  d e f i n i t i o n s .  . . 



1.4 DESCRIPTION OF INPUT DATA AND DEFAULT VALUES 

An input  d a t a  set, completely i n t e r n a l l y  documented, i s  presented 

i n  Appendix I t o  enable  t h e  use r  t o  run t h e  plasma s imula t ion  code with- 

o u t  having t o  consu l t  a  s e r i e s  of memos. Changes t o  t h e  input  d a t a  can 

be  made by e d i t i n g  t h e  appropr i a t e  NAMELIST l is t  i n  t h i s  input  d a t a  s e t .  

The s tandard  choice,  w i th  complete documentation, is  b u i l t  i n t o  BLgCK 

DATA, s o  t h a t  i t  w i l l  always be a v a i l a b l e  i n  t h e  code f o r  reference .  A l l  

i n p u t  d a t a  appears  i n  t h e  labeled  cvuur l  blocks. 

In the samplcz. i npu t  data set ,  v a r i a b l e s  apptoprfaee f o r  each NAMELTY'I' 

l i s t  grouping are descr ibed  immediately preceding t h e  NAMELIST d a t a  see .  

Units of t h e  inpu t  v a r i a b l e s  a r e  given wieli r h e i r  d e f i n i t ~ u u s .  Default  

va lues  f o r  t h e  inpu t  d a t a  a r e  given i n  parentheses fol lowing t h e  de f in i -  

t i o n s  of the  v a r i a b l e s ;  t hese  va lues  a r e  t h e  ones appropr ia te  f o r  the 

ORMAK. machine. 

1. Machine Configurat ion.  The parameters associa ted  wi th  t h e  tokamak 

geometry (ORMAK va lues  a r e  t h e  d e f a u l t )  a re :  

AM -minor r a d i u s  of t o r u s ,  cm (23.0 cm) 
R@ - major r a d i u s  of toruo ,  cm (79.8 cm) 
BT - t o r o i d a l  magnetic f i e l d ,  G (18 kG) 
~ 9 "  - i n i t i a l  plasma r a d i u s ,  cm (23.0 cm) 
N - number of s p a t i a l  g r i d  ( r a d i a l )  points , ( S l j  

2. Timing I n t e r v a l s .  I b o  groups of t iming i n t e r v a l s  appear i n  t h e  code. 

The f i r s t  group l i s t e d  below d e a l s  wi th  t h e  b a s i c  plasma model. The 

second group i s  assoc ia t ed  wi th  t h e  n e u t r a l  beam i n j e c t i o n  module and 

appears  wi th  t h e  inpu t  f o r  t h a t  module i n  Sect .  7. 

TMAX -maximum dura t ion  of cu r ren t  pulse ,  
msec (65.0 mocc) 

TC + - rise time of cu r ren t ,  msec (10.0 msec) 
T Y ~  - f a l l  off t h e  ul: e ~ t e r a a l  n e u t r a l  

dcnai.ty, mscc (4.0 msec) 
TSTAR - s t a r t i n g  time of s imula t ion  prob- 

l e m ,  msec (0.0 msec) 
NT - t o t a l  number of t ime i n t e r v a l s  f o r  

cu r ren t  pulse  and plasma simulat ion (1000) 

* 
See subrout ine  GETSET. 

'see subrout ine  SURFAC. 



3. Plasma Data. Th i s  group of i npu t  v a r i a b l e s  is  used p r imar i ly  by t h e  

plasma module f o r  genera t ing  t h e  i n i t i a l  plasma v a r i a b l e  p r o f i l e s .  

TE0 - boundary temperature f o r  e l e c t r o n s ,  
e V  

T 10 - boundary temperature of i o n s ,  e V  
TEB - i n i t i a l  c e n t r a l  va lue  of e l e c t r o n  

temperature,  e V  
TIB - i n i t i a l  c e n t r a l  va lue  of i o n  

temperature,  e V  
V@LT - t o r o i d a l  vo l t age ,  V 
DEN0 - i n i t i a l  c e n t r a l  va lue  of plasma 

e l e c t r o n  d e n s i t y ,  cm-3 
DENB - boundary e l e c t r o n  d e n s i t y ,  cm-3 
ZPC - i n i t i a l  va lue  of t o t a l  c u r r e n t ,  

amp s 
ZFI - a d d i t i o n a l  amount of t o t a l  cu r r en t  * a f t e r  t i m e  TC, amps 
AMU -mass of plasma ions ,  amu, de t e r -  

mined according t o  t h e  equat ion:  

AMU = (2*ND+ + NH+) / (N,,+ + NH+) , 
where N,,+ and NH+ a r e  t h e  r e s p e c t i v e  

d e n s i t i e s  of deuterons and pro tons  (1.0 amu) 

XI(1) -exponent  f o r  i n i t i a l  p r o f i l e  of cur- 
r e n t  d e n s i t y ,  (2.0) 

XI(2) - exponent f o r  i n i t i a l  p r o f i l e  of 
. . e l e c t r o n  temperature,  (2 0)  

Te = (TEg-TEB) [ 1- (R/R9) 
1 + TEB 

XI(3) - exponent f o r  i n i t i a l  p r o f i l e  of i on  
temperature,  (2.0) 

Ti = (TE@-TIB) [ l -  (R/R9) 1 + TIB 

XI(4) - exponent for '  i n i t i a l  p r o f i l e  of 
e l e c t r o n  d e n s i t y ,  (2.0) 

N = (DEN@-DENB) [ 1- (K/R9) ( 4 ) ]  = DENB. 

INIT(1) - swi tch  f o r  s t a r t i n g  mode f o r  
i n i t i a l  plasma v a r i a b l e  p r o f i l e s  

= 0 ,  f o r  p r o f i l e s  generated 
a n a l y t i c a l l y  ' 

= 1, f o r  p r o f i l e s  read  from 
d a t a  ca rds  

* 
See func t ion  PC. 



INIT (3) - swi t ch  f o r  examining MHD s t a b i l i t y  
c h a r a c t e r i s t i c s  of t h e  plasma (1) 

= 0,  determines t h e  l o c a t i o n  of 
t h e  s i n g u l a r  s u r f a c e  f o r  
m = 3,5 

= 1, c a l c u l a t e s  t h e  r a d i a l  eigen- 
func t ions  and t e a r i n g  mode 
growth r a t e  according t o  
Fu r th ,  Rutherford,  and 
s e l b e r g Y 5  f o r  m = 3,5.  Can 
b e  used t o  eva lua t e  t r a n s -  
p o r t  c o e f f i c i e n t s  i n  sub- 
r u u t i n c  CDC, 

D l 1  (1) - e l e c  troll  tliermal t r a n s p o r t  c o e f f i c i e n t ,  
f o r  s c a l i n g  d i f f u s i o n  c o e f f i c i e n t  = 
D l l ( 1 )  ~ p ~ c u d o c P a ~ o i c a 1  (3.5) 

Dl l (2 )  - i o n  thermal  t r a n s p o r t  c o e f f i c i e n t ,  f o r  
s c a l i n g  d i f f u s i o n  c o e f f i c i e n t  = D l l ( 2 )  
* n e o c l a s s i c a l .  (0.3) 

D l l (3 )  - p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t  (1.0) 
= Dl l (3 )  *pseudoclass ica l  

D l l (4 )  - r e s i s t i v i t y  = 1)11(4) *neoc la s s i ca l  (1.0) 

D l l ( 5 )  - t h r e s h o l d  (nue*) of t rapped  e l e c t r o n  
s c a l i n g  (0.0) 

D l l (6 )  - t h r e sho ld  (nui*) of t rapped  ion  s c a l i n g  (0.0) 

4 ,  Neut ra l  Gas Data. --- Thi s  group of i npu t  v a r i a b l e s  i s  used almost en- 

t i r e l y  by t h e  n e u t r a l  gas  module f o r  p i ck ing  a pa th  through a  c o n s i s t e n t  

cho ice  of o p t i o n s  a s s o c i a t e d  w i t h  a p a r t i c u l a r  n e u t r a l  gas model. 

FCDEN - I n i t i a l  Franck-Condon boundary d e n s i t y ,  
cmm3 (18 x l o 9  ~ m - ~ )  

PCF - f i n a l  boundary d e n s i t y  of n e u t r a l s ,  
cm-3 (9  x 109 ~ m - ~ )  

N@X -number of nodes x.j i n  [0 ,1]  f o r  u se  wi th  
t h e  d i s c r e t e  i n t e g r a l  equat ion  asso- 
c i a t e d  wi th  t h e  i n t e g r a l  equat ion  t h a t  
has  t h e  ho t  n e u t r a l  d e n s i t y  a s  i t s  
s o l u t i o n .  Approximations t o  t h e  h o t  
n e u t r a l  d e n s i t y  a r e  obta ined  a t  t h e  xj. 
Approximations a t  nonnodal p o i n t s  a r e  
obta ined  by l i n e a r  i n t e r p o l a t i o n .  I n  
r eg ions  where t h e  s l o p e  of the h o t  neu- 
t r a l  d e n s i t y  changes r a p i d l y ,  more nodal  
p o i n t s  should be added. (21) 



NQZ - number of uniformly d i s t r i b u t e d  p o i n t s  
i n  t h e  i n t e r v a l  [-1,1]. For each node 
x j ,  t h e  i n t e g r a t i o n  i n t e r v a l  [-1,1] i s  
decomposed i n t o  t h e  sub in t e rva l s :  
[-lym-(Qc>I [m-(QC) ,n-(QF)I, [n-(QF) 9 

X j  1 9 x .  ,n+(AF) I ,  [N+(QF) , ~ + ( Q c )  I ,  and 
[m+(Qcj $ 1 1  . The p o i n t s  determined 
by NQZ t h a t  l i e  i n  [-1,m-(QC)] and 
[ ~ + ( Q c )  ,1]  a r e  used a s  i n t e g r a t i o n  
nodes. (101) 

NSIMP -number of uniformly d i s t r i b u t e d  in-  
t e g r a t i o n  nodes i n  a Simpson's 
approximation t o  t h e  i n t e g r a l  on 
[m-(QC) ,n-(QF) 1 and on [ ~ + ( Q F ) ,  
~ + ( Q c )  I 

NSMO -number of uniformly d i s t r i b u t e d  nodes 
i n  [n-(QF) , x j ]  o r  i n  [ x j  , n + ( Q ~ ) l .  
Used as nodes f o r  a Simpson's 
approximation i n  one case  and as 
a  p a r t i t i o n  of t h e  i n t e g r a t i o n  
i n t e r v a l  i n  another .  (5) 

NUNIF - switch t o  s e l e c t  mode f o r  desc r ib ing  
t h e  nodal  p o i n t s  x  See NQX above. 

j (0) 
= 0 ,  x j  def ined  I n  subrout ine  NEUTIO 

t o  be (J-1) /.(N@X-1) 
j = J = 1, ..., NQX. 

> 0,  d e s i r e d  x j  should be  placed a t  t h e  
beginning of a r r a y  W 1  i n  common 
NUTRLP. Require  Wl(1) = 0,  and 
Wl(NdX) = 1.0. 

QF,QC - used t o  p a r t i t i o n  i n t e g r a t i o n  i n t e r v a l .  
See NQz above and Sec t .  4.4.3 i n  t h e  
neutral module. (.OOl, . l l )  

EPSNl - t h e  f u n c t i o n a l  i t e r a t i o n  used t o  approx- 
imate t h e  h o t  n e u t r a l  d e n s i t y  a t  t h e  

nodes 
is te rmina ted  whenever t h e  

ma.gnitu e  of t h e  abso lu t e  e r r o r  be- 
tween t h e  s o l u t i o n  of t h e  d i s c r e t e  
i n t e g r a l  equat ion  and t h e  c u r r e n t  
approximation is  less than  EPSNl a t  
each x j  . ( .001) 

INTRPS - t h e  va lues  of t h e  func t ions  Ni, Ti, and 
EATN a t  nonnodal p o i n t s  a r e  approxi- 
mated by i n t e r p o l a t i o n .  

= 1, f o r  l i n e a r  i n t e r p o l a t i o n  
= 2 ,  f o r  q u a d r a t i c  i n t e r p o l a t i o n  
= 3 ,  f o r  cub ic  i n t e r p o l a t i o n  



IDEBUG - a switch con t ro l l ing  p r in tou t  from 
subroutine NUKERN (1) 

0,  no add i t iona l  output 
= 1, A,B;C, y = Lipschi tz  constant ,  

estimated number of funct ional  
i t e r a t i o n s ,  and max (q(z  ,x) 1 

= 2 ,  a l l  of t h e  above, p lus  t h e  
a r rays  N I ,  T I ,  and EATN 

= 3 ,  a l l  of t h e  above, p lus  ap- 
proximations t o  hot  n e u t r a l  
densi ty  a t  nodes x j  

E 0  - encrgy.of n e u t r a l s  1eavi .n~  the. wal l ,  e V  (10.0) 

EPSNO . - .  a new b a s i c  n c u t r a l  densi ty  profile l . s  
requested i f  and only i f  t h e  magnitude 
of t h e  r e l a t i v e  e r r o r  between 

f o r  t h e  i a s t  ca lcula ted  p r o f i l e  and f o r  
t h e  corresponding current  'va lues ,  exceeds 
EPSNO f o r  some node x j .  N I  and TI a r e  
t h e  normalized ion densi ty  and tempera- 
t u r e ,  respect ively .  (0.5) 

IPNO - an output  switch f o r  subroutine NTF 
= 0, no e x t r a  output 
= 1,  print^ range of rel..ativc?. e r r o r  

array deocribcd under EPSNO 
and p r i n t s  t h e  iq tegra t ion  
time 

= 2 ,  p r i n t s  the  above plus  the  a r rays  
containing t h e  new and o ld  
values  f o r  

A*NI(J) /SQRT[TI (J) I 
and f o r  the  bas ic  n e u t r a l  den- 
s i t y  p r o f i l e s  

NWDWjl -number of: elements i n  che array W5 i n  
common 'NUTRLP . A minimum of 5 N  -I- 
4NdX + 3IQ6Z elelunlL~ i i ~  W 1  is rc 
quirtd wll.enevcr NUTE (1) = 2 (1300) 

NWDWSC - number of elements i n  t h e  ar ray  A i n  
common LBMIBT. This a r ray  w i l l  be 
used a s  t h e  sc ra tch  a r ray  WSC i n  t h e .  
argument l ist  t o  subroutine NUKERN. (8008) 
A minimum of 

N@x(N@z + lONSMO +5) + NSIMP ( 8 ~ 0 ~  + 1 )  

+ 4 ( N ~ Z  + NSMO) -2 

elements i n  A i s  required whenever 
NUTE (1) = 2 



NUTE(1) - swi tch  f o r  model of n e u t r a l  gas  
c a l c u l a t i o n  

= 1, f o r  a n a l y t i c  model 
= 2, f o r  s l a b  model without  w a l l  

r e f l e c t i o n s  
= 3 ,  f o r  s l a b  model wi th  w a l l  

r e f l e c t i o n s  (not  included 
i n  t h i s  d e s c r i p t i o n )  

= 4,  NUTRLSN t r a n s p o r t  code (not  
included i n  t h i s  d e s c r i p t i o n )  

NOTE: The a n a l y t i c  model op t ion  w i l l  
always be a v a i l a b l e .  The remaining 
t h r e e  op t ions  cannot be s imultaneously 
l i n k e d  wi th  t h e  r e s t  of t h e  program. 
Th i s  r e s t r i c t i o n  e x i s t s  t o  reduce core  
memory requirements .  One of op t ions  
2-4 must be s e l e c t e d  and t h e  subrou- 
t i n e s  f o r  t h a t  op t ion  l i nked  wi th  t h e  
r e s t  of t h e  program. Th i s  l i nkage  i s  
accomplished on I B M  3601370 s e r i e s  com- 
p u t e r s  by i n s e r t i n g  an INCLUDE card  wi th  
a  r e f e r e n c e  t o  t h e  name of t h e  ca ta loged  
d a t a  s e t  which con ta ins  t h e  sub rou t ines  
f o r  t h e  d e s i r e d  opt ion .  Option 2  w i l l  
be  assumed t o  be  t h e  only one a v a i l -  
a b l e  i n  any subsequent d i scuss ions  i n  
t h i s  u s e r ' s  manual about t h e  n e u t r a l  gas  
module. 

NUTE(2) - exponent i n  power law f o r  n e u t r a l  gas 
a n a l y t i c  model (4 

5 .  Impuri ty  Ion  Data. This  i npu t  d a t a  i s  used t o  some degree through- 

ou t  t h e  code, b u t  i s  most c l o s e l y  a s s o c i a t e d  wi th  t h e  impur i ty  module 

(Scct .  5 ) .  

PCIMF' - pe rcen tage  of e l e c t r o n  d e n s i t y  due t o  
'high-Z impuri ty .  Th i s  parameter has  two 

d i f f e r e n t  meanings, according t o  t h e  i m -  
p u r i t y  d i f f u s i o n  model op t ion  determined 
by t h e  va lue  of IMP (2) .  For IMP (2)  = 1 
o r  3 ,  PCIMP i s  due t o  some average e f -  
f e c t i v e  high-Z impuri ty;  f o r  IMP(2) = 2 
o r  4 ,  i t  i s  due t o  i r o n  i m p u r i t i e s  (0.01) 

ZEFF - e f f e c t i v e  charge of i ons  (4.0) 

ZLMP -maximum charge of t h e  high-Z impur i ty  i o n  (25) 

XCAR - p e r c e n t a g e  of e lec t ' ron  d e n s i t y  due t o  
carbon i m p u r i t i e s  (2) 

X ~ X  - percentage  of e l e c t r o n  d e n s i t y  due t o  
oxygen i m p u r i t i e s  (2)  



IMP(1) - swi t ch  f o r  i n i t i a l  impur i ty  s t r i p p i n g  (1) 
= 1, corona equ i l i b r ium f o r  carbon 

and oxygen 
= 2 ,  dynamic r a t e  c a l c u l a t i o n  f o r  

carbon and oxygen 

IMP(2) - swi t ch  f o r  d i f f u s i o n  of i m p u r i t i e s  (1) 
= 1, corona equ i l i b r ium t a b l e s  wi th  

r a d i a l  d i s t r i b u t i o n  formulae 
f o r  carbon and oxygen. High- 
Z i m p u r i t i e s  a r e  t r e a t e d  
us ing  a  crude e s t ima te  

= 2 ,  corona equ i l i b r ium t a b l e s  for 
carbon, oxyge~l ,  aud lligh-Z 
impiiri t y  (Fe)  a to~n  c l ~ a ~ p e  
s t a t e s .  Rad ia l  d i s t r i b u -  
t i ,ons are a s s i ~ n e d  us ing  
formulae 

= 3 ,  corona equi l ibr iu tu  t a b l e s  wi th  
r a d i a l  d i s t r i b u t i o n s  generated 
by Pfirsch-Schl l i ter  d i f f u s i o n  
f o r  carbon and oxygen. High-Z 
i m p u r i t i e s  a r e  t r e a t e d  us ing  a  
c rude  e s t ima te  

= 4 ,  corona equ i l i b r ium t a b l e s  f o r  
carbon,  oxygen, and high-Z 
impur i ty  (Fe) atom charge 
s t a t e s .  Radfa l  d i s t r lbuLiu l l s  
a r e  genera ted  by a  P f i r s ch -  
Schl  iiter d i f f u s i o n  model 

IMP (3)  - swi t ch  f o r  impur i ty  model 
= 1, u s e  f i x e d  v a l u e s  
= 2 ,  u se  c a l c u l a t i o n  determined by 

choice  of swi tch  v a l u e  f o r  
IMJ' (2) 

IMP (4) - swi t ch  f o r  d e t a i l e d  t rea tment  of i r o n  (1) 
= 0 ,  i nc lude  i r o n  c o r o n a 1 , e q u i l i b r i a  
= 1, u m l i  deLai led d e s c r i p t i o n  

6. Neu t r a l  Beam In-jection Data.  Th i s  group of i npu t  v a r i a b l e s  is  used 

almost  e n t i r e l y  by t h e  n e u t r a l  beam i n j e c t i o n  module f o r  choosing a  pa th  

through a  c o n s i s t e n t  set of op t ions  a s s o c i a t e d  wi th  a  p a r t i c u l a r  n e u t r a l  

beam i n j e c t i o n  model. 

DTCH - t i m e  increment f o r  c a l c u l a t i o n  of 
p r o f i l e  H(r )  , msec (10.0 msec) 

DTCGL - t ime increment f o r  c a l c u l a t i o n  of GE, 
G I ,  and KEY msec (2.0 msec) 



TN JCT 

DTNJCT 

I N J  (1) 

I N J  (2) 

I N J  (6) 

-major radius of beam l i n e  point  of 
tangency, cm 

- n e u t r a l  beam radius ,  cm 

- n e u t r a l  beam half-width, assuming 
Gaussian p r o f i l e ,  cm 

- s t a r t i n g  time f o r  i n j e c t i o n ,  msec 

- n e u t r a l  beam i n j e c t i o n  current  r i s e  
time, msec 

- number of computational time s t e p s  i n  
plasma current  r i s e  time i n t e r v a l  

-number of computational time s t e p s  i n  
in jec ted  neu t ra l  beam current  r i s e  
time i n t e r v a l  

- n e u t r a l  beam i n j e c t i o n  ca lcu la t ion  
switch 

= 0,. no i n j e c t i o n  
= 1, moments ca lcu la t ion  
= 2, debug (quick-and-dirty) 

ca lcu la t ion  

- switch f o r  number and type of n e u t r a l  
beam i n j e c t o r s  used 

= 1, co-inject ion only 
= 2 ,  counter- inject ion only 
= 3, two i n j e c t o r s  only, one co- 

and one counter- 
= 4,  four  i n j e c t o r s ,  two co- and 

two counter- 

- in jec ted  gas 
= 0, hydrogen 
= 1, deuterium 

(75.0 cm) 

(15.0 cm) 

(7.5 cm) 

(20.0 msec) 

(6.0 msec) 

For t h e  following switches, 0 = off  and 1 = on: 

INJ(3) - switch f o r  current  per turbat ion from 
£as t ions (1) 

INJ(4) - switch f o r  e l e c t r i c  f i e l d  e f f e c t s  on 
f a s t  ions (0) 

INJ(5) - switch f o r  l o s s  cone correctlvrl t o  
f a s t  ion thermalizat ion (0) 

7. I/@ Data and Control Switches. This group of va r iab les  and switc'hes 

governs Now of ten  p r in tou t  is obtained during t h e  simulat ion run and * 

what l e v e l  of d iagnost ic  information i s  derived from the  d iagnost ics  

module. 

NR - number of p r in tou t  sets obtained during 
execution of t h e  code (5) 



8. Using Other  Data  S e t s .  Data  s e t s  w i th  t h e  same numerical  s t r u c t u r e  

( i . e . ,  same N ,  NT, N 1 ,  e t c . )  w i l l  have a b e t t e r  chance of success  i f  t h e  

ohmic h e a t i n g  i n p u t  r a t e  chosen i n i t i a l l y  i s  c l o s e  t o  t h e  one f o r  t h e  

r e f e r e n c e  va lue .  Thus, q j 2  should be c l o s e  t o  t h e  va lue  given he re ;  

v a r i a t i o n s  should  i n c o r p o r a t e  t h e  f a c t  t h a t  % Te - 3 / 2  and j % t o t a l  

c u r r e n t l a r e a .  

1 .5  COMMENTS ON USE OF NAMELIST FEATURE FOR INPUT DATA 

The formar f o r  rhe d a t a  i n  t h e  N N L I S T  data sets is a s  fnl lnws:  

1. Column 1 must always remain blank.  

2. A set of d a t a  a s s o c i a t e d  wi th  a p a r t i c u l a r  NAMELIST l is t  name 
must begin  w i t h  an ampersand i n  column 2 followed immediately 
by t h e  NAMELIST name. The set of d a t a  must end wi th  a l i n e  
con ta in ing  an  ampersand i n  column 2 followed immediately by 
END. 

3 .  Values f o r  s i n g l e  v a r i a b l e s  a r e  en t e red ,  beginning i n  column 2, 
accord ing  t o  t h e  format: 

VARl = v a l u e l ,  VAR2 = value2 ,  e t c .  

4 .  Values f o r  a r r a y s  may be  en te red  i n  two ways: 

a. i n d i v i d u a l l y :  

AR.RAY(1.) = vs lue l ,  ARRAY (3 )  = value3 ,  e t c .  

b .  i n a l i s t :  

ARRAY = v a l u e l ,  va lue2 ,  value3,  e t c .  

A f t e r  t h e  i n p u t  d a t a  has  been read  i n ,  i t  can be w r i t t e n  back out  

u s i n g  t h e  NAMELTS'I' feature. If a .new v a r i a h l ~  [ a r r a y )  i s  added t o  the 

i n p u t  d a t a ,  t h e  a p p r o p r i a t e  NAMELIST s ta tement  de f in ing  t h e  v a r i a b l e s  

( a r r a y s )  a s s o c i a t e d  w i t h  t h e  NAMELIST name must have t h e  v a r i a b l e  ( a r r ay )  

name added t o  i t .  These s t a t emen t s  a l l  occur  i n  t h e  group of nonexcutable 

s t a t emen t s  a t  t h e  beginning of sub rou t ine  GETSET. 

1.6  PROGRAMMING CONSIDERATIONS 

The language uced i o  F@RTRAN I V .  The code w a s  developed us ing  t h e  

I B M  360 s e r i e s  computers and t h e  OPT = 2 v e r s i o n  of t h e  F~RTRAN-H com- 

p i l e r .  While t h e  ORNL IBM @ ~ / 3 6 0  F~RTRAN-H compiler can accept  s t a t e -  

ments such a s :  

XK = (I - l)*l./NM1/NMI. , 



and can handle t h e  mixed mode a r i t h m e t i c  p rope r ly ,  o t h e r  compilers  do 

no.t have t h i s  c a p a b i l i t y .  An a t tempt  has  been made . to  weed o u t  t h i s  type  

of machine-dependent s ta tements  and t o  r e p l a c e  t h e s e  s ta tements  w i th  

sequences of s ta tements  t h a t  should n o t  cause d i f f i c u l t y  on most com- 

p i l e r s .  We have t r i e d  t o  u se  ANSI s t anda rd  F ~ R T R A N  whenever p o t e n t i a l l y  

troublesome s ta tements  such a s  t h e  one i n  t h e  example above a r e  found. 
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2.  DESCRIPTION OF MAIN PROGRAM MODULE AND 
SUPPORTING SUBROUTINES 

The module MAIN e x e r c i s e s  primary program c o n t r o l ,  i n i t i a l i z e s  a l l  

v a r i a b l e s  and a r r a y s ,  computes plasma power ba lance  a t  each time s t e p  

of t h e  s imula t ion ,  gene ra t e s  a h i s t o r y  of t h e  plasma evo lu t ion ,  and con- 

t a i n s  most of t h e  program output  s ta tements .  A diagram of t h i s  module 

i s  shown i n  Fig.  1. 

The sub rou t ine  c a l l  s ta tements  i n  t h e  b a s i c  t ime loop of t h e  main 

program have been l i m i t e d  as much as p o s s i b l e  t o  t h e  b a s i c  modules used 

f o r  t h e  s imula t ion .  Switches used t o  s e l e c t  a p a r t i c u l a r  op t ion  have 
C 

been l e f t  i n  each module r a t h e r  t han  pu t  i n  t h e  main program. I n  some 

ways t h i s  o b s c u r e s . t h e  l o g i c  i n  t h e  program, s i n c e  each module must be  

consul ted  i n  o rde r  t o  l e a r n  what l o g i c  and convent ions a r e  used. How- 

eve r ,  t h i s  program s t r u c t u r e  f a c i l i t a t e s  adding o r  changing modules. 

When module a d d i t i o n s  o r  changes a r e  in t roduced ,  p rov i s ion  should be 

made t o  r ead  i n  d a t a  and supe rv i se  v a r i a b l e  and a r r a y  i n i t i a l i z a t i o n s  i n  

GETSET, and t o  handle a l l  output  i n  sub rou t ine  PRTQUT (by u s e  of an 

a l t e r n a t e  e n t r y  p o i n t ) .  Data t r a n s f e r  between GETSET, module, and 

P R T ~ U T  can be  made us ing  a l abe l ed  common, u n l e s s  a g r e a t  d e a l  of d a t a  i s  

involved. Appendix I1 con ta ins  t a b l e s  l i s t i n g  t h e  v a r i a b l e s  and a r r a y s  

w i t h  t h e i r  d e f i n i t i o n s  t o  a i d  t h e  u s e r  who wants t o  add a new module o r  

uodity an e x i s t i n g  one. 

Almost a l l  ou tput  i s  handled by sub rou t ine  PRTQUT, through t h e  u s e  

of a l t e r n a t e  e n t r y  po in t s .  Th i s  arrangement was chosen because of t h e  

economy of be ing  a b l e  t o  u se  a few b a s i c  format s ta tements  t o  p r i n t  t h e  

same sets of a r r a y s  a t  d i f f e r e n t  s t a g e s  of t h e  s imula t ion  merely by in-  

s e r t i n g  a c a l l  t o  t h e  a p p r o p r i a t e  e n t r y  p o i n t  name. Th i s  sub rou t ine  i s  

never  c a l l e d  as such. 

2 . 2  INITIALIZATION PROCEDURE 

A l l  i n i t i a l i z a t i o n s  o f , . va r i ab l e s ,  a r r a y s ,  and machine parameters  a r e  

handled i n  sub rou t ine  GETSET, us ing  t h e  NAMELIS'I' f e a t u r e  of FdRTRAN I V .  
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m l T l A L l z E  PLASMA v n l r B L n  n o  r a a r n  I 
7 - - 4 - - - PRIMARY TlME LOOP FOR SIMULATION - - - - - - 
I 1 

B L ~ K  DATA 

CONTAINS DEFAULT DATA SET. 
INTERNALLY DOCUMENTED 

MAIN 

PRIMARY CONTROL ROUTINE, CONTAINS 
THE TlME LOOP FOR PLASMA EVOLUTION 

I 

I 
COMPUTE A N 0  STORE VARIABLE TlME STEPSFOR 

I PLASMA PROCESSES. ADVANCE SIMULATION TlME 

I 

- 

I 
SURFAC 

I 
I 

MODEL OF PLASMA SURFACE-WALL INTERACTIONS. 
I 

I AECICN PLACMA BOUNDARY VALUES 
I 

I 
I 
I 

I 

I 
NEUTRA H MODEL FOR INWARD DIFFUSING NEUTRAL GAS I 
INJECT 

I 
I STABIL 

I b tPCRMlkE Mhb STABILITY CHARACTERISTICS 

I 
OF PLASMA 

I I PLASMA I H FLUID DYNAMIC MODEL OF THE PLASMA EVOLUTION 
AND INTERACTION WITH THE ELECTROMAGNETIC I 

H RESET 

IIPnATF. PI ASMA PRnFl l  FS 

DlAGNO 

DIAGPIOSTIC PROCEDURSC FOR CHSCKING PROtR.8.M 
BEHAVIOR AND RELIABILITY 

HI~T@R 

MAIN'I'AIN A nldTORY OF ENERGY BALANCE I 

Fig. 1. Diagram of MAIN module and subroutines 
called. 



NAMELIST permi ts  t h e  u s e r  t o  i nc lude  h e l p f u l  documentation i n  t h e  inpu t  

d a t a  s e t  without  i n t e r f e r i n g  i n  any way wi th  t h e  process  of reading  i n  

t h e  d a t a  s e t .  

2.3 BALANCES AND HISTORIES 

The plasma power and energy ba lances ,  comparisons between cont r ibu-  

t i o n s  of v a r i o u s  terms i n  t h e s e  ba lances ,  and t h e  h i s t o r i e s  of s e l e c t e d  

plasma v a r i a b l e s  a r e  ca l cu la t ed  i n  subrout ine  ~RMPWR. Time h i s t o r i e s  a r e  

generated i n  t h e  fol lowing a r r a y s :  

Array Name 

B 1  

B2 

B 3 

B 4 

B5 

B6 

B7 

B 8  

B 9  

Phys ica l  Process  Cont r ibut ing  t o  Energy Hi s to ry  

ohmic hea t ing  

thermal conduction and convect ion of e l e c t r o n s  

thermal  conduction and convect ion of i ons  

l i n e  r a d i a t i o n  

energy l o s s  due t o  charge exchange 

s t o r e d  energy of e l e c t r o n s  

s t o r e d  energy of i o n s  

e l e c t r o n  energy inpu t  from n e u t r a l  beam i n j e c t i o n  

i o n  energy inpu t  from n e u t r a l  beam i n j e c t i o n  

Power s p a t i a l  i n t e g r a l s  and f l u x e s  a r e  generated i n  t h e  fol lowing 

a r r a y s  f o r  t h e  t ime i n t e r v a l s  f o r  which p r i n t o u t  i s  spec i f i ed :  

Asray Name Associac-ed Pl lysical  P ~ o c r s s  

C 1  ohmic hea t ing ,  i n t e g r a l  over space 

C 2 e l e c t r o n  thermal conduction, f l u x  

C3 e l e c t r o n  convect ion,  f l u x  

C 4 e l e c t r o n  r a d i a t i o n  l o s s ;  i n t e g r a l  of l i n e ,  recom- 
b ina t ion ,  and synchrotron r a d i a t i o n  

C5 e lec t ron- ion  t r a n s f e r  f o r  e l e c t r o n s ,  i n t e g r a l  

C6 ion  thermal conduction, f l u x  

C 7  ion  convect ion,  f l u x  

C8 energy l o s s  due t o  charge exchange, i n t e g r a l  

C9 e l e c t r o n  energy due t o  n e u t r a l  beam i n j e c t i o n ,  
i n t e g r a l  



i o n  energy due t o  n e u t r a l  beam i n j e c t i o n ,  
i n t e g r a l  

i o n i z a t i o n  l o s s  due t o  e l e c t r o n s ,  i n t e g r a l  

e lec t ron- ion  t r a n s f e r  f o r  i o n s  (pro ton) ,  
i n t e g r a l  

2.4 GRAPHICS OPTIONS 

No g raph ic s  o p t i o n s  a r e  a v a i l a b l e  i n  t h e  plasma s imula t ion  code 

p e r  se. The g raph ic s  programs which have been developed a t  ORNL assume 

t h a t  a s imula t io l l  r u n  h a s  been made and t h a t  t h e  output  has  been w r i t t e n  

i n t o  a p a r t i c u l a r  f i l e  o r  d a t a  set. Two forms of graphic  d i s p l a y  have 

been used: t h e  g r a p h i c s  package (ORGRAPH) developed f o r  use  a t  ORNL 

w i t h  t h e  IBM 360 computers, and s e v e r a l  i n t e r a c t i v e  programs developed 

f o r  u s e  wi th  t h e  Tekt ronix  4000 s e r i e s 2  s t o r a g e  tube  t e rmina l  and t h e  

Tekt ronix  Advanced ~ r a ~ h i c s ~  sof tware  package. The code ' s output  format 

r e f l e c t s  t h e  u s e  of  t h e  Tekt ronix  4000 s e r i e s  te rmina l  and i t s  a s soc i a t ed  

h a r d  copy producer .  

2.5 DESCRIPTIONS OF SUBROUTINES 

Each sub rou t ine  and func t ion  w i l l  be descr ibed ,  wherever p o s s i b l e ,  

accord ing  t o  t h e  fo l lowing  format: 

Purpose o r  u s e  

Equat ions used 

Cal led from: 
Subrout ines  c a l l e d :  
Commons r eau i r ed :  
NAMELIST names : 
Var iab le s  and a r r a y s  (output )  changed: 
S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  
L imi t a t ions  on v a r i a b l e s :  
L imi t a t ions  i n  sub rou t ine  app l i ca t ions :  

ROUTINE MAIN 
,., .. ~ 

The r o u t i n e  MAIN only  c a l l s  subrout ines ;  tt does no d i r e c t  computa- 

t i o n .  It c o n t a i n s  t h e  main time loop f o r  t h e  s imula t ion ,  and c a l l s ' f o r  

t h e  f i n a l  p r i n t o u t  of plasma h i s t o r i e s  a t  t h e  end of t h e  s imula t ion  run. 

Subrout ines  c a l l e d :  GETSET, TIMSTP, NEUTRA, STABIL, SURFAC, PLASMA, 
RESET, DISGNO, EMPRTY, INJECT, HISTOR 

Commons r equ i r ed  : INDEX 



SUBR~~UTINE GETSET 

Subrout ine GETSET reads  i n  a l l  t h e  i npu t  d a t a ,  i n i t i a l i z e s  t h e  v a r i -  

a b l e s  and a r r a y s  used by each module i n  t h e  s imu la t ion ,  and p r i n t s  a 

r e p o r t  of t h e  program inpu t .  The i n i t i a l i z a t i o n s  of q u a n t i t i e s  f o r  t h e  

v a r i o u s  modules a r e  made by c a l l s  t o  t h e  execut ive  subrout ines  f o r  each 

.module i n  t h e  same o r d e r  i n  which t h e  d a t a  i s  read .  Th i s  s t r u c t u r e  

should make t h e  i n i t i a l i z a t i o n  procedure more obvious. A s e t  of d e f a u l t  

i npu t  d a t a  i s  passed from subprogram BLOCK DATA i n t o  t h i s  sub rou t ine  

through l a b e l e d  common b locks ,  s o  t h a t  t h e  program can be run  as soon a s  

i t  i s  implemented on a  p a r t i c u l a r  computer. The documentation of t h e  

inpu t  d a t a  i n t e r n a l  t o  BL@CK DATA was taken d i r e c t l y  from an inpu t  d a t a  

s e t  i n  which t h e  NAMELIST l is t  of d a t a  appeared where t h e  d e f a u l t  v a l u e s  

a r e  s e t  i n  DATA s ta tements .  

Two op t ions  e x i s t  f o r  i n i t i a l i z i n g  t h e  plasma v a r i a b l e  p r o f i l e s .  

The choice  of op t ion  is made w i t h  t h e  switch INIT(1). I f  INIT (1) = 0 ,  

t h e  fol lowing a n a l y t i c  express ions  a r e  used ( see  ENTRY IPPC i n  execu t ive  

sub rou t ine  PLASIM of t h e  plasma module): 

- (&)I + TEB , R G R 9 < A M  
( i i )  Te ( r )  = 

, A M a R a R 9  

(116 - TEB) [l - (%I2] + TIB , R 6 R9 AM 
(iii) T. (r) = 

1 , A M a R a R 9  



(DEN@-DENB) 11 - ( )  x 1 4 +  E N  , 0 G R G R9 
( i v )  Ne(r) = 

, R9 d R <.AM 

A f t e r  an  i n i t i a l  c a l l  t o  compute d i f f u s i o n  c o e f f i c i e n t s  ( subrout ine  CDC) 

t h e  fo l lowing  equa t ions  are used: 

( v i )  E ( r )  = n ( r )  j ( r )  

( v i i )  V(0) = 0 

V(r  > 0)  = - TDP*(dN/dr)/N 
' 

I f  IN IT(^) > 0 ,  i n i t i a l  p r o f i l e s  a r e  read  i n  from ca rds ,  according t o  t h e  

format  (2F10.0, 2F10.3, 4PE10.2). The l i s t  of v a r i a b l e s ,  f o r  1 4  I N,  

is  as foLlows: 

TE(I1 - eAectxvn temperature. eV 

' I 'T(I)  - ion temperature,  e V  

Z J  ( I )  - plasma t o r o i d a l  c u r r e n t  dens i ty ,  a/cm2 

B (I) - p o l o i d a l  magnetic f i e l d ,  G 

E ( I )  - e l e c t r i c  f i e l d  ( t o r o i d a l )  , V/cm 

DEN (I) - plasma e l e c t r o n  dens i ty ,  

VEL(1) - plasrua i o u  d r i f t  v e l o c i t y ,  em/jcc 

ZNl(L) - t o t a l  aeurral gas dens i ty ,  cmm3 

These v a r i a b l e s  are a l s o  t h e  ones p r i n t e d  out  i n  s e v e r a l  of t h e  p r o f i l e  

summaries i n  sub rou t ine  PRT~UT. The v a r i a b l e s  can be punched out  on 

c a r d s  t o  be r ead  a t  t h i s  p o i n t  f o r  r e s t a r t i n g  o r  cont inuing  a  s imu la t ion  

run ,  i f  t i m e  l i m i t a t i o n s  o r  o t h e r  cons ide ra t ions  r e q u i r e  doing t h e  simu- 

l a t i o n  piecemeal.  I f  t h e  op t ion  of r ead ing  t h e s e  p r o f i l e s  i s  used,  t h e  

- p r o f i l e  d a t a  must fo l low t h e  d a t a  read by t h e  NAMELIST f e a t u r e .  



The i n i t i a l  p r o f i l e s  requi red  f o r  v a r i a b l e s  a s soc i a t ed  w i t h  t h e  

n e u t r a l  gas ,  impuri ty ,  and n e u t r a l  beam i n j e c t i o n  modules w i l l  b e  gen- 

e r a t e d  by c a l l s  t o  t h e  execut ive  subrout ines  which main ta in  c o n t r o l  over  

t h e  computations done by each module. The a r r a y s  which must be i n i t i a l i z e d  

a r e  : 

1. Neut ra l  gas  module: 

TO - n e u t r a l  gas  temperature p r o f i l e  

Z N 1  - t o t a l  n e u t r a l  gas  d e n s i t y  

2.  Impuri ty  module: 

DENP - i o n  d e n s i t y  p r o f i l e  

D l  - s p a t i a l  p r o f i l e  of e f f e c t i v e  i o n i c  charge; 
D l  > 1 wi th  i m p u r i t i e s  

H I Z  - r a d i a t i o n  from high-Z i m p u r i t i e s  

QRD - r a d i a t i o n  from low-Z i m p u r i t i e s  

ZBR - Z b racke t  [Z] ,  def ined  by: 

1 mproton 

spec i e s  k mk 
"kz: 

[Z] E 'i' 

CARBON - t o t a l  d e n s i t y  of carbon impuri ty ,  cm-3 

OXYGEN - t o t a l  d e n s i t y  of oxygen impur i ty ,  

CC(K,I) - d e n s i t y  of (K-1)th charge state of carbon a t  I - th  
g r i d  p o i n t  

CO(K,I) - d e n s i t y  of (K-1)th charge state of oxygen a t  I - th  
g r i d  p o i n t  

3 .  Neutra l  beam i n j e c t i o n  module: 

QEl - i n j e c t e d  n e u t r a l  beam h e a t  i npu t  t o  e l e c t r o n s  

Q I 1  - i n j e c t e d  n e u t r a l  beam h e a t  i npu t  t o  i o n s  

DJT - fast i on  c u r r e n t  produced by i n j e c t e d  n e u t r a l  beam 

Table 2 con ta ins  a  l i s t  of r h e  l abe l ed  common blocks used by GETSET, 

toge the r  w i th  l i s ts  of t h e  input  and/or  ou tput  v a r i a b l e  and a r r a y  names. 

Cal led  from: MAIN 
Subrout ines  c a l l e d :  CDC, NEUTRA, IMPRTY, BMSTRT, I N I ~ u T  
Commons requi red :  BDYCON, BEAMC, CDCLBX, CURENT, ELCTRN, FIELDS, 

GEOM, IMPURT, INDEX, I O N S ,  NEUTRL, NEWS, TEMP, 
TIME, TMINDX, XPORT, ZRAD 



N a m e l i s t  n a m e s :  MACHIN, T I M I N T ,  PLADAT, NEGADA, IMPIDA, NBMIDA, 
I ~ D A T A  , TEMPDA 

Input  : S e e  S e c t i o n  1 .5  
V a r i a b l e s  changed: S e e  T a b l e  2 and A p p e n d i x  11. 



T a b l e  2 .  L i s t  o f  l a b e l e d  C8MMaN b l o c k s  a n d  e l e m e n t s  i n  t h e m  u s e d  by s u b r o u t i n e  GETSET 

Input O u t p u t  

C8YM8N BLOCK V a r i a b l e s  A r r a y s  V a r i a b l e s  A r r a y s  

DENB, DEN@, TEB, 
T E ~ ,  TI@ 

DTCH, DTCGL, RC, 
RB, BHLF, TNJCT 

Z F I ,  ZPC 

PCIMP, x8x, XC-m, 
ZEFF, ZIMP 

N ,  NT, NR 

ATT, FCDEN, FCF, 
P I N J  

CURBM, ENGY, I N J  

ZJ8 

AREA, HR, V8L 

TC, TSTAR, TMAX, 
TP@ 

DTNJCT, N1,  N3 

NUTE, IMP, I N I T  T I C ,  NM1 

DJT  

DEN 

N 
ln 

C A R B ~ N ,  ~ X Y G E N ,  C C ,  
C 8 ,  DENP, ZBR 

DEN 

Q E l  Q I 1 ,  Z N ~  

NEWS 

TE, T I ,  T 0 ,  VEL 

HT, TIM, TPR 

I 

D 1 

H I Z ,  QRD 



Subrout ine  ~RMPWR computes t h e  plasma gross  power ba lance ,  p a r t i c l e  

and energy confinement t imes ,  f l u x e s  through s u r f a c e s ,  plasma volume 

s o u r c e s  and s i n k s ,  and a s e r i e s  of terms c o n t r i b u t i n g  t o  t h e  g ros s  power 

ba lance .  Th i s  sub rou t ine  i s  t h e  primary i n t e r f a c e  between t h e  plasma 

s imu la t ion  code and t h e  use r .  Table 3 summarizes t h e  b a s i c  phys i ca l  

p roces ses  cons idered  and g ives  t h e  names of t h e  v a r i a b l e s  and a r r a y s  

a s s o c i a t e d  w i t h  them. 

Thp fn l lnwing  types o i  q u a n t i t i e s  a r e  ca l cu la t ed :  

1. Amount of power a s s o c i a t e d  wi th  t h e  dominant plasma processes  

2. T o t a l  amouilt o t  energy involved wPth each domlrlal~L p ~ u c e s s  

3 .  Fluxes through t h e  plasma s u r f a c e  

4 .  Con£ inement t i m e s  

5. Sa fe ty  f a c t o r  

6. Number of microwave in t e r f e rome te r  f r i n g e  s h i f t s  r e s u l t i n g  
from changes i n  the plasma d e n s i t y  

7. R a t i o s  of v a r i o u s  plasma power l o s s  terms t o  t h e  power put  
i n t o  t h e  plasma. 

Sec t ion  2 . 3  g i v e s  t h e  d e f i n i t i o n s  of t h e  B and C s e r i e s  a r r a y s  

which a r e  genera ted  i n  0RMPWK. T h e  k! s e r i e s  array i s  gelleLaLrd iil t h e  

s e c t i o n  of t h i s  sub rou t ine  def ined  by t h e  a l t e r n a t e  en.try SAVPWR, which 

is  executed a t  each t i m e  s t ep .  Time h i s t o r i e s  of q u a n t i t i e s  i n  t h e  B 

series a r r a y s  a r e  s t o r e d  f o r  100 equal  t ime i n t e r v a l s  which span t h e  en- 

t i r e  d u r a t i o n  of t h e  s imulated plasma d ischarge .  The B s e r i c s  a r r a y s  

a r e  p r i n t e d  a t  t h e  end of t h e  s imu la t ion  run. 

The C series a r r a y s  a r e  generated i n  t h e  s e c t i o n  de f ined  by t h e  

a l t e r n a t e  e n t r y  NEWPWR, which i s  executed only f o r  t hose  time i n t e r v a l s  

f o r  which p r i n t o u r  of t h e  plasuia profiles has bccn E P B C ~ L ~ ~ .  A s,,lm- 

mary of plasma v a r i a b l e  va lues  a t  t h e  plasma c e n t e r  i s  given f o r  t h e  

course  of t h e  s imu la t ion  i n  t h e  a r r a y  RNEWS. 

Table 4 shows which elements  i n  t h e  l ahe l ed  common b locks  supply 

informat ion  as i n p u t  and which elements  a r e  def ined  o r  a l t e r e d  f o r  out- 

pu t .  



Table 3 .  Phys ica l  processes  and names of v a r i a b l e s  and a r r a y s  a s soc i a t ed  
wi th  them i n  subrout ine  @RMPWR 

T o t a l  Amount Flux Power 
Cont r ibut ion  of Energy Through Flow Values of Power 

Process  t o  Plasma Involved Plasma Through- I n t e g r a l s  Densities P r o f i l e s  Outer 
Power Time I n t e g r a l  ou t  of P r o f i l e s  

of Power Boundary Plasma 

Ohmic h e a t i n g  P@H PeX, B 1  C 1 SUM@ PIN 

Po lo ida l  magnetic 
f i e l d  SUMBT 

Line r a d i a t i o n  PLR PLRX, B4 SUMLR 

Electron-ion 
c o l l i s i o n s  

(For e l e c t r o n s  only)  

E lec t ron  thermal  
conduction 

E lec t ron  convection 

E lec t ron  energy, 
i n t e r n a l  ZE, B6 

\ 

Elec t ron  energy, 
n e u t r a l  beam 
i n j e c t i o n  PER 

I o n i z a t i o n  l o s s  due 
t o  e l e c t r o n s  PE IL 

PCVE, C3 

PHE, B8 

SUMEI 

ETE 

EB 

C 1 1  SUMQE PE@ 



Table 3 (continued) 

- -- -- - - -- 

T o t a l  Amount Flux Fower 
Cont r ibc t ion  of Energy Through Flow Values of Power 

Process  t o  P l a s m  Involved Plasma Through- I n t e g r a l s  Densities 
P r o f i l e s  Outer 

Fower Time Zntegral  OUL of P r o f i l e s  
of Power Boundary Plasma 

Electron-Lon t r a n s f e r  PEI 

Synchrotron 
bremsstrahlung PLR 

(For pro tons  only)  

Ion  thermal  
conduction 

Ion convect ion 

Ion energy, i n t e r n a l  ZSI, B? 

Ion  energy, n e u t r a l  
beam i n j e c t i o n  PIR PHI, B9 

I o n i z a t i c n  l o s s  dus  
t o  charge exchange PIIL PC=, B5 

Ion-electron t r a n s f e r  FIE 

PGIV, C7 

E IQI 

SHR 

ET I 

P B 

SUMIX, SUZI 

C10 SNJI EE1 

C 8 SUMQ I PI@, PCX 

a 
SUMP is a l s o  used a s  a c i f f e r e n t  type of quantLty in .computat ion of g ros s  2nergy confinement time. 



T a b l e  4. L i s t  o f  l a b e l e d  commons a n d  e l e m e n t s  w i t h i n  t h e m  u s e d  b y  s u b r o u t i n e  @RMPWR 

I n p u t  O u t p u t  

C ~ @ N  BL@CK V a r i a b l e s  A r r a y s  V a r i a b l e s  A r r a y s  

/FIELD s / BT 

/GE@M/ AM, AREA, HR, R@, V@L 

/ IMPURT / 

/ INDEX/ T I C ,  N, NM1 

/I@NL@S/ 

/ I@NS/  

/NEuTRL / FCDM 

/@UTPT/ 

!P@WER/ 

/RADL@S/ 

! sms / 

;TEMP / 
/THRMDF/ TDE, TDI 

TPD 

EB, EE@, EI@, ETE, 
E T I ,  EE1,  E I l  

By E,  Z J  BTHE, E L I ,  VAY Qx 

DENP, ZBR 

QEE, Q I I ,  F F  

DEN 

Q E l ,  QI1 

TE, T I ,  T@, VEL 

SIGV, ZN1 

GAMIN, GAM@uT, PLR CTE, TAUE, TGR@S 

ED@T, PED, P E I ,  PB, PED, P I N ,  P I @  
P E I L ,  P ID,  P I E ,  
PIIL, P@H 

SHR 

SUMBT, SUMC, SUMEI, 
SUMLR, SUM@, SUMP, 
SUMQE, SUMQI, ZE, 
Z S I ,  SNJE, S N J I  



T a b l e  4 'continued) 

I n p u t  O u t p u t  

V a r i a k  les A r r a y s  V a r i z b l e s  A r r a y s  

HT, TSTRT, TIM, TMAX 

Dl, D6 

ALF' 

QD 

QCX 

PQX, PEX, PIX, 
PLRX, PCXX, 
sUME>;, SLXLX, 
PHE, . P H I ,  BCM 

PCVE, P C V I ,  '3CUR, 
RCVE, RCVI, TAX, 
TAXZ, TAX1 

R E I ,  RTH, WLR, 
RDQT, RTHE, RTHI 

PCX 

NEWS RNEWS 



Cal led  from: RESET 
Subrout ines  ca l l ed :  PC 
Commons required:  CDCLBM, CURENT, CXL@S, ERGBAL, FIELDS, GE@M, 

HIST, HISTI, IMPURT, INDEX, I ~ N L ~ S ,  NEWS, R A T I ~ S ,  
~AT101, SUMS, TEMP, THRMDF, TIME, XF&&T, XTRA, 
ZRAD .. 

Variab les  requi red :  IT. See a l s o  Table 3 and Appendix 11. 
Variab les  changed: See Tables  3 and 5 and Appendix 11. I n  a d d i t i o n ,  

t h e r e  a r e :  

GAMIN - incoming n e u t r a l  f l u x ,  number of pa r t i c l e s / ( cm2  sec )  

GAM0UT - outgoing f l u x  of charged p a r t i c l e s  = N V ,  number/-(cm2 sec )  
P 

CTE - s t o r e d  energy, mJ/cm3 

TAVE - conduction energy confinement t ime p r o f i l e ,  msec 

TGR@S - gross  energy confinement t ime p r o f i l e ,  msec 

Q s - plasma s a f e t y  f a c t o r  p r o f i l e  

F - p a r t i c l e  confinement t ime p r o f i l e ,  msec 

1 
BTHE - po lo ida l  B : rdr(N T. + N T ) 1 / [- B~ (a )  ] 

e 1 p p 2p0 p o l  

ELI - plasma inductance,  H 

VAX - t o r o i d a l  vo l t age  of plasma, V 

TAX - gross  e l e c t r o n  confinement t i m e ,  msec 

TAXZ - gross  i on  confinement t ime, msec 

TAX1 - confinement t ime c h a r a c t e r i s t i c  of plasma t r a n s p o r t  
and r a d i a t i o n ,  msec 

TNUEM - minimum va lue  of ve* , msec-' 

TNUIM - minimum va lue  of v * , msec" 
i 

EDgT - time d e r i v a t i v e  of e l e c t r o n  energy 

XFRI - v a l u e  of i n t e g r a l  of t h e  e l e c t r o n  d e n s i t y  

FRING - number of microwave f r i n g e  s h i f t s  wi th  r e s p e c t  t o  t h e  
vacuum due t o  t h e  presence of plasma e l e c t r o n s  



Table 5. Variables representing ratios of power transported 
by various physical processes to total power input 
(from ohmic heating plus neutral beam injection) 

Ratio 
Variable Physical Process 

RCVE Electron convection 

RCVI Ion (proton) convection 

RE I Electroxi-<on transfer 

RTH To cal  the~rmal conduction 

RPLR Line radiation 

KLJd'l' E P ~ C L L U L I  11tidCirrg or coaling 

RTHE Electron thermal conduction 

RTIII Ion (proton) convection 



FUNCTI~~N PC (T) 

Funct ion PC(T) genera tes  t h e  program c u r r e n t ,  i . e .  t h e  d r i v i n g  cur- 

r e n t  f o r  t h e  plasma. It i s  a func t ion  cons t ruc ted  t o  f i t  t h e  d r i v i n g  

c u r r e n t  t h a t  a c t u a l l y  produces t h e  plasma d ischarge .  The form of t h e  

func t ion  used i n  t h i s  sub rou t ine  is: 

PC = ZPC + ZFI* (1. - EXP(-TITC)) , 

where 

ZPC = i n i t i a l  va lue  of t h e  t o t a l  cu r r en t  

ZFI = a d d i t i o n a l  amount of . t o t a l  c u r r e n t  a f t e r  t i m e  TC 

T = v a l u e  of c u r r e n t  e lapsed  s imula t ion  time 

TC = r i s e  t ime of the c u r r e n t  

Cal led  from: G&ME'WR. LBM - - 

Commons r equ i r ed :  CURENT, TIME 
- --- - 

Var iab le s  requi red :  T 
Var i ab le s  changed: PC ( t h e  func t ion  name) 



S u b r o u t i n e  PRTQUT h a n d l e s  only o u t p u t  f r o m  the s i m u l a t i o n  calcula- 

t ions .  No calculat ions  are d o n e  i n  t h i s  s u b r o u t i n e .  U s e  o f  alternate 

en t ry  p o i n t s  p u t s  various f o r m a t  s t a t e m e n t s  a t  the d i s p o s a l  o f  the  u s e r  

s o  t h e  s t a t e m e n t s  can be u s e d  any n u m b e r  of t i m e s . f o r  p r i n t i n g  out  d i f -  

ferent arrays. T h i s  o r g a n i z a t i o n  a l so  p e r m i t s  the user m e r e l y  t o  insert  

a ca l l  t o  an alternate e n t r y  p o i n t  i n  any s u b r o u t i n e  he c h o o s e s ,  t h u s  

g a i n i n g  access t o  several w r i t e  and f o r m a t  s t a t e m e n t s  b y  i n s e r t i n g  a 

s i n g l e  l i n e  w h e n  o u t p u t  i s  d e s i r e d .  

T h e  alternate entries a n d  the  s u b r o u t i n e s  ca l l ing  t h e m  are: 

Alternate Entry Callcd P r o m  

INIOUT GET SET 

PRg F I L  RESET 

SUMARY RE SET 

NUPRIN .NEUTRA 

IMPRIN IMPRTY 

HISTflR MAIN 

Commons r e q u i r e d :  COUNT, CXLQS, ERGBAL, FIELDS, HIST,  IMPURT, INDEX, 
IaNS, MEASUR, NEUTRL, NEWS, ~ U T B T ,  P INT,  F ~ W R ,  
RADL@S, RATIgS, TEMP, THRMDF, TIME. TSTgII, X P ~ ~ T ,  
XTRA, ZRAD 

guantities p r i n t e d :  

S i n g l e  variables -.TIM, POH, P E I ,  PED, P E I L ,  TAX, BTHE, E L I ,  FRING, 
'PI#, PID, P I I L ,  VAX, TSTRT, GAM@UT, GAMIN, TAXZ, 
TAX1 , RET, RTH, RPLR, RDQT, RTHE, RTHP, RCUR, PCVE, 
PCVI, RCVE, RCVI, TX1, TX2 

A r r a y s  - TE, T I ,  Z J ,  B, E,  DEN, W L ,  ZNf,  BIN, ETE, EB, Eld, 
SHR, PEO, EEO, RHS, DEDT, TDE, EII., ETI, PB, PCX, 
PI@, EE1, RHS, DEDT, TDI, TGROS, F ,  QS, Ul, ALF, 
U6, UUNi', TAUE, ISHI, ZHI, ZBR, C1,  C2 ,  C3, C4, C11, 
C9,  C12,  C6,  C7, C8 ,  C10 ,  ZN1, TO, ICT,  SPT,  CARBON, 
@XYGEN, CC, cO, B1, B2, B3, B4, B5, B6, B7, B8,  B9,  
RNE WS 



Subrout ine RESET uses  t h e  s o l u t i o n s  generated by t h e  PLASMA module 

t o  s e t  t h e  new va lues  of t h e  plasma v a r i a b l e  p r o f i l e s ,  and t o  compute 

t h e  new va lues  of i o n i z a t i o n  l o s s .  It a l s o  p r i n t s  t h e  new p r o f i l e s ,  

c a l l s  f o r  t h e  power balance c a l c u l a t i o n s ,  and p r i n t s  a summary of t h e  

power balance.  F igure  2 shows t h e  o r d e r  of c a l l s  t o  o t h e r  sub rou t ines  

and t h e  l o g i c  of t h e  t ime sequence which i s  observed by RESET. 

The e l e c t r o n  and i o n  temperature and plasma d e n s i t y  p r o f i l e s  a r e  

checked a t  each t ime s t e p  t o  be s u r e  they  a r e  i n  a reasonable range of 

phys i ca l  va lues .  1 f  t h e  va lues  go ou t  of range,  an  a t tempt  i s  made t o  

recover  by f o r c e .  The p r o f i l e s  are s e t  t o  t h e i r  edge boundary va lues  

from t h e  r a d i a l  p o i n t  where t r o u b l e  occurs  on ou t  t o  t h e  plasma edge. 

Cal led  from: MAW 

Subrout ines  c a l l e d :  SAVPWR, PR~FIL ,  BME'WR, NEWPWR, SUMARY 

Commons requi red :  BDYCQN, BEAMC, FIELDS, GE@M, IBTMN, INDEX, I ~ N S ,  
MEASUR, NEUTRL, RADLQS, TEMP, TIME, XTRA, ZRAD 

Var i ab le s  requi red :  

IT - DQ loop v a r i a b l e  i n  t h e  main program f o r  number 
of s imula t ion  t ime i n t e r v a l s  t h a t  have e lapsed  

K .-number of equat ions  i n  t h e  two-fluid plasma model 
t r e a t e d  by t h e  PLASMA module ( c u r r e n t l y  K = 7 ) .  

From l a b e l e d  common blocks ( see  Appendix I1 f o r  d e f i n i t i o n s )  

/BDYCON/ - DENB, T E ~  , TI@ 

/ BEAMC / - DJT (101) , TNJCT 

/GEQM/ - HR 

/ IBTMNI - X(360) 

/INDEX/ - N ,  NR 

/IQNS/ - DEN (101) 

/TIME/ - HT, TIM, TMAX, TPR 

Var i ab le s  and a r r a y s  changed: 

S ing le  v a r i a b l e s  - XFRI, TPR 

Arrays - TE, TI ,  BZ, DEN, A3, Z J ,  B, E, VEL, DJE, TE12. 
See Appendix 11. 

A3 - t ime d e r i v a t i v e . o f  t h e  e l e c t r o n  dens i ty  
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Fig. 2. Diagram of subroutine calls and 
logic of subroutine RESET. 



SUBR~~UTINE SIGMA (ZEO, ZTE, ZSIGCK, ZSIGI, ZSIGEL, NS) 

Subrout ine SIGMA c a l c u l a t e s  t h e  c r o s s  s e c t i o n s  f o r  charge exchange 

a i o n i z a t i o n  by i o n  impact a and i o n i z a t i o n  by e l e c t r o n  impact a 
cx7  ii' i e '  

The c r o s s  s e c t i o n s  f o r  charge exchange and i o n i z a t i o n  by i o n  impact a r e  

taken from a paper  by ~ i v i e r e . ~  Cross s e c t i o n s  f o r  D and T a r e  obta ined  

by us ing  t h e  energy/nucleon t o  compute t h e  v e l o c i t y .  The express ions  

used i n  the sub rou t ine  a r e :  

The r a t e  equat ion  formula f o r  i o n i z a t i o n  by e l e c t r o n  impact was der ived  

by R .  co l ch in5  and i s  given by: 

Te (10>-'6 
(3.97 Rn 10 - 1.57) - cm2 T e <  67.5 eV 

T 
e 

I f  t h e  computed oie < 0 ,  then oie = cm2 

Called from: CST 

Var i ab le s  r equ i r ed  : 

ZEfl - i o n  energy/nucleus,  eV 

Z TE - e l e c t r o n  energy, e V  

NS - swi tch  wi th  t h e  fo l lowing  p o s s i b l e  va lues :  

= 1, compute a only  
CX 

= 2 ,  compute a only  i i 
= 3 ,  compute a only  i e  
= 4 ,  compute acx, aii, and a i e  



Variables changed: 

ZSIGCX - value of t he  charge-exchange cross sect ion a  cm2 
cx ' 

ZSIGI - value of t h e  cross sect ion of ionizat ion by ion impact 
a  
ii' 

cm2 

ZSIGEL - value of t h e  cross  sect ion of. ionizat ion by e lect ron 
i m p a c t a  cm2 

i e ,  

Limitat ions:  The formulae given above represent f i t s  t o  data  and a r e  

va l i d  i n  t h e  following ranges: 



Subrout ine TIMSTP uses  t h e  t iming informat ion  provided by t h e  inpu t  

t o  s e t  up i n  a  gene ra l  way an a r r a y  conta in ing  t imes when processes  a r e  

turned on o r  o f f  wi th  r e spec t  t o  t h e  beginning s imula t ion  t ime of t h e  

plasma d ischarge .  The inpu t  swi tch  a r r a y s  a r e  used t o  s e l e c t  an 

i n i t i a l i z a t i o n  pa th  f o r  t h e  t iming and t o  determine t h e  s i z e  of t h e  t ime 

s t e p s  f o r  t h e  discharge.  Small t ime increments can be  chosen f o r  t h e  

s imu la t ion  c a l c u l a t i o n  dur ing  pe r iods  of r a p i d  changes due t o  f a s t  cur- 

- r e n t  r i s e  i n  t h e  plasma and turn-on of n e u t r a l  beam i n j e c t i o n .  The 

t iming r e l a t i o n s h i p s  a r e  shown i n  Fig. 3.  

Called from: MAIN 

Commons requi red :  BEAMC, INDEX, TMINDX, TIME 

Var iab le s  requi red :  

IT - D@ loop v a r i a b l e  i n  t h e  main program f o r  number of 
s imula t ion  t ime i n t e r v a l s  t h a t  have e lapsed  

From l abe led  common blocks ( see  Appendix 11 f o r  d e f i n i t i o n s )  

/BEAMC/ - TNJCT, I N J  (10) 

/INDEX/ - NT 

/TMINDX/ - DTNJCT, N 1 ,  N3 

/TIME/ . - TC, TSTRT, TMGX 

Var i ab le s  and a r r a y s  changed: 

F i r s t  t ime t h e  subrout ine  i s  c a l l e d ,  t h e  a r r a y s  TT, NN, HD. 

F i r s t  and a l l  o t h e r  t imes: 

T I M  - c u r r e n t  v a l u e  of e lapsed  t i m e  of t h e  s imulated plasma 
d ischarge ,  msec 

HT - c u r r e n t  t i m e  increment f o r  t h e  s imula t ion ,  msec 
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Fig. 3. Timing information used by plasma simulation code. 
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3 .  DESCRIPTION OF PLASMA MODULE 

3.1  PURPOSE AND STRUCTURE OF MODULE 

The plasma module contains t h e  h e a r t  of t h e  plasma simulat ion code. 

It i s  used t o  d r i v e  t h e  evolution of t h e  plasma with reference  t o  the  

b a s i c  system of coupled p a r t i a l  d i f f e r e n t i a l  equations describing the  

f l u i d  model. This modulemakes no s p e c i f i c  reference  t o  plasma processes 

such a s  impurity d i f fus ion  e f f e c t s ,  n e u t r a l  gas t r anspor t ,  o r  t h e  slowing 

down and trapping of an in jec ted  n e u t r a l  beam. The inf luence  of these  

processes on plasma evolution i s  provided through t h e . r a t e s  of change of 

number, momentum, and energy of t h e  f i e l d s  and primary species  which have 

been ca lcula ted  i n  t h e  p e r t i n e n t  module. 

Subroutine CDC computes d i f fus ion ,  p a r t i c l e ,  and energy conduction 

coef f i c ien t s ;  r e s i s t i v i t y ;  and associa ted  de r iva t ives  with respect  t o  

t h e  plasma var iab les .  This information i s  then used t o  form t h e  elements 

of t h e  matr ix  needed t o  solve  the  system of equations. The matrix ele- 

ments a r e  computed and s tored by subroutine LBM: The so lu t ions  a r e  ob- 

ta ined by subroutine-  IBTM. The source terms and cross  sec t ions  needed 

f o r  t h e  plasma model a r e  computed by s e r v i c e  subroutines CST and SIGMA, 

respect ively .  

The plasma module can be modified t o  include new physics o r  a d i f -  

f e r e n t  model f o r . t h e  plasma wi th in  t h e  b a s i c  framework of the  simulat ion 

code. The use  of a d i f f e r e n t  model f o r  t h e  d i f fus ion  c o e f f i c i e n t s  w i l l  

r equ i re  changing some var iab les  i n  subroutine CDC and perhaps making 

some corresponding changes i n  a few l i n e s  i n  subroutine LBM. The de- 

s c r i p t i o n s  of the  subroutines i n  t h i s  module a r e  the re fo re  w r i t t e n  

under t h e  assumption t h a t  such changes w i l l  be made. The s t r u c t u r e  of 

t h e  subroutines is presented i n  such a way a s  t o  a i d  the  user  i n  making 

h i s  own changes. 

3 . 2  BASIC INPuT/OUTPUT 

The input  required by t h i s  module includes machine geometry, t o r o i d a l  , 

magnetic f i e l d ,  plasma ion-mass,  poloidal  magnetic f i e l d ,  e l ec t ron  and 

inn. (proton) d e n s i t i e s ,  temperatures (elecl'i-WII, ion ,  and n e u t r a l  gas ) ,  

'eff' 
t r anspor t  and d i f fus ion  c o e f f i c i e n t s ,  e l e c t r o n  and ion  temperatures 



at  t h e  boundary, [Z ] ,  and c u r r e n t  d e n s i t i e s .  The b a s i c  output  is a new 

set of plasma v a r i a b l e  p r o f i l e s  and r e s i s t i v i t y .  

SUMMARY OF FUNCTION OF EACH SUBROUTINE 

Subrout ine  PLASIM i s  t h e  execu t ive  subrout ine  f o r  t h e  plasma module. 

It h a s  t h e  s o l e  f u n c t i o n  of i n i t i a l i z i n g  plasma temperatures ,  d e n s i t i e s ,  

e l ec t romagne t i c  f i e l d  p r o f i l e s ,  p a r t i c l e  d i f f u s i o n  v e l o c i t y ,  and Z 
e f f  

a t  t he  beginning of t h e  s imula t ion .  A t  subsequent t imes ,  i t  c a l l s  a 

series of sub rou t ines  which s o l v e  t h e  s e t  of coupled p a r r i a l  d P I I r r e ~ ~ L i a 1  

e q u a t i o n s  d e s c r i b i n g  t h e  b a s i c  plasma evolu t ion .  F igure  4 shows t h e  

s u b r o u t i n e s  which a r e  c a l l e d  and t h e  o rde r  of c a l l . .  

Ca l l ed  from: CETSET [ENTRY IPPC(ITZ)] and MAIN [ENTRY PLASMA(1TZ)I 

Subrout ines  c a l l e d :  CDC, CST, LBM, IBTM 
a 

Commons r equ i r ed :  BDYC@N, CDCLBM, CDCLBX, CURENT, FIELDS, GE@M, 
IMPURT, INDEX, I@NS, TEMP, XP@RT 

V a r i a b l e s  r equ i r ed  : 

ITZ - t i m e  loop  index  v a r i a b l e  

From l a b e l e d  common b locks  ( s e e  Appendix I1 f o r  d e f i n i t i o n s )  

/BDY,C@N/ - DENB, DENQI, TRR, TRQI, TId ,  ~ 1 ( 1 O )  

/CURENT/ - ZPC 

/IMPuRT/ - ZEFF ' 

V a r i a b l e s  changed ( i n i t i a l i z e d ) :  
-. 

From l a b e l e d  common b locks  ( see  Appendix I1 f o r  d e f i n i t i o n s )  
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Fig. 4. Diagram of PLASMA module and subroutines called. 
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Subroutine CDC computes diffusion coefficients, thermal conductivity 

profiles, resistivity, and associated derivatives with respect to the 

plasma variables used in the implicit space-time centered differencing 

scheme in subroutine LBM. The basic equations used in subroutine CDC 

and the models associated with them are summarized below. 

The electron and ion collision frequencies are given by 

4 f i  ee'2~. Ln A 3 . 4 4  2(10) - 8 ~ e  (em- a )  zeff LVL A 
1 ' v = - - 

e 3% T , ~ / ~  Te (e~) 3/2 17.25 

4 & "  e4z4 N~ kn A 8(10)-l Ni (em-') (1.41) Zef &n A 
- v = - =- 

i 3& T 312 Jm (amu) T~ (ev) 3/2 17.25 
1 i P 

where 
I 

The ratios of the collision frequencies to the bounce frequencies are 

8ive.n h y 

v R~ ( cm) 10-7 
e V *  _ - -  - v (msec-') Ro (cm) BT (gauss) 

%,e 
e 4 . 3 h F  B (gauss) 

P 

Q,T~-~B -IN 
P P 

Let ve** be the minimum value of D as a function of v 
CI 

and define 
e ' 

The basic pseudoclassical particle diffusion coefSicient is 



cm2 ~ = v p  e e 2(:7 y3 i n u n i t s  of - msec 

I 

where y3 i s  a c o e f f i c i e n t  which is  given i n  t h e  inpu t  d a t a  and 

"e 
= (3 .36 q) /BT i s  t h e  e l e c t r o n  gyro-radius.  This  d i f f u s i o n  coef- 

f i e n t  i s  modified f u r t h e r  t o  g i v e  

f o r  t h e  p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t  of t h e  model. 

Three d e r i v a t i v e s  a s soc i a t ed  wi th  t h i s  d i f f u s i o n  c o e f f i c i e n t  a r e  

r equ i r ed  i n  subrout ine  LBM: 

T~ a8 B as N~ a6 
-- P- 

9 and 7 - . 
8 aTe 6 a B  D aNe  

P 

The f i r s t  of t h e s e  d e r i v a t i v e s  i s  eva lua ted  t o  i l l u s t r a t e  t h e  form of 

t hese  d e r i v a t i v e s  used i n  subrout ine  CDC: 

s o  that 



In like manner, 

and 

The basic pseudo-classical electron thermal diffusion coefficient is 

2 
- 

xe - vep: (2) , in units of [mi2] - , 

where y is a coefficient which is given in the input data. The coef- 
1 

ficient is modified further according to 

A 

Xe = xef(ve*) Te -u2 2 -' Ne f (ve*) . 
P 

Three derivatives associated with this diffusion coefficient are also 

required for subroutine LBM and are given by 



The basic neoclassical ion (proton) thermal diffusion coefficient 

= 1.41 vi ( y2 
cm2 

Xi - , in units of - msec ' 

42.09 (10) 'm T~ 
where y is a coefficient given in the input data and p = 

2 i B~ 

is the proton gyro-radius. This diffusion coefficient is also modified 

further1 to give 

The three derivatives associated with this diffusion coefficient are 

given by 

where 



where 

A A 

*xi avi* v i * - - -  . and - - 
a B  B 9 

P P P P 

and 

where 

A ,, 
axi axi xi avi* vi* --- - -  - -  and - - axi a~~ N~ aNi  N i 

The t h r ee  d i f fus ion  coef f i c ien t s  and t h e i r  associated der iva t ives  

a r e  evaluated separa te ly  fo r  t h e i r  values a t  the  or ig in:  



Called from: .PLASIM [ENTRY PLASMA] 

Commons required: CDCLBM, CDCLBX, GEgM, FIELDS, IMPURT, INDEX, IgNS, 
TEMP, THRMDF, XPgRT, XTRA 

Variables required: (see Table 6 and Appendix 11) 

IT - time loop index variable 

Arrays changed: 

RB = l/Bo, reciprocal of the poloidal magnetic field 

RJ = l/j, reciprocal of the current density 

RTE = I/T,, reciprocal of the electron temperature 

RTI = l/Ti, reciprocal of the ion temperature 

RTE12 = T;~/~ 

RTE32 = T ~ - ~ / ~  

RTE52 = T ~ - ~ / ~  

TEl2 = Telli 

ALF = v,*, ratio of the electron collision frequency to the 
electron bounce frequency 

D6 = vi*', ratio ~f the ion collision frequency to the ion 
bounce frequency 

TDP = 6, the particle diffusion coefficient (pseudoclassical) 

WPT = (T,/B) (aB/a~,) 

WPB = (~~1;) (aB/a~~) 
WN = (N P. /B)(ai/a~~) 

TDE = ie,  the electron thermal diffusion coefficient (pseudo- 
classical. 

WE = (T~/;~) (aie/aTe) 

EE = (~12,) (axe/ a ~ )  
WGE = (N.I~,) (aie/a~e) 

TDI = ii, the ion then.nal diffusion ooefficient (neoclassical) 



WI = (Ti/ii) ( a i i / n i )  

EI = (BIQ ( a i i / a ~ )  

WGI = (Ni/ii) (a ; i /a~i)  

ETA = 0 ,  t h e  plasma r e s i s t i v i t y  

S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  

4  e4N 
CZE = = 3 .42 (10) -~  N , N : proton  dens i ty  

3  6- P P  e  

l oga r i thm f a c t o r  

- 1 ZNUE = v = - - h A 
e  T 

- 3 . 4 2 ( 1 0 ) - ~ N T - ~ / ~ Z  - e f f  17.25 
, t h e  e l e c t r o n  

e  P e  

c o l l i s i o n  f  requrncy , msec-l 

N Ln A 
7wT = v  : L= 8(10)- lo T ~ - ~ / ~  fi Z 17.25 t h e  ion  

]L TL ,&-- eff 
P 

c o l l i s i o n  frequency , msec'l 

r B ~  QQ = - 
R B 

t h e  s a f e t y  f a c t o r  
O P  

( L ) ~ / ' ]  
1 + 0.43vi* Rn 

RKI = , tile lu l l  tlier-ma1 d i f  fuoion 
1 -1 1.03 Jv.* + 0  .18vi* 

1 

modi f i ca t ion  f a c t o r  

ag(vi*) 
G K I  = - - 

av i* 



** 2 

FACT = f(ve*) = 1 +re) 
f  (ye*)-1 

- 
(ye**) 

TRAP = - 
f(ve*) (ye**) + (ye*) 

3 .36  
RHflE2 = y 2  = (T) T t h e  square  of t h e  e l e c t r o n  gyroradius  

2 . 0 ! l ( l 0 ) ~  m Ti 
RHgI2 = 2 =  

'i t h e  square  of t h e  ion  gyroradius  

Br2 



T a b l e  6. L i s t  3f l a b e l e d  c o r n o r - s  and e l e m e n t s  w i t h i n  t h e m  u s e d  5y s - ~ b r o u t i n e  CDC 

Inpu: O u t p u t  
c @ ~ @ N  B L ~ C K  

V a r i a b l e s  A r r a y s  V a r i a b l e s  A r r a y s  

IiEn 

T E ,  T I ,  T@ 

EE, E I ,  RB, R J ,  
RTE, R T I ,  RTE12, 
RTE32, RTE52, TDP, 
WE, W I  

WPT, WPB, WPN, ETA, 
WGE, WGI 

TDE, TDI 

D 6 

/XTRA/ ALF, TE12 



Subrout ine CST computes t h e  source terms: i . e . ,  t h e  p a r t i c l e s  and 

power de l ive red  t o  t h e  e l e c t r o n s  and ions.  Cont r ibut ions  t o  t h e  e l e c t r o n  

power a r e  a  ga in  from t h e  i n j e c t e d  n e u t r a l  beam h e a t  i n p u t ,  l o s s e s  due 

t o  hea t ing  newly ion ized  n e u t r a l  hydrogen by e l e c t r o n  impact,  and rad ia-  

t i o n  l o s s e s  due t o  e l e c t r o n  impact wi th  impur i t i e s . '  Cont r ibu t ions  t o  t h e  

proton power a r e  a  ga in  from t h e  i n j e c t e d  n e u t r a l  beam h e a t  i n p u t ,  l o s s e s  

due t o  hea t ing  newly' c r ea t ed  pro tons ,  and charge exchange. The r a t e  Rie 

f o r  i o n i z a t i o n  of n e u t r a l  hydrogen by e l e c t r o n  impact i s  computed a s  , 

where <ov> is  t h e  r a t e  c o e f f i c i e n t  f o r  n e u t r a l  hydrogen i o n i z a t i o n  by 
ion  

e l e c t r o n  impact. 

Cal led  from: PLASIM [ENTRY PLASMA] 

Subrout ines  c a l l e d :  SIGMA 

Commons requi red :  CXLgS, INDEX, IgNLdS, I ~ N s ,  NEUTRL, QT, TEMP, ZRAD 

Var i ab le s  requi red :  

From l abe led  common blocks ( see  Appendix I1 f o r  d e f i n i t i o n s ) .  
/ 

/INDEX/ - N 

/IONS/ - DEN(101) - 

/NEuTRL/ - ZNl(101) 

/TEMP/ - TE (101) , TI(101) , TO (101) 

/ Z R A l l /  - QRD(101) 

Arrays changed: 

FF - r a t e  R i e  f o r  i o n i z a t i o n  of n e u t r a l  hydrogen by e l e c t r o n  
impact 

QEE , - e l e c t r o n  power l o s s  due t o  i o n i z a t i o n  of n e u t r a l  hydrogen 
by e l e c t r o n  impact 

QII - proton power l o s s  due t o  ionization,%£ n e u t r a l  hydrogen 
by e l e c t r o n  impact . 

QE, QI - power ga in  t o  t h e  plasma e l e c t r o n s  and pro tons ,  t h e  
source  terms 

Qcx -power l o s s  t o  t h e  plasma pro tons  due t o  charge exchange 
with n e u t r a l  hydrogen 



SUBRQIUTINE LBM (IT) 

Subrout ine  LBM c a l c u l a t e s  t h e  elements of t h e  banded ma t r ix  which 

is used i n  sub rou t ine  IBTM t o  g ive  t h e  s o l u t i o n  t o  t h e  plasma v a r i a b l e  

p r o f i l e s  a t  each new t ime s t e p .  The method used h e r e  was o r i g i n a l l y  

devised  by Widner and   or^.^ The banded mat r ix  i s  loaded according t o  

a scheme which a s s i g n s  a unique l o c a t i o n  M I J K  according t o  t h e  s p a t i a l  

g r i d  number ( I )  used f o r  t h e  d i f f e r e n c i n g ,  t h e  model equat ion  number ( J ) ,  

and t h e  v a r i a b l e  number (K).  Th i s  scheme i s  summarized i n  Table 7. 

The  d i f f e r e n c i n g  scheme is  s t r a igh t fo rward  conceptua l ly ,  bu t  call 

bcaoma t e d i o ~ s  and  time-consuming t o  work out  i n  p r a c t i c e .  The method 

j s  snmmarized s o  t h a t  i f  a  u s e r  wants t o  change t h e  model, he w i l l  have 

a r e f e r e n c e  f o r  proceeding t o  d e r i v e  t h e  new ma t r ix  elements requi red .  

The gene ra l  form of t h e  equat ions  i s  

au i a - = - -  ah [ r g  -1 + A : r h s  . a t  r a r  a r 

L e t  t h e  s u b s c r i p t s  1-1, I ,  and I + l b e  used t o  denote s p a t i a l  g r i d  p o i n t s  
1 f o r  r-Ar, r ,  and r + A r .  Le t  s u p e r s c r i p t s  N ,  N+F, and N + l  denote t ime g r i d  

p o i n t s  f o r  t ,  t+F, and t + A t .  The r u l e s  f o r  eva lua t ing  t h e  matrlx ele- a 

ments a r e  as fo l lows:  

1. Time d e r i v a t i v e s :  - - a t  ~t 

ah .1 N 
2. F i r s t  o r d e r  s p a t i a l  d e r i v a t i v e s :  - = - [ ar 2Ar h~+ l  ' h~- l  1 

4. Each plasma v a e i a b l e  (I on the ri@it-lafind nido o f  t he  ~ q l ~ a t i o n  

i s  eva lua ted  a t  t h e  midpoint of t h e  i n t e r v a l  ( t ,  t+At) 

accord ing  t o  t h e  p r e s c r i p t i o n :  



Table 7. Matrix element assignment scheme for banded matrix MIJK 

Variable 

0 

I - Term Represented by Index I 

1 j-1 
2 j  spatial grid point indices 
3 j+l 
4 "right-hand side" of equations in 

finite difference form 

Equation (J) 

3 a -1 a 3 m T -T 
- - at (N T ) = - -  [r(qe +7NeVTe)] - 3-- e e i  

e e  r ar m T N e w  + E J - Qrad - QHiZ 
P e 

6 N: 
a i a 
- at e + -- r a r  (rN e V, = o e. R.(Te) 1 + 'imp + 'neutral beam injection 

7 v : aN 
N V = - D -  a r 

irTe 
where q = - Hexe r, qi = - F p x i 5 ,  aTi and jB is the additional current density produced by the injected 

neutral beam. QEl 2nd QI1 are complicated source terms for which there are no single analytic expressions. 



where 

For the purposes of the computations, one is actually evaluating 

Once all the equations have been created i l l  ellis fsahion, they will be 

. i l l  tl-lt f o m  

where the a Bi, etc. are the matrix elements. Using the Te equation as i ' 
an example, the matrix elements MIJK would be 

Mlll = c r l  M112 = B l  ... M411 = RHS 

M211 = n.2 M212 = f32 ... etc. 

Time d e r i v ~ r l v e s  lc~vulvilig the dif fuoion and tren~pnrt caef f icieets 

should be handled in a general way using the chain rule and functional 

derivatives according to 

'1, au 
since subruu~ill~i CUC compurcs -=-, .,. (.see thc descriptinn nf sub- D aT 

e 
routine CDC, Arrays changed). The correspondence between the matrix 

elements in LBM and the terns in the partial differential equations is 

shown in Table 8. 



T a b l e  8. Correspondence between terms i n  plasma e q u a t i o n s  and m a t r i x  e lements  [ IJK]  i n  LBM. 

T Equa t ion  
e 

3 a 1 a 3 m T,-T~ 3 
-- e 
2. a t  (NeTe) = - r [r(qe+ - 2 e e  N VT ) ]  - 3 m -- T [Z] Ne + E j + 7 ToNeN0<uv(Te) > + Q r e m  

P e  

[1111 [211] [212] [ 213 I [4111 [4111 
[3111 [411] [411] [ 215 1 
[ 217 I 1216 I [4111 
[ 117 I 
[ 317 I 
[ 116 I 
[ 216 I 
[3161 
[4111 where Qrem = QEl - Qrad - Q ~ i ~  

T. Equa t ion  
1 

3 a i a 3 3 3 m T -Ti e e -- (N T.)  = - -- [ r ( q .  f - N  VT.11 + 3 ~7 N - N N R - ( T ~ - T ~ )  + 7 T ~ N ~ N ~ < c J v ( T ~ ) >  + QI1 
2 a t  p l  r ar 1 2 p 1  p 0 p c x 2  

P e  



lakle 8 (continued) 

J Equation V Equation 

B Equation E Equation 

N Equation 



The ma t r ix  elements M I J K  occur  f o r  each of t h e  g r i d  points i n  t h e  

s p a t i a l  n e t ,  s o  t h e  gene ra l  ma t r ix  element i s  A(MX + MIJK), wi th  

MX = O*MK, 1*MK, 2*MK, ..., N&MK where N i s  t h e  number of r a d i a l  g r i d  

p o i n t s  and MK = (3K+l)K, w i th  K t h e  number of equat ions  (seven) .  The 

s p a t i a l  n e t  i s  d iv ided  i n t o  t h r e e  i n t e r v a l s  corresponding t o  MX = O*MK, 

1*MK through (N-l)*MK, and N*MK. The ma t r ix  elements f o r  MX = l*MK 

through (N-l)*MK a l l  have t h e  same gene ra l  form whi le  t hose  f o r  MX = O*MK 

and N*MK a r e  d i f f e r e n t  s i n c e  t h e  boundary condi t ions  must be incorpora ted  

a t  t h e s e  two end po in t s .  A t  t h e  plasma c e n t e r  (MX=O*MK), t h e  boundary 

cond i t i ons  a r e  

j = VxB ; 

and a t  t h e  plasma edge (MX = N*MK), t h e  boundary cond i t i ons  a r e  

dB 
j = V x B  ( e x t r a p o l a t i n g  from t h e  va lues  of B and dr a t  r = a - Ar); 

E = qj. 

A few ma t r ix  elements a r e  eva lua ted  i n  Appendix I11 t o  i l l u s t r a t e  

t h e  method f o r  a s imple case  and a complex one. 

Cal led  from: PLASIM [ENTRY PLASMA] 

Subrout ines  c a l l e d :  PC 

Commons requi red :  B D Y c ~ N ,  BEAMC, CDCLBM, CDCLBX, G E ~ M ,  FIELDS, IMPURT, 
INDEX IgNLgS, I@NS, LBMIBT, NEUTRL, QT, TEMP, THRMDF, 
TIME, X P ~ R T  

Var i ab le s  requi red :  (See Table 9 and Appendix 11) 

IT - t ime loop index v a r i a b l e  

Ar ray ,  changed : -... .~.. .. -. ,. .. ., , . . 

A - mat r ix  of c o e f f i c i e n t s  of t h e  system of d i f f e r enced  equat ions  



T a b l e  9.  L i s t  c f  l a b e l e d  commoxs a n d  2 l e m e n t s  w i t h i n  t h e m  w e d  Ey s u b r o u t i n e  LBM 

I n p u t  O u t p u t  
C@MM@N BL@CI( 

V a r i a b l e s  A r r a y s  Vari ab 1 2 ~  A r r a y s  

AM, BR 

N, NMl  

AIMU 

"(3, T I @  

HT, TIM 

DJT 

EE,  EL, RB, RTE, 
R T I ,  RTE12,  
RTE32,  RTE52,  
TDP, WE, WI 

W T ,  WPB, WPN, ETA 

DENP, ZBR 

mi  
E ,  QI 

TE, T I y  T@, VEL 

TDE., T D I  



SUBR~UTINE IBTM (IT) 

Subrout ine IBTM approximates t h e  s o l u t i o n  t o  t h e  system of l i n e a r  

equat ions  

where'F i s  a b lock  t r i d i a g o n a l  ma t r ix  of o rde r  N and each b lock  element 

of F i s  a K by K submatrix.  The approximation i s  determined by Gaussian 

e l imina t ion  without  any p ivot ing .  Le t  F (1 , J )  denote  t h e  (1 , J )  b lock  

element of t h e  ma t r ix  F and l e t  B(1) denote t h e  a s soc i a t ed  K element sub- 

vec to r  of t h e  v e c t o r  B. The 3K+1 by N*K a r r a y  A i n  common LBMIBT con- 

t a i n s  on e n t r y  i n t o  IBTM t h e  n o n t r i v i a l  information t o  d e s c r i b e  t h e  

c o e f f i c i e n t  ma t r ix  F and t h e  right-hand s i d e  B. The t ranspose  of t h e  

a r r a y  A i s  d isp layed  s i n c e  i t  p o r t r a y s  t h e  information more n a t u r a l l y .  

0 

t ranspose  (A) = 

F(N-1,N-2) F(N-1,N-1) F(N-1,N) B(N-1) 
F(N,N-1) F(N,N) 0 

Upon e x i t  from IBTM, t h e  a r r a y  X i n  common IBTMN con ta ins  t h e  gen- 

e r a t e d  s o l u t i o n  t o  t h e  system of l i n e a r  equat ions .  

Cal led  from: -- PLASIM [ENTRY PLASMA] 

Var i ab le s  r equ i r ed  : 

A - con ta ins  t h e  n o n t r i v i a l  information of t h e  b lock  t r i d i a g o n a l  
c o e f f i c i e n t  mat r ix  f o r  t h e  l i n e a r  system of d i f f e r enced  equat ions  
obta ined  from t h e  s e t  of p a r t i a l  d i f f e r e n t i a l  equat ions ;  a l s o  
con ta ins  t h e  right-hand s i d e  

N - number of r a d i a l  mesh p o i n t s  

K - number of p a r t i a l  d i f f e r e n t i a l  equat ions  desc r ib ing  t h e  plasma 

Arrays changed : 

A - destroyed 

X - s o l u t i o n  v e c t o r ,  a t  t h e  new t ime s t e p ,  of t h e  plasma v a r i a b l e  
p r o f i l e s  
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4. DESCRIPTION OF NEUTRAL GAS MODULE 

4.1 PURPOSE AND STRUCTURE OF MODULE 

The n e u t r a l  gas  module models t h e  e f f e c t s  of n e u t r a l  gas atoms i n  

t h e  plasma. Two d i s t i n c t  spec i e s  of t h e s e  atoms a r e  present :  h o t  and 

cold. The co ld  n e u t r a l s  d i f f u s e  i n t o  t h e  i n t e r i o r  of t h e  plasma from 

t h e  a r e a  next  t o  t h e  con ta ine r  wal l .  When a cold n e u t r a l  c o l l i d e s  w i th  

a  plasma i o n ,  i t  can s c a t t e r  e l a s t i c a l l y  o r  charge exchange. The r e s u l t  

of e i t h e r  process  i s  product ion of a co ld  i o n  and a  ho t  n e u t r a l .  The 

purpose of t h i s  module i s  t o  determine t h e  d e n s i t y  d i s t r i b u t i o n  of ho t  

and co ld  n e u t r a l s  i n  t h e  plasma. A c a l c u l a t i o n  of t h e  charge-exchange 

spectrum i s  included t o  al low comparison wi th  experiment. 

Four approaches a r e  a v a i l a b l e  f o r  modeling t h e  n e u t r a l  gas  e f f e c t s :  

1 )  an a n a l y t i c  express ion  based on a  s e r i e s  of c a l c u l a t i o n s  us ing  a  

d e t a i l e d  s l a b  model, 2) a  d e t a i l e d  s l a b  model c a l c u l a t i o n  without  w a l l  

r e f l e c t i o n s ,  l 3) a  s l a b  model w i t h  w a l l  r e f l e c t i o n s  ,2 and 4) a  Monte 

Carl" t r a n s p o r t  code c a l c u l a t i o n  (NUTRLSN) . The a n a l y t i c  model op t ions  

w i l l  always be a v a i l a b l e  i n  t h e  program. The remaining t h r e e  op t ions  

cannot b e  s imultaneously l i nked  toge the r  t o  form t h e  o b j e c t  module of 

t h e  e n t i r e  s imula t ion  program. This  r e s t r i c t i o n  e x i s t s  t o  reduce co re  

memory requirements .  One of op t ions  2-4 must be s e l e c t e d  and t h e  sub- 

r o u t i n e s  f o r  t h a t  op t ion  l i nked  wi th  . the  rest of t h e  program.  his l i n k -  
) 

age i s  accomplished on IBM 3601370 s e r i e s  computers by i n s e r t i n g  an 

INCLUDE card  wi th  a r e fe rence  t o  t h e  name of t h e  cataloged d a t a  s e t  con- 

t a i n i n g  t h e  subrout ines  f o r  t h e  d e s i r e d  op t ion  a s  i npu t  t o  t h e  l i n k  s t e p .  

U n t i l  op t ions  3  and 4  have been implemented, op t ion  2 w i l l  be  assumed t o  

be t h e  only  one a v a i l a b l e  i n  t h e  2 e u t r a l  gas module. F igure  5 shows t h e  

s t r u c t u r e  of t h e  sub rou t ine  c a l l s  f o r  t h i s  op t ion .  F igure  6  shows t h e  

s l a b  geometry used i n  cons t ruc t ing  t h e  model. The u s e r  i s  reminded t h a t  

t h e  d a t a  r equ i r ed  f o r  t h e  d e t a i l e d  s l a b  model (DSM) c a l c u l a t i o n s ,  a s  w e l l  

a s  most of t h e  d a t a  generated by t h e  c a l c u l a t i o n s ,  a r e  communicated t o  t h e  

v a r i o u s  sub rou t ines  through t h e  l abe l ed  commons d isp layed  i n  Table 10. 
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Fig.  5. Diagram of n e u t r a l  gas  module sub rou t ine  c a l l s .  
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Fig. 6 .  Slab geometry used i n  detailed model of neutral gas 
di f fus ion and charge exchange. 



Table 10.  L i s t  of l a b e l e d  commons and t h e i r  con ten t s  which a r e  
used i n  t h e  d e t a i l e d  s l a b  model (DSM) c a l c u l a t i o n  

- - - -- - - ~ -  

C@MM@N/NUTRLP/ NQZ, NQX, NSIMP, NUNIF, QF, QC, D Z ,  DZD2, DZD3, EPSN1, 

1SLMPM1, BDSQTX, TCINT, NQXM1, N ~ X P ~ ,  NQZP1, NSC, I N I N ,  ITIN, I N 1 ,  IEATN, 

2IINIOX, IINIX1, I X ,  I Z ,  I J L , - I J H ,  IIJ, IRAT, NWDW1, MWDSC, 

3N, ANMl, DSP, A,  B y  C ,  Wl(1) 

C@MM@N/INTRPS/ INTRPS, NSMO, NSM021, IDEBUG 

C@MM@N/NEUTPT/ c o n t a i n s  p o i n t e r s  t h a t  p a r t i t i o n  t h e  a r r a y  WSC 

C@MM@N/SLAB/ EQ, EPSNO, NWDWSC 

4.2 BASIC INPUT/OUTPUT 

The n e u t r a l  gas  module r e q u i r e s  a g r e a t  d e a l  of input  r e l a t e d  t o  t h e  

numer ica l  a lgo r i thms  used t o  perform t h e  i n t e g r a t i o n s  and t o  o b t a i n  t h e  

n e u t r a l  p r o f i l e s  s p e c i f i e d  by t h e  choice of model. Once s e t ,  most of t h i s  

i n p u t  should n o t  need changing. This  i s  t h e  reason f o r  s e t t i n g  many of 

t h e s e  v a l u e s  i n  a BLgCK D N A  s e c t i o n  of t h e  program r a t h e r  than  reading 

them i n  every  time. The phys ics  i npu t  i nc ludes  t h e  e l e c t r o n  and ion  tem- 

p e r a t u r e s  and d e n s i t i e s  and t h e  energy and deasiry of the  Franck-Cuudurl 

n e u t r a l s  a t  t h e  plasma su r f ace .  The n e u t r a l  gas  module genera tes  t h e  

p r o f i l e s  of t h e  h o t ,  co ld ,  and t o t a l  n e u t r a l  d e n s i t i e s  and a t o t a l  n e u t r a l  

d e n s i t y  temperature.  A sub rou t ine  SPECT computes a charge-exchange spec- 

trum and any o t h e r  q u a n t i t i e s  which can be r e l a t e d  t o  experimental  m r a -  

surements  and can be  computed i n  terms of t h e  v a r i a b l e s  appearing i n  t h e  

models used. Subrout ine  SPECT w i i l  most l i k e l y  be  modified by t h e  u s e r  

t o  r e f l e c t  t h e  type  of exper imenta l  measurements and appara tus  used f o r  

plasma d i a g n o s t i c s  designed t o  o b t a i n  informat ion  on n e u t r a l  gas e f f e c t s .  

4.3 DESCRIPTION OF THE ANALYTIC MODEL FOR THE TOTAL NEUTRAL DENSITY 

The a n a l y t i c  luodel i s  based on t h e  r e s u l t s  of a number of ca ses  

r u n  us ing  t h e  d e t a i l e d  s lab 'model .  l Le t  



DMAX = 10-I 3max (10 , max{Ne (x) I} 
X 

and 

85.4 T.(O) 
1 ATT = 

2 00 (DMAX*AM) 2 

where T.(O) i s  t h e  ion  temperature a t  t h e  c e n t e r ,  N t h e  e l e c t r o n  d e n s i t y ,  
1 e  

and AM t h e  minor r a d i u s  of t h e  t o r u s .  Then t h e  a n a l y t i c  approximation, 
- 
NT, t o  t h e  t o t a l  n e u t r a l  d e n s i t y  i s  given by 

- 
NT (X) = .5* (ATT (1+2*X NUTE(2)) + E2(ZZ)) 

where 

and E2 i s  t h e  exponent ia l  i n t e g r a l  of t h e  second kind. NUTE(2) i s  a 

user -spec i f ied  inpu t  va lue .  

The s c a l e d ,  t o t a l  n e u t r a l  d e n s i t y  is  obta ined  by mul t ip ly ing  F ,  by 
1 

t h e  Franck-Condon boundary d e n s i t y  NFC where 

N~~ 
= (FCDEN - FCF)*EXP(-TIM/TP@)+FCF . 

TIM is  t h e  cu r r en t  t ime and FCDEN, FCF, and TPd a r e  i npu t  parameters .  

4.4. SLAB MODEL APPROXIMATION TO THE NEUTRAL GAS DENSITY WITHOUT WALL 
REFLECTION 

4.4.1 Neut ra l  Gas Densi ty a s  t h e  So lu t ion  t o  an I n t e g r a l  Equation 

The t o t a l  n e u t r a l  gas  dens i ty ,  NT,  w i l l  b e  taken a s  t h e  s o l u t i o n  

t o  t h e  i n t e g r a l  equation . . 

NT(X) = No (X) + A NT(z)G(q(z,x)) 

where N is t h e  protvn d e n s i t y ,  N t h e  e l e c t r o n  d e n s i t y ,  T. t h e  ion  
i . e  1 

temperature,  and Te t h e  e l e c t r o n  temperature,  and where 



N . (x) o (x) + N* (x) o,, (x) 41836.151522 (x) 
1 CIC e 

EATN(x) = 
N.(O)o (0) 
1 CX 

Moreover , ocx i s  the c ross  s e c t i o n  f o r  charge exchange between atomic 

n e u t r a l  hydrogen and protons;  a is t h e  cross  sec t ion  f o r  ion iza t ion  of EL 
atomic n e u t r a l  hydrogen by e l e c t r o n  impact; AM i s  t h e  minor r ad ius  of the  

to rus ;  and E@ i s  t h e  e x t e r n a l  gas energy. 

The computational procedure a c t u a l l y  approximates the  hot  n e u t r a l  

d e n s i t y  N1. N1 is equal  t o  NT - ' N o  and N1 s a t i s f i e s  t h e  i n t e g r a l  equation 



4.4.2 Computafional Procedure f o r  t h e  Determination of an 
Approximation t o  t h e  Hot Neu t r a l  Densi ty ,  N1 

For x i n  [O, l ]  

then  t h e  method of f u n c t i o n a l  i t e r a t i o n  w i l l  y i e l d  a sequence of 

func t ions  {Nl(i)) t h a t  converges t o  t h e  func t ion  N1. I n  f a c t ,  l e t  N ~ ( o )  

be an a r b i t r a r y  continuous func t ion .  Then f o r  x i n  [0,1]  and f o r  i = 1 ,2 ,  

..., d e f i n e  

1 Ni(z) 
N,(~+') (x) t ( N l i  X )  . A [No (2) 

Then 

Y 
max {I  N ~ ( X )  - N ~ ( ~ ) ( X ) I  I < 1 - 1  - max {I N ~ ( ~ ) ( X )  - N ~ ~ - ' ) ( x ) I  1 

max ~ I N ~ ( ' ) ( X )  - N ~ ( O ) ( X ) I  1 . $1 x 

I f  7 2 1, then  t h e  method of f u n c t i o n a l  i t e r a t i o n  is ,  i n  gene ra l ,  

i nappropr i a t e .  Th i s  does 'not n e c e s s a r i l y  mean t h a t  t h e  i n t e g r a l  equat ion  

has  no so lu t ion .  

The d i s c r e t e  analogue of t h e  cont inuous problem expressed by Eq.  (3)  

employs a f i n i t e  p a r t i t i o n  of t h e  u n i t  i n t e r v a l  [0 ,1 ] .  L e t  

0 = X1 ' xp < ... ' %gx = 1 (8) 

be t h e  N@X nodes a t  which an approximation t o  t h e  h o t  n e u t r a l  d e n s i t y ,  

N1 (xj)  , i s  des i r ed .  The approximation t o  Nl(x . )  i s  taken t o  be  an 
J 

approximation t o  fi l  (x  . ) where 
J 



and fil is a continuous, piecewise linear function on [0,1] with nodes at 
x . The definition of i1 is extended to [-1,0] by the requirement that 
,j 
N1 be symmetric with respect to x=O. 

The computation defines 

and 

where ? is defined in Eq. (6) . The definition of gl (i) for x not equal 
to x is determined by the requirement that fil(i) be a continuous, 

j 
piecewise linear function on [0,1] with nodes at x . The inequality 

j.. 
given in Eq. (7) is valid for thc discrete case if N1 is identified 

with M I  and if 

= max Iy(x.)) 
J 

(i) is identified with 7, For fixed j the sequence (il (x . ) )  converges 
3 

monotonically from below to il (x. ) whenever < 1. 
J 

It can be shown ( q  < 1) that 

where 

* 
E = max {IN~(X) - N1 (x)I ) 

X 

* 
and N1 is the continuous, piecewise linear' function with nodes at x j 

that satisfies 



4 . 4 . 3  Computational Description of the Approximation to P (g,xi) 

The basic computational problem is to make an adequate approximation 

of the value of the integral representation for f (g,x,) as expressed in 
J 

Eq. (6) where g is a continuous, piecewise linear function on [0,1] with 

nodes {x.). The definition of g is extended to [-l,O] by the requirement 
J 

of symmetry with respect to x = 0. A straightforward quadrature formula 

is not'adequate since the function G in Eq. (2) possesses a logarithmic 

singularity at q = 0; G may be represented by 

where GM is continuous for q > 0 .  Let 

Then G can be expressed by 

The integrand in the integral representation for f(g,x.) possesses a 
J 

logarithmic singularity at z = x . The situation may be handled by' 
j 

partitioning the integration interval as follows: 

Let 

-1= Z1 < 22 < ... ( Z = 1 N@Z 
(20) 

be a uniform partition of the interval [-1,1] and let N@Z be odd. More- 

over, let 



0 QF < QC 

b e  two f i x e d  cons t an t s .  Then d e f i n e  f o r  each x 
j 

m-(QC) = max{zi such t h a t  z .  < x and q (z  , x . )  2 QC}, 
1 j i~ 

n-(QF) = z such t h a t  z < x .and q ( z , x . )  = QF, 
j J 

+ 
n (QF) = z such t h a t  z > x and q ( x  ,z )  = QF, 

j j 

i ' - ( c ( ~ )  = m i n i 2  such t h a t  zi 
i ' Xj and q(x  ,zi) '3. QC). (22) 

.j 

Undefined i n t e r v a l s  are determined and handled c o r r e c t l y .  The f i r s t  t h r e e  

s u b i n t e r v a l s  and t h e  las t  t h r e e  a r e  q u a l i t a t i v e l y  t h e  same. I f  an odd 

number of z nodes a r e  i n  [-I, m-(QC)], then  a Simpson's approximation i 
t o  t h e  i n t e g r a l  over  [-1, m-(QC)] i s  c a l c u l a t e d  wi th  t h e s e  nodes. If 

t h e r e  a r e  a n  even number of z .  nodes, t hen  a t r a p e z o i d a l  approximation i s  
1 - 

made wi th  t h e  f i r s t  two nodes and a Simpson's approximation on [ z2 ,  m 

(QC) I .  A simp son!^ approximation t o  t h e  i n t e g r a l  over [m(QC) , n-(QF) 1 i s  

c a l c u l a t e d  us ing  NSIMP uniformly d i s t r i b u t e d  nodes. To handle t h e  t h i r d  

i n t e g r a l  on t h e  right-hand s i d e  of Eq. (19) t h e  in tegrand  is  decomposed 

i n t o  a sum. The d e r i v a t i v e  of U w i th  r e s p e c t  t o  z i s  given by [ s e e  Eq. 

(17) 1 

Using t h i s  and t h e  r e p r e s e n t a t i c n  f o r  G e x p r e s s e d . i n  Eq.  (18) ,  t h e  t h i r d  

i n t e g r a l  may b e  w r i t t e n  a s  

+ 0.5A d { ~ ( z , x . )  [ l n  u(z ,x.)-11 )h(z)  
J J 

n- (QF) 

where 

l'- 
T i m  EATN (2) 

e 



Let 

= X ~-(QF) = yl < Y2 < < YNSMO j 

be a uniform partition of the interval [n-(QF) ,x.] where NSMO is odd 
J 

and 2 3 .  Then the first integral in Eq. (24) is approximated by Simpson's 

rule with the nodes y the second integral is approximated by 
i ' 

NSMO-1 
0 25A C [h (yk) + h(yk+l) 1 [ s ~ + ~  (ln ~~+~-l)-s~(l~ sk-l) 1 (27) 

k=l 

where 

S k = U(Y,, xj) 

4.4.4 Required Input, Space Allocation, and Calling Sequence for 
Computer 'Program 

With the input specified and with sufficient memory space in 

the arrays W1 and WSC, the calls 

CALL NEUTIT 

CALL NUKERN (WSC , NPROFI) 

will yield, if < 1, an approximation to fil (x .) . In fact 
J 

W1 (INl+J) = 'j') (x . ) 
J 

(30) 

and the FORTRAN function TDN may be used to give the approximation 

N~ (x) + i~ 1 (i) (x) (31) 

to NT(x) where il (i) is the i-th continuous, piecewise linear function 
defined by Eq. (11) and x is in [-1,1]. The value of i is determined 

by the accuracy desired in the approximation; i is the least i for which 



where EPSNl i s  u s e r  s p e c i f i e d .  NUKERN sets N P R ~ F I  t o  0 i f  a new p r o f i l e  

h a s  been genera ted  and t o  1 i f  no new p r o f i l e  has  been generated.  

P r i o r  t o  t h e  CALL NEUTIT t h e  va lues  f o r  t h e  v a r i a b l e s  N ,  N ~ x ,  N ~ Z ,  

NSIMP, NSMO, NUNIF, QF, QC, EPSN1, INTRPS, and IDEBUG must be  s p e c i f i e d .  

However, QF, QC., EPSNl, INTRPS, and IDEBUG may b e  changed subsequent ly 

w i thou t  i s s u i n g  ano the r  CALL NEUTIT.. Moreover, subsequent N p r o f i l e s  
T 

may b e  genera ted  wi thou t  another  CALL NEUTIT u n l e s s  a v a l u e  of N ,  N ~ x ,  

N ~ Z ,  NSIMP, NSMO, o r  NUNIF has changed. 

Le t  

P r i o r  t o  t h e  CALL N U U K N  t h e  fo l lowing  v a r i a b l e s  must be def ined  [ s e e  

Eq. ( 2 ) ]  :. 

and A ,  B ,  and C. 

Except f o r  WSC and NPR~FI  a l l  th,e F~RTRAN va r i ab l e s  and a r r a y s  appear 

i n  t h e  l a b e l e d  commons l i s t e d  i n  Table  10. 

The a r r a y  W 1  must have a minimum ok 

elements  i n  i t s  d e f i n i t i o n .  Moreover, t h e  number of e lements  i n  t h e  a r r a y  

W 1  must be  s p e c i f i e d  i n  t h e  v a r i a b l e  NWDWl i n  common NUTKP. It i s  con- 

v e n i e n t  t o  dimension W 1  and d e f i n e  NWDWl i n  a BLQCK DATA subprogram. I n  

t h i s  way t h e  s i z e  of W 1  can e a s i l y  be s e t  t o  t h e  va lue  i n  Eq. (34). 

The f i r s t  argument i n  t he  parameter l i s t  f o r  NUKERN is a s c r a t c h  

a r r a y . t o  be u s e d b y  NUKERN. Th i s  a r r a y  must have a t  l e a s t  (QF > 0) 

N ~ Z  (NdZ f lONSMO + 5) + NSIMP ( ~ N @ x  + 1)  + 4 ( N ~ Z  + NSMO) - 2 (35) 

elements  i n  i t s  d e f i n i t i o n .  NEUTIT p laces  t h e  r equ i r ed  number of elements 

i n  WSC i n  MWDSC i n  common NUTRLP. The u s e r  should check, t h a t  WSC has  a t  

least MWDSC elements  p r i o r  t o  t h e  c a l l  t o  NUKERN. 



A f u l l e r  understanding of t h e  inpu t  parameters  may be  gained by 

reviewing t h e  previous s e c t i o n  and Sect .  1.5. 

4.5 SUMMARY OF FUNCTION OF EACH SUBROUTINE 

The d e s c r i p t i o n s  of t h e  subrout ines  appearing i n  t h i s  s e c t i o n  a r e  

grouped a s  much as p o s s i b l e  according t o  t h e  model wi th  which they  a r e  

a s soc i a t ed .  Subrout ines  used i n  common by two o r  more of t h e  models a r e  

i n  t h e  group which appears  f i r s t  and which inc ludes  t h e  execut ive  sub- 

r o u t i n e s  f o r  t h i s  module. 



SUBRaUTINE NEUTRA 

A c a l l  t o  NTF r e t u r n s  t o  NEUTM t h e  e s t ima te  of t h e  t o t a l  n e u t r a l  

d e n s i t y  i n  t h e  l o c a l  a r r a y  XTR. This  i s  then  sca l ed  by t h e  Franck-Condon 

boundary d e n s i t y  FCDEX and placed i n  t h e  a r r a y  Z N 1  f o r  expor t  through a  

l a b e l e d  common. I n  f a c t  

FCDEX = (FCDEN-FCF)*EXP(-TIM/TP@)+FCF 

and 

where TIM i s  t h e  c u r r e n t  t i m e  and FCDEN, FCF, and T P ~  a r e  user -spec i f ied  

parameters. 

The c a l l  t o  T@C@MP r e t u r n s  t h e  e s t i m a t e  f o r  t h e  n e u t r a l  gas  atom 

tempera ture  p r o f i l e  T i n  t h e  a r r a y  T@. 
0 

Ca l l ed  from: GETSET, MAIN 

Subrout ines  c a l l e d :  NTF, T@C@MP, SPECT 

Commons r equ i r ed :  IMF'URT, INDEX, I@NS, LBMIBT, NEUTRL, TEMP, TIME 

Var i ab le s  r equ i r ed :  PCDEN, FCF, TP@, TIM, N 

Arrays  requi red :  DEN, DENP, TE, TI ,  T@ 

V a r i a b l e s  and a r r a y s  changed: (See Subrout ine NTF) 

XTR t o t a l  n e u t r a l  d c n ~ i t y .  May no t  be a l t e r e d  if N l l ' l ' F : ( l )  = 2 
o r  3 .  

Z N 1  - t o t a l  n e u t r a l  d e n s i t y  m u l t i p l i c a t i v e l y  sca l ed  by 
t h e  Franck-Condon boundary dens i ty .  

FCDEX - = NFC = Franck-Condon boundary d e n s i t y  

0 N I D A I  - con ta ins  ~ ~ / f i T  where Ni and Ti were used in the 
~ a l . r i i l  ;rt.icrn nf the p r o f i l e  in XTR, Applies  only 
when NUTE(1) = 2 o r  3 .  See Eq. (2)  i n  Sec t .  4 . 4  



SUBROUTINE NTF(NT, TE, TI ,  NE, N I ,  ~ N I D A I ,  NTNEW, WSC) 

Subrout ine NTF i s  s t r u c t u r e d  t o  acco&odate and/or  d r i v e  f o u r  models 

f o r  e s t ima t ing  t h e  t o t a l  n e u t r a l  dens i ty .  The switch NUTE(1) i s  used t o  

s e l e c t  t h e  model des i r ed .  c u r r e n t l y  only two mode l s ' a r e  a v a i l a b l e .  I f  

NUTE(1) = 1, then  t h e  a n a l y t i c  model descr ibed  i n  Sec t .  4 .3 i s  s e l e c t e d .  

I f  NUTE(1) = 2, t hen  t h e  s l a b  model approximation (without w a l l  r e f l e c t i o n )  

descr ibed  i n  Sect .  4.4 i s  s e l e c t e d .  

Suppose NUTE(1) = 2. I n  o r d e r  t o - c o n s e r v e  computing t i m e ,  t h e  follow- 

i n g  c r i t e r i o n  has  been included t o  determine whether a new n e u t r a l  d e n s i t y  

is  t o  be  ca l cu la t ed .  When a n e u t r a l  d e n s i t y  i s  determined, t h e  va lues  

~ ~ 1 %  a r e  s t o r e d  i n  t h e  a r r a y  O N I D A I  and t h e  s c a l a r  a c x ( 0 ) T  i n  t h e  

v a r i a b l e  C 1 .  On succes s ive  c a l l s  t h e  range of t h e  r e l a t i v e  e r r o r  between 

t h e  v a l u e s ' ~ l * ~ ~ 1 ~ ~ 1 ( 1 )  and t h e  a s s o c i a t e d  cu r r en t  va lues  i s  determined. 

I f  t h e  magnitude of t h e  r e l a t i v e  e r r o r  f o r  any I exceeds t h e  use r - spec i f i ed  

parameter EPSNO, then  a new n e u t r a l  p r o f i l e  is  requested.  However, i f  

NPRGFI = 1 ( s e e  Sec t .  4.4.4),  then  t h e  most r e c e n t l y  generated n e u t r a l  

p r o f i l e  w i l l  b e  used. I n  t h e  c a s e  where NPR(6FI = 1 on the  f i r s t  c a l l  t o  

NUKERN, t h e  a n a l y t i c  model i s  used t o  genera te  a n e u t r a l  p r o f i l e .  

The v a r i a b l e s  descr ibed  i n  Eq. (33) a r e  def ined  w i t h i n  NTF whenever 

NUTE(1) = 2. 

Cal led from: NEUTRA 

Subrout ines  c a l l e d :  NEUTIT, NUKERN, TDN, SIGMA, 6 2  

Commons requi red :  GEOM, INDEX, NUTRLP, PRNT, SLAB, TIME 

Var i ab le s  and a r r a y s  changed: 

NT - n e u t r a l  gas  d e n s i t y  t o  use with  given p r o f i l e s  

@NIDAI* = NI(I)/SQRT(TI(I)) f o r  t h e  most r e c e n t l y  c a l c u l a t e d  
n e u t r a l  p r o f i l e  

NTNEW* = s c r a t c h  a r r a y  wi th  N elements 

WSC* = s c r a t c h  a r r a y  wi th  a t  least t h e  number of e lements  
a s  given i n  Eq.  (35). 

C1* = o . (0) JTI(O) f o r  t h e  most r econ t ly  c a l o u l r t e d  n c u t r o l  
CX 

p r o f i l e .  

* 
Applicable  only  when NUTE(1) = 2. 



The v a r i o u s  models f o r  e s t ima t ing  t h e  n e u t r a l  gas atom temperature 

T should  be conta ined  i n  sub rou t ine  T@C@MP o r  dr iven  from i t .  P r e s e n t l y  , 

0 

t h e  only  model is  t o  t a k e  To t o  b e  one t e n t h  of T. where T .  is  t h e  ion  
1 1 

t empera ture .  

Ca l l ed  from:: NEUTRA 

Commons r equ i r ed :  INDEX 

Array chaaged: 
,-. . . 

T@ - upon e x i t  T@ con ta ins  t h e  e s t i m a t e  f o r  T a t  t h e  usua l  
0 

grld p o l l ~ L s .  



SUBR~UTINE SPECT 

The subroutine must presently be user supplied since it compares 

simulated results with measured values and thus depends on the particu- 

lar experimental apparatus and instrumentation used to obtain the 

measured values (see Sect. 4.2). 



SUBRdUTINE NEUTIT 

Subroutine NEUTIT def ines  t h e  po in te r s  t h a t  l o g i c a l l y  p a r t i t i o n  

t h e  a r rays  W 1  i n  common NUTRLP and i n  WSC, the  sc ra tch  a r ray  ' that  w i l l  

b e  passed t o  NUKERN. P r i n t s  most of t h e  l e v e l  0 da ta  and checks t h a t  

I f  t h i s  inequa l i ty  i s  not  s a t i s f i e d ,  a  message is  pr in ted  and a  CALL EXIT 

i s  issued.  I f  t h e  inequa l i ty  i s  s a t i s f i e d ,  then NEUTIO i s  ca l l ed  before 

re turning.  . 
Called from: NTF 

Subroutines ca l l ed :  NEUTIO, possibly EXIT 

Commons required:  NUTRLP, NEUTPT, INTRPS 

Variables required:  Level 0  d a t a ,  i .e.,  N ,  NOX, NOZ, N S I W ,  NSMO, 
NUNIF, QF, QC, EPSN1, INTRPS, IDEBUG. I f  NUNIF 
# 0 ,  values  t o  use f o r  x j  must be i n  Wl(J). 
Level 0  d a t a  i s  s tored i n  commons NUTRLP and 
INTRP S . 



SUBROUTINE NEUTIO 

Subrout ine NEUTIO b a s i c a l l y  d e f i n e s  a r r a y s  t h a t  exped i t e  t h e  calcu-  
I" 

l a t i o n  of Nl (i) ( z  .) where t h e  z i s  de f ined  i n  Eq. (20) and i n  a r r a y s  
J j + 

of Z s u b s c r i p t s  t o  a i d  i n  t h e  de te rmina t ion  of m-(QC) and m (QC) i n  

Eq. (22) . 
Cal led  from: NEUTIT 

Subrout ines  c a l l e d :  EXIT (whenever X( l )  # 0 o r  X(N0X) # 1 )  

Commons requi red :  NUTRLP 

Var i ab le s  requi red :  NgX, N ~ Z ,  NSIMP, NUNIF, QF, QC, N 

Va r i ab le s  def ined:  SIMPM1 = NSIMP-1, ANMl = N-1, DSP = ~ . / A N M ~ ,  
N0xM.1 = N0X-1, N ~ X P ~ ,  N ~ Z P ~  

Arrays de f ined  - : Z ,  X,  JL ,  JH, TJ, RAT 



Subrout ine NUKERN f i r s t  genera tes  t h e  t a b l e s  

f o r  I, = 1, ..., N where y = I - 1 - 1 ) .  These a r e  used i n  NIINT. Then 
I 

two c a l l s  t o  NEUTC are i s sued .  The f i r s t  r e t u r n s  t h e  set of va lues  given 

i n  Eq. ( 1 2 ) .  Then NUKERN computes t h e  L ipsch i t z  cons tan t  I n  E q .  :(12). 

I f  9 c 1 and t h e  number of es t imated  f u n c t i o n a l  i t e r a t i o n s  requi red  t o  

o b t a i n  t h e  accuracy expressed by EPSNl is  l e s s  than  MAXIT(-250), then  a 

second c a l l  t o  NEUTC i s  i ssued  t o  o b t a i n  t h e  d e s i r e d  approximations t o  

iil (xj  ) . The u s e r  should no te  t h a t  i f  > 1, t h e  computational procedure 

may be  i n a p p r o p r i a t e ,  even though t h e  i n t e g r a l  equat ion  may have a solu-  

t i o n .  I f  a problem i s  encountered,  t h e  use r  should review Sec t .  4.4.2 

on t h e  computat ional  procedure f o r  t h e  de te rmina t ion  of an  approximarion 

t o  t h e  n e u t r a l  d e n s i t y .  F a c i l i t i e s  t o  p r i n t  information from NUKERN a r e  

provided thfough rhe parawlei  IDEBUG, discuoocd i n  Sact.  L.5, 

Cal l ed  from: NTF 
? Subrout ines  c a l l e d :  NEUTC, SSIMP, INTRPU, ALOG 

Commons r equ i r ed :  NUTRLP, NEUTPT, INTRPS 

Var i ab le s  r equ i r ed  : 

Wl(ININ+I) = i. (y ), t h e  normalized ion  d e n s i t y  
1 I 

Wl(ITIN+I) = f . (y ) , t h e  normalized ion  temperature 
1 I .  

WI(1EATN-l-I) = EATN(y%), estimate of t h e  t n t a l  n e u t r a l  gas 
a t t e n u a t i o n  c o e f f i c i e n t  a t  t h e  r a d i a l  po in t  yI. 

A = 1.13*AWa (0)*Ni(O) 
CX 

C = A*JT~(o) /E@ and a s c r a t c h  a r r a y ,  WSC, wi th  a t  
l e a s t  MWDSC elements.  



SUBROUTINE NEUTC 

I f  NSC ( i n  c o m m o n  NUTRLP) = 1, then 

i s  a p p r o x i m a t e d  f o r  j = I, ..., NOX. I f  NSC = 0, then approximations t o  

fil(x.) are obtained.  See Sect. 4.4.2. 
3 

C a l l e d  f r o m :  NUKERN 

Subroutines called: G,  GM, NO, N I D S R T ,  SRTT,  N I I N T ,  N I I E Q L ,  N I ,  T,, 
NIIEQR, NIINTP, SSIMP, ODDEV, EATN, ALOG, 
AMAX1, ERROR (do not  expect ERROR t o  be  called) 

C o m m o n s  required:  NUTRLP, I N T R P S  



FUNCTI~N TDN (x) 

In function TDN (X) , 

TDN (X) = No (X) + (i) (X) 

where the functional iteration [see Eq. (ll)] performed in NEUTC terminated 

with the i-th iterate. It is assumed that X is in [-I, I]. 

Called from: NTF 

Subroutines called: NO, NlINTP 

Commons required: -..-. . NUTRLP 



If NSC # 0, then NO = 1. This is required in the approximations 

to the function y at the nodal points x . 
j 

If NSC = 0, then NO is the approximate value of the source term 

in the integral equation for the total neutral density; 

where 

XI1 = C Lx dz EATN(z) 
and 

Double precision is used £.or the evaluation of 

(1-X*DEXF' (X) *El (X) ) /DEXP(X) 

as the representation for the second exponential integral E2. 

Called from: NEUTC 

Subroutines called: INTRPU, DEI.M@D, DEW 

Commons required: NUTNAP 



SUBROUTINE DE~MQ)D (X , ZEXPX , ElXM) 

T h i s  subroutine returns E l X M  = XAEXP(X)*E1(X). 

C a l l e d  f r o m :  NO 

S u b r o u t i n e s  called: DLOG 
V a r i a b l e s  required:  X,  ZEXPX = DEXP (X) 



The coord ina tes  

completely desc r ibe  t h e  cont inuous,  piecewise l i n e a r  func t ion  NIL. 

NlINTP r e t u r n s  NlL(Z). This  i s  s i m p i y  l i n e a r  i n t e r p o l a t i o n  app l i ed  t o  

a  t a b l e  of va lues .  

Cal led from: NEUTC, TDN 

Subrout ines  c a l l e d :  BINSEE 



SUBROUTINE BINSEE (L, Z ,  X) 

X i s  t h e  a r r a y  of nodes i n  [ 0 ,  1 1  a t  which t h e  h o t  n e u t r a l  d e n s i t y ,  

N 1 ,  i s  t o  b e  approximated. These a r e  assumed t o  i n c r e a s e  i n  va lue  a s  

t h e  index  i n c r e a s e s .  BINSEE determines,  by b i s e c t i o n ,  an  L such t h a t  

It i s  assumed t h a t  I Z I 1. 

Ca l l ed  from: NlINTP 

Cnmmons r equ i r ed :  NUTRLF 



'Function E2 returns the value of the exponential integral of the 

second kind 

Called from: NTF 

Subroutines called: El 

Variables required: 

X - the argument of the function 

Variable changed: 

E2 - the value of the integral 



FUNCTIQN E ~ ( x )  - 

Funct ion E l  r e t u r n s  t h e  va lue  of t h e  exponent ia l  i n t e g r a l  of t h e  

f i r s i  kind 

Th i s  r o u t i n e  was obta ined  from t h e  Argonne Code c e n t e r  .4 The r o u t i n e  

assumes x > 0. 

Ca l l ed  from: -.......,. E2 

Var i ab le s  r equ i r ed  : 

X - t h e  argument of t h e  funceion,  the. lower l i m i t  o f . t h e  in tegra l -  

Var i ab le s  changed : --- 
E l  - t h e  va lue  of t h e  i n t e g r a l  



FUNCTION G(Q) 
-Y 2 

This  func t ion  r e t u r n s  an e s t ima te  of G(Q) = 

For Q > 10  t h e  func t ion  G r e t u r n s  0 a s  t h e  e s t ima tz  f o r  G(Q). This  

may need t o  be  modified. I f  t h e r e  e x i s t s  a generated Q > 10, then  t h i s  

is repor ted  from subrout ine  NUKERN. There should be  about fou r  s i g n i f i -  

can t  f i g u r e s  i n  G(Q) f o r  Q G 10. The u s e r  should r e f e r  t o  t he  comment 

cards  w i t h i n  FORTRAN func t ion  G. 

Cal led from: NEUTC 

Subrout ines  ca l l ed :  GM, ALOG 



FTJNCTI~N GM(Q) 

This function returns an estimate of GM(Q) = G(Q) - 2 2 s  2 -  GM re- 

quires, but does not check, that Q satisfies Q < 1. An appraisal of the 

accuracy of the estimate is contained within the function as comment 

cards. 

Called from: NEUTC, G 



FUNCTI~N NI (2) w -  

Function NI(Z) estimates fii(z) at the radial point Z. ii(z), the 

normalized ion density at Z, is estimated according to the interpolation 

scheme selected by the switch INTRF'S. 

Called from: NEUTC 

Subroutine called : INTRF'U 

Commons required: NUTIUP 



Funct ion T (Z) e s t i m a t e s  ?. . (z)  a t  t h e  r a d i a l  p o i n t  Z .  i i ( z ) ,  t h e  
1 

normalized i o n  d e n s i t y  a t  Z ,  i s  es t imated  according t o  t h e  in t e rpo la -  

t i o n  scheme s e l e c t e d  by t h e  switch INTRPS. 

Ca l l ed  from: NEUTC 

Subrout ines  c a l l e d :  INTRPU 

Commons r eau i r ed :  NUTRLP 



FTJNCTI@N NIDSRT (z) 

1 /- 1 i 
This function approximates I. (Z)/ T. (Z) where I and fi are the 

normalized ion density and temperature. If INTRPS = 1, 2, or 3, then 

linear, quadratic, or cubic interpolation is used to approximate f i .  (Z) 
1 

and fi(z). 

Called from: NEUTC 

Functions called: INTRPU, SQRT 

Commons required: NUTRLP 

Variables changed: NIDSRT 



Function SRTT (Z) es t imates  h. (z) a t  the  r a d i a l  point  Z .  !fi(z),  
1 

t h e  normalized ion temperature a t  Z ,  i s  estimated according t o  t h e  i n t e r -  

po la t ion  scheme se lec ted  by t h e  switch INTRPS. 

Called from: NEUTC 

Subroutines ca l l ed :  INTRPU, SQRT 

Commons required:  NUTRLP 



FUNCTI@N N I I N T  (Z ,X)  

T h i s  funct ion  e s t i m a t e s  1 lx ~ Z ~ E A T N ( Z ~ )  . 

C a l l e d  f r o m :  NEUTC, N I I E Q L ,  N I I E Q R  

Subroutines called: I N T R P U ,  ~ D D E V ,  S S I M P  

C o m m o n s  required:  I N T R P U ,  dDDEV, SSIMl? 

V a r i a b l e s  required : Z ,  X ,  ANM1, D S P ,  (W1 ( IEATN+1) ,  ~1 (IINIOX+I) , 
W1 ( I I N I X l + I )  , I=1, . . . ,N) 



SUBR~UTINE NIIEQL(ZM, BL, BH, VAL) 

This  subrout ine  r e t u r n s  i n  ZM an approximate so lu t ion  of 

B JBH dz'  EATN(z9) = VAL 

Wi ( z )  

t h a t  i s  known a p r i o r i  t o  l i e  i n  t h e  i n t e r v a l  [BL, BH]. Uniqueness of 

s o l u t i o n  i s  no t  guaranteed. 

Callcrl from: - NEUTC, SRTT 

SuLioutines called: N I I N T  

Variables  recp-ljr~d: BL, BH, VAL -- - 



Thi s  subrout ine  r e t u r n s  i n  ZM an  approximate s o l u t i o n  of 

t h a t  i s  known a p r i o r i  t o  l i e  i n  t h e  i n t e r v a l  [BL, BH]. Uniqueness of 

s o l u t i o n  i s  n o t  guaranteed. 

Cal led from: NEUTC 

Subrout ines  c a l l e d :  NIINT, SRTT 

Var iab les  requi red :  BL, BM, VAL 



This function estimates the total neutral gas attenuation coefficient 

at the radial point Z according to the interpolation scheme selected by 

the switch INTRPS. The analytic expression for the EATN function may be 

found in Eq. (2) . 
Called from: NEUTC 

Subroutine called: INTRPU 

Commons required: NUTRLP 



Subrout ine SSIMP r e t u r n s  i n  S t h e  simpson's approximation t o  

d t f ( t )  where r = r l  + ( i - l )*h,  HD3 = h /3 ,  ~ ( 1 )  = f ( r . ) ,  and N i s  
i 1 

odd. I f  N < 3 ,  then  S = 0. 

Cal led  from: NUKERN, NEUTC, NIINT 



FUNCTI@N @DDEV (N) 

Function @DDEV returns value 0 if N is even and 1 if N is odd. 

@DDEV is an integer-valued function. 

Called from: NEUTC, NIINT 



FUNCTIdN INTRPU (Y. X. Y. ANMI) 

Y(1) is an approximation to the function Y evaluated at (I-1)/(~-1) 

where I = 1, ..., N and N is the number of spatial grid points. ANMl = 

- 1 .  Function INTRPU approximates Y at the argument X by means of 

linear, quadratic, or cubic interpolation whenever INTRPS = 1, 2, or 3 

respectively. It is assumed that I X  I G 1. 

Called from: NUKERN, EATN, SRRT, NIDSRT, NO, NIINT 

Commons required: INTRPS 



SUBROUTINE ERROR 

Subroutine ERROR calls for a dump of the contents of core memory 

containing the job which references it and terminates the job. An ' 

ASSEMBLER language version of the subroutine~is.available for users ~ 

having access to.the IBM 3601370 series computers. 

Called from: NEUTC 
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5. DESCRIPTION OF THE IMPURITY MODULE 

5.1 PURPOSE AND STRUCTURE OF MODULE 

The impuri ty  module c a l c u l a t e s  t h e  p r o p e r t i e s  of nonhydrogenic i ons  

i n  t h e  plasma. Subrout ine ZMPRTY d i r e c t s  t h e  choice of models f o r  s t r i p -  

p ing  of  t h e  mult icharged ions ,  f o r  s p a t i a l  d i f f u s i o n  according t o  t h e  

t r a n s p o r t  model s e l e c t e d ,  and f o r  r a d i a t i v e  l o s s .  The module r e q u i r e s  

t h e  choice  of a s imple d e s c r i p t i o n  [IMP(3) = 1 1  o r  a d e t a i l e d  model 

[IMP(3) = 21, based on one of t h e  op t ions  s e l e c t e d  wi th  t h e  switch 

IMP(2), f o r  carbon, oxygen, and a pseudo "high-Z" o r  i r o n  impur i ty .  

Impuri ty  s t r i p p i n g  i s  c u r r e n t l y  modeled us ing  corona equ i l i b r ium 

t a b l e s  [IMP(l) = 11 f o r  carbon, oxygen, and i r o n  i f  t h e  d e t a i l e d  model 

choice  IMP(3) = 2 i s  made. A r a t e  equat ion  approach i s  a l s o  p o s s i b l e  

through t h e  u s e  of t h e  sub rou t ine  DYNAM [IMP(l) = 21 b u t  i s  n o t  c u r r e n t l y  

implemented. A d e s c r i p t i o n  of DYNAM is  included i n  t h i s  s ec t ion .  

Di f fus ion  i s  modeled by us ing  formulae, by a numerical  c a l c u l a t i o n  

us ing  Pfirsch-Schl t i ter  d i f f u s i o n  c o e f f i c i e n t s ,  o r  by a combination of 

t h e s e  two approaches. I f  t h e  formulae a r e  s e l e c t e d ,  t h e  code a r b i t r a r i l y  

s e t s  t h e  o v e r a l l  carbon, oxygen and/or  "high-Z" s p a t i a l  d e n s i t i e s  by t h e  

func t ions  F@T, F@x, FCT, AND FCARX where: 

F@T g ives  t h e  t i m e  evo lu t ion  of t h e  t o t a l  number of oxygen ions  i n  
t h e  d ischarge  [F@T(O) = 1 1 ;  

FCT does t h e  same f o r  carbon; 

F@X(X) g ives  t h e  s p a t i a l  d i s t r i b u t i o n  of t h e  t o t a l  number of oxygen 
iu l l s  

(2i1dX*X*F@X(X) = 1 )  ; and 

FCARX(X) does t h e  same f o r  carbon. 

The d e t a i l e d  model op t ions  a r e  a s  fol lows:  

IMP(2) = 1, corona equi l ibr ium t a b l e s  and formulae f o r  carbon and 
oxygen. A crude model is used f o r  high-Z i m p u r i t i e s .  

IMg(2) = 2 ,  corona equi l ibr ium t a b l e s  and formulae a r e  used f o r  
carbon, oxygen, and high-Z ( i r o n ) .  



IMP(2) = 3 ,  corona equ i l i b r ium t a b l e s  and Pfirsch-Schl t i ter  d i f f u s i o x ~  
f o r  carbon and oxygen. A crude model i s  used f o r  high-Z 
i m p u r i t i e s .  

IMP (2) = 4 ,  corona equ i l i b r ium t a b l e s  and Pf i rsch-Schl t i ter  d i f f u s i o n  
are used  f o r  carbon, oxygen, and high-Z ( i r o n ) .  

5.2 BASIC INPUT/OUTPUT 

The b a s i c  i n p u t  t o  t h i s  module c o n s i s t s  of t h e  t o t a l  carbon, oxygen, 

and e l e c t r o n  d e n s i t y  p r o f i l e s ;  t h e  e l e c t r o n  temperature p r o f i l e ;  t h e  

p r o f i l e s  of t h e  charge  s t a t e s  of carbon; some t iming  and geometry va lues ;  

edge d e n s i t y  va111~-s f o r  carbon and i r o n ;  and an a r r a y  of swi tch  va lues .  

The  b a s i c  ou tpu t  c o n s i s t s  of a set of new t o t a l  carbon and oxygen 

d e n s i t y  p r o f i l e s ,  t h e  e f f e c t i v e  charge of t h e  plasma and t h e  high-Z 

impur i ty ,  power l o s s e s  due t o  t h e  i m p u r i t i e s ,  and synchrotron- 

brernsstrahlung r a d i a t i o n .  A plasma i o n  d e n s i t y  p r o f i l e  i s  a l s o  generated. 

5.3 SLTMMARY OF MODELS AVAILABLE 

The a v a i l a b l e  models i nc lude  use  of corona equ i l i b r ium t a b l e s ,  

s o l u t i o n  of a d i f f u s i o n  equa t ion  us ing  Pfirsch-Schl t i ter  d i f f u s i o n  coef- 

f i c i e n t s ,  and a r a t e  equa t ion  c a l c u l a t i o n  which i s  n o t  c u r r e n t l y  r e f e r -  

enced by t h e  program logfc, (To employ t h e  dynamic c a l c u l a t i o n ,  the 

ca..l.l, t o  TABLE should be r ep l aced  by a c a l l  t o  DYNAM.) 

5.4 BRIEF DESCRIPTION OF EACH SUBROUTINE I N  THE IMPURITY MODULE 

The a i ~ b r o u t i n e s  desc r ibed  i n ,  t h i s  section w i l l  probably undergo more 

changes than  t h o s e  of any o t h e r  module. Therefore ,  more a t t e n t i o n  has  

been g iven  t o  d e f i n i n g  some of t h e  s i g n i f i c a n t  i n t e r n a l  v a r i a b l e s  i n  t h e  

module. T h i s  should  e a s e  t h e  t a s k  of making d e s i r e d  modifications. 



Subrout ine IMPRTY i s  t h e  main d r i v i n g  program f o r  t h e  impuri ty  

module. F igure  7 shows which sub rou t ines  a r e  c a l l e d ,  t h e i r  o r d e r  of 

c a l l ,  and t h e  flow of t h e  l o g i c  a s soc i a t ed  wi th  t h e  switches which de- 

termine t h e  combination of models used. This  subrout ine  does some of 

t h e  b a s i c  bookkeeping and the  c a l c u l a t i o n s  of t h e  impuri ty  p r o f i l e s  

u s ing  t h e  formulae. 

Cal led from: MAIN 

Subrout ines  c a l l e d :  FCT, FdT, FCARX, Fax, ZDIFFU, TABLE, HIGHZ, 
ZCALC, IMPRIN 

Commons requi red :  G E ~ M ,  IMPURT, INDEX, IgNS, RADLdS, SURF, TEMP, 
TIME, xP~RT, ZRAD 

Var iab les  requi red :  See Table 11 and Appendix 11. 

Var iab les  changed: See Table 11 and Appendix 11. 

S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  

ICLK - a "clock" s e t t i n g  used t o  determine t h e  frequency of 
p r i n t o u t  05 t h e  d e n s i t y  and e f f e c t i v e  charge p r o f i l e s  
f o r  t h e  i r o n  impuri ty .  The d e n s i t y  p r o f i l e s  of t h e  
va r ious  charge s t a t e s  of carbon and oxygen a r e  a l s o  
p r in t ed .  

IST - a "  timing" v a r i a b l e  which keeps t r a c k  of t h e  number of 
t imes t h e  impuri ty  module i s  c a l l e d ,  and is  compared 
wi th  t h e  va lue  of ICLK. When IST = ICLK, t h e  impur i ty  
p r o f i l e s  a r e  p r i n t e d  and t h e  va lue  of IST i s  r e s e t  t o  
zero.  

I C R  - a " zero cross-over" switch used t o  i n i t i a l i z e  t h e  va lues  
of t o t a l  carbon and oxygen i m p u r i t i e s  on the f i r s t  c a l l  
t o  IMPRTY only 

IICCT - a  counter  switch s e t t i n g  used t o  program l o g i c  c o n t r o l  
f o r  t h e  frequency wi th  which low-Z d i f f u s i o n  i s  computed 

I I C C  - counter  v a r i a b l e  f o r  frequency of low-Z d i f f u s i o n  
computation 

IIFET - a counter  switch s e t t i n g ,  used f o r  program l o g i c  c o n t r o l ,  
which determines how o f t e n  high-Z (Fe) impuri ty  d i f f u s i o n  
is computed 

IIFE - counter  v a r i a b l e  f o r  frequency of high-Z d i f f u s i o n  
computation 

FEO - c e n t r a l  d e n s i t y  of i r o n  impur i ty ,  cm-3 

HTC - e l a p s e d  time v a r i a b l e  used f o r  t h e  s imu la t ion  of t h e  
low-Z impuri ty  d i f f u s i o n  
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Fig.  7. Diagram of  1MPRT.Y module and sub rou t ines  
c a l l e d .  



Table 11. L i s t  of l abe l ed  commons and elements i n  them which a r e  
referenced by subrout ine  IMPRTY 

Input  Output 
c @ - ~ @ N  BLOCK 

Var iab les  Arrays Var iab les  Arrays 

C A W ,  FENS . 

HT, TIM, TNAX 

CARBON, OXYGEN, cc 
IMP 

DEN 

f ZRAD / QRD 

f XPORT / D 1 

JZRADI HIZ 

I-' 
I-' 
W 



HTFE - elapsed  time v a r i a b l e  used f o r  t h e  high-Z impuri ty 
d i f f u s i o n  s imula t ion  

I N I N I T  - a  "zero cross-over" switch used t o  i n i t i a l i z e  t h e  t o t a l  
i r o n  impuri ty p r o f i l e  and high-Z impuri ty (Fe) va lue  

'eff 



FUNCTI8N FCT (T) 

Function FCT al lows f o r  programming t h e  carbon impur i ty  content  of 

t h e  plasma d ischarge  throughout t h e  s imu la t ion  time. This  subrout ine  

c u r r e n t l y  s e t s  t h e  va lue  of FCT t o  u n i t y  f o r  a l l  t imes. 

Cal led from: IMPRTY 

Var iab le  requi red  : 

T - f r a c t i o n  of e lapsed  s imu la t ion  t ime 

Var iab le  changed: 

FCT - v a l u e  of f a c t o r  express ing  time dependence of t o t a l  carbon 
con ten t  of t h e  plasma 



Funct ion FOT a l lows  f o r  programming t h e  oxygen impuri ty  content  of 

t h e  plasma d i scha rge  throughout t h e  s imula t ion .  The v a l u e  of t h i s  func- 

t i o n  i s  c u r r e n t l y  set t o  u n i t y  f o r  a l l  t imes.  

Ca l l ed  from: IMI?KTY 

Var i ab le  r equ i r ed  : 

T - f r a c t i o n  of e lapsed  s imu la t ion  time 

V a r i a b l e  changed : 

FQIT - v a l u e  of f a c t o r  express ing  time dependence of t o t a l  oxygen 
cnrttertc o f  rhe plasma. 



Function FCARX is used t o  program t h e  p r o f i l e  of t h e  t o t a l  combined 

carbon spec i e s  present  a t  each p o i n t  X i n  t h e  plasma. The va lue  of t h i s  

func t ion  i s  c u r r e n t l y  s e t .  t o  u n i t y  f o r  a-11 r a d i a l  va lues .  

Cal led from: IMPRTY 

Var iab le  requi red  : 

X - r a d i a l  p o s i t i o n  i n  t h e  plasma, s ca l ed  t o  t h e  t o r u s  minor 
r a d i u s  

Varia.ble changed : 

FCARX - v a l u e  of t o t a l  carbon p r o f i l e  form f a c t o r  a t  p o s i t i o n  X 



Funct ion F@X i s  used t o  program t h e  p r o f i l e  of t h e  t o t a l  combined 

oxygen s p e c i e s  p r e s e n t  a t  each p o i n t  X i n  t h e  plasma. The va lue  of t h i s  

f u n c t i o n  is c u r r e n t l y  s e t  t o  u n i t y  f o r  a l l  r a d i a l  va lues .  

Ca l l ed  from: IMF'RTY 

V a r i a b l e  r e q u i r e d  : 

X - r a d i a l  p o s i t i o n  i n  t h e  plasma, s ca l ed  t o  t h e  t o r u s  minor 
r a d i u s  

V a r i a b l e  changed : 

F@X - value of total . ,  oxygen praflle form f a c t o r  a t  yosfLio~z X 



Subrout ine TABLE con ta ins  t a b l e s  of v a l u e s  of t h e  f r a c t i o n s  of t o t a l  

d e n s i t y  of t h e  elements carbon and oxygen i n  each i o n i z a t i o n  s t a t e  a s  a  

func t ion  of temperature.  These f r a c t i o n s  were computed on t h e  b a s i s  of 

a corona equ i l i b r ium model of e l e c t r o n  impact i o n i z a t i o n .  The f r a c t i o n s  

a r e  given f o r  temperature i n t e r v a l s  of 10 eV and a l i n e a r  i n t e r p o l a t i o n  

i s  used t o  compute t h e  f r a c t i o n s  f o r  a n  a r b i t r a r y  va lue  of t h e  temperature.  

Cal led  from: IMPRTY 

Commons requi red :  IMPURT 

Var i ab le s  requi red :  TE, N 

Arrays changed : 

CC(K,I) - d e n s i t y  of  t h e  (K-1)th charge s t a t e  of carbon a t  t h e  
i - t h  g r i d  p o i n t  

Cd(K,T) - d e n s i t y  of t h e  (K-1)th charge s t a t e  of oxygen a t  t h e  
i - t h  g r i d  po in t  

S i g n i f i c a n t  i n t e r n a l  a r r ays :  , 

C 1  - t a b l e  of f r a c t i o n s  of t o t a l  dei ls i ty  of carbon i n  t h e  ground 
s t a t e  as a func t ion  of temperature 

C2 - same a s  C 1 ,  except  f o r  f i r s t  i o n i z a t i o n  s t a t e  

C3 - same as C 1 ,  except  f o r  second i o n i z a t i o n  s t a t e  

C7 - same a s  C 1 ,  except  f o r  s i x t h  i o n i z a t i o n  s t a t e  

01 -  t a b l e  of f r a c t i o n s  of t o t a l  d e n s i t y  of oxygen i n  t h e  ground 
s t a t e  a s  a func t ion  of temperature 

(32 - same as 01, except  f o r  f i r s t  i o n i z a t i o n  s t a t e  

. . . . . . 
09 - same as 01, except  f o r  e i g h t h  i o n i z a t i o n  s t a t e  



SUBR~UTINE ZCALC (TE, D l ,  DEN, ZFE, Z I R ~ N ,  IIRON) 

Subrout ine  ZCALC computes t h e  fol lowing p r o f i l e s :  

D l  - 
Zeff  = ("kzk2)lne 

DENP - n = ne - f \zk P  

QRD power l o s s  due t o  l i n e  r a d i a t i o n  from low-Z elements ,  
ev/msec/cm3 

H I Z  power l o s s  due t o  l i n e  r a d i a t i o n  from high-Z elements,  
e ~ / m s e c / c m ~  

These p r o f i l e s  can  b e  computed us ing  a  d e t a i l e d  model [IMP(3) = 1 1  o r  

a n  a n a l y t i c  model [IMP(3) = 21. 

I n  t h e  d e t a i l e d  model c a l c u l a t i o n ,  t h e  p r o f i l e s  a r e  c a l c u l a t e d  by 

cons ide r ing  t h e  impur i ty  s p e c i e s  

i )  carbon - charge s t a t e s  1 through G ,  

i i )  oxygen - charge s t a t e s  1 through 8, and 

i i i )  - s t r i p p e d  according t o  the formula Z = * 
ZIMP,  where ZIME' i s  t h e  atomic charge number. 

The a u x i l i a r y  v a l u e s  

X a l  = : CQ (J,I) * ZJ/16 

xcl = Q cc (J,x) * 5 / 1 2  

Xc@l = CQ (J, I) * z J / ~ E N ( I )  

X C C l  = 3 CC ( J , I )  * ZJ/DEN(I) 

are de f ined  f o r  each g r i d  po in t  I. The charge state f o r  t h e  "high-Z" 

element i s  modeled by assuming t h e  charge t o  be  

TE 13.6 

Z I  =[z13.6 13.6 < TE < 1 3 . 6 * ( ~ 1 M P ) ~  

TE > 13.6* (ZIMP),~ 



The "high-Z" impur i ty  d e n s i t y  i s  assumed t o  be  

DENZ = PCIMP * . O 1  * DEN (1) * DHZ (X) , 

where DHZ i s  a  chosen func t ion  of X(=r /a ) .  

Thus, f o r  Z 
e f f  

f o r  n  
P  

DENP = 1. - X C @ ~  - X C C l  - DEN~*ZI/DEN(I) , 

f o r  [Z] 

ZBR = 1. + X@2 +- XC2 

( t h e  "high-2" impur i ty  i s  assumed t o  have i n f i n i t e  mass),  f o r  low-Z 

r a d i a t i o n  power l o s s  

and f o r  high-Z r a d i a t i o n  power l o s s  

I-IIZ ,= { .4 + 4 . ~ * E x P [ - ~ o - ~ *  ( T E ) ~ ]  ) * DEN * DENZ * 4 . 1 7 ( 1 0 ) ' ~ ~  



For t h e  a n a l y t i c  model, t h e  p r o f i l e s  a r e  given by s imple a n a l y t i c  

express ions :  

D l  = ZEFF 

DENP = DEN 

ZBR = 1 

low-Z r a d i a t i o n  power l o s s  QRD = 0.0 

high-Z r a d i a t i o n  power l o s s  H I Z  = 4.17 (10) * PHZ*HZR(X) /V@L , 
where PHZ i s  t h e  assumed power l o s s  i n  k i l o w a t t s ,  s p e c i f i e d  i n  a DATA 

s t a t emen t ,  and HZR i s  a p ~ e s e l e c t e d  func t ion  of X(=r/a) .  [Note t h a t  

Z i s  r ep resen ted  by ZEFF, an i n p u t  parameter read  i n  a t  t h e  beginning 
e f f  

of t h e  s imula t ion .  

Ca l l ed  from: IMPRTY 

Common requi red :  IMPURT 

Var i ab le s  and a r r a y s  r equ i r ed  ( s e e  a l s o  Table 12) :  

TE - e l e c t r o n  temperature p r o f i l e ,  e V  

D 1 - p r o i i l e  nf ~.€iecrlve  c l ia~gr Zeff 

N - number of r a d i a l  p o i n t s  i l l  t he  s p a t i a l  g r i d  

DEN - e l e c t r o n  d e n s i t y  prof i l -e ,  ~ r n - ~  

IMP(3) - swi t ch  f o r  t ype  of model 
= 1, d e t a i l e d  c a l c u l a t i o n  
= 2 ,  anal .yt ic  model formulae 

ZFE - e f f e c t i v e  charge p r o f i l e  of t h e  i r o n  impur i ty  

ZIRQIN - d e n s i t y  p r o l i l e  of t h e  i r o n  i m p u r i t y ,  cm 

I I R @ N  - .  swi t ch  uood t o  d e t e m j n e  whether high-Z e f f e c t s  a r e  t o  
be modeled us ing  i r o n  o r  a  gene ra l  "high-2,'' impur i ty  
s p e c i e s  

Arrays changed: 

DENP - plasma pro ton  d e n s i t y  p r o f i l e ,  

ZBR - t h e  p r o f i l e  of [Z] 

Dl - e f f e c t i v e  charge Z e f f  p r o f i l e  

QRD - low-Z impur i ty  r a d i a t i o n  c o n t r i b u t i o n  t o  t h e  power l o s s ,  
eV/(msec cm3) 

HIZ  - high-Z impur i ty  r a d i a t i o n  c o n t r i b u t i o n  t o  t h e  power l o s s ,  
eV/(msec cm3) 



Table  12.  L i s t  of l a b e l e d  commons and e lements  i n  them which are 
r e f e r e n c e d  by s u b r o u t i n e  ZCALC 

I n p u t  Output 
c@MM@N BL@CK 

V a r i a b l e s  Arrays  V a r i a b l e s  Ar rays  

/GE8M V0L 

/INDEX/ N IMP 

/IMPURT/ PCIMP, ZEFF, %IMP c8, cc DENP, ZBR 

IZRAD I DHI, ZHI QRD, HIZ 



SUBR@UTINE ZDIFFU (VAR, S IV, HT) 

Subroutine ZDIFFU advances the impurity atom population profile 

VAR(1) having charge distribution ZIV(1). ZDIFFU uses subroutine CDZ 

to compute the needed diffusion coefficients. The following diffusion 

equation was derived by Rutherfordl for the Pfirsch-Schlifter regime. 

a a - VAR(r, t) = r*TDZZ* - VAR(r, t)] at r ar a r 

where 

TDZZ is computed in CDZ (Note: it is scaled so that 0 G r G l), and 

is also computed in CDZ. 

The numerical method for solving the diffusion equation is predictor- 

corrector and is contained in the subroutines EVALK, C@EFF, and SflLVE. 

These routines solve the general one-dimensional, time-dependent equation: 

where f is agiven inhomogeneous term. 



Subrout ine IMPRTY prepares  t h e  d i f f u s i o n  s t e p  by loading  t h e  

app ropr i a t e  p r o f i l e s  i n t o  t h e  a r r a y s  VAR and Z I V  and be s e l e c t i n g  t h e  

va lue  of t h e  t ime s t e p  HT t o  be advanced ( t h i s  may be d i f f e r e n t  from t h e  

time s t e p  used f o r  t h e  plasma evo lu t ion  i n  t h e  main p a r t  of t h e  simula- 

t i o n  code).  The d i f f e r e n c i n g  scheme i n  t h e  immediately preceding equa- 

t i o n  i s  based on t h e  Crank-Nicholson r e p r e s e n t a t i o n  

N 
au N 

u  - u  - I r k  ~ I i - 1 / 2  
i 

A t  r 2 A r  

a u a u 
irk ~ ] i + 1 / 2  - Lrk s l i - l / 2  + - - 

A r r 2Ar 

where 

a~ u  - u au u - u  - i+ 1 i - - i i- 1 - I  - - I and ? = r f  . 
ar  i+1/2 A r ar i+1/2 A r 

The s t e p s  used i n  t h e  p red ic to r - co r rec to r  cyc l e  a r e :  

A t  t + -  
1 )  p r e d i c t  - compute ui 2 us ing  k [u i ( t )  1 

A t  
2) compute u t+At us ing  k[ui ( t  + T-) I i 

A t  
t + -  

3) c o r r e c t  - compute u 2 us ing  i 

and compare t h i s  w i th  t h e  p red ic t ion .  I f  t h e  p r e d i c t i o n  i s  w i t h i n  

a s p e c i f i e d  tolerance, cont inue wi th  the  s imula t ion .  Orherwise 

4) i t e r a t e  t h e  Eequcncc 

(m) a t  1 o ld  ui ( t  + = y ( t )  + u j m ) ( t  1 + At)]  . 
Each new u p ) ( t  + F) i s  go t t en  from a u j m ) ( t  1 + At) i n  S tep  2 u s ing  

m- 1 A t  
k[ui ( t  + T)] u n t i l  t h e  t o l e r a n c e  c r i t e r i o n  is s a t i s f i e d .  



When t h e  i t e r a t i o n  h a s  converged (o r  a f t e r  one c o r r e c t i o n  s t e p  i n  t h e  

c u r r e n t  code) ,  t h e  a r r a y  VAR is set equal  t o  t h e  a r r a y  X 1 ,  t h e  va lue  of 

t h e  dependent v a r i a b l e  a t  t h e  new time. 

Ca l l ed  from: IMPRTY 

Subrout ines  c a l l e d :  EVALC, EVALK, COEFF, SOLVE 

Commons r equ i r ed :  GEOM, INDEX, ZDFPS 

Var i ab le s  r e q u i r e d  : 

VAR(101) - impur i ty  spec i e s  d e n s i t y  p r o f i l e ,  c K 3  

ZiV(101) - e f f e c t i v e  charge p r o f i l e  of impuri ty  s p e c i e s  

HT - t i m e  increment f o r  t h e  impuri ty  d i f f u s i o n ,  msec 

From l a b e l e d  common b locks  ( see  Appendix 11 f o r  definltinns) 

/ZDFPS/ - TDZZ (101) , ZGRAD (101) 

Var i ab le s  changed : VAR (101) 

S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  

Xl(101) - a temporary ( l o c a l )  a r r a y  f o r  t h e  impur i ty  s p e c i e s  dens i ty  
p r o f i l e  

I C Y  - s u b s c r i p t  v a r i a b l e  used t o  determine t h e  number of cor- 
r e c t o r  i t e r a t i o n  cyc le s  f o r  t h e  p red ic to r - co r rec to r  
me~hod  of s o l u t i o n  



SUBR~UTINE EVALC (ZK,ZF,V,Z,AM,N) -.,,.--. 

Subrout ine  EVALC computes t h e  p r o f i l e s  of t h e  d i f f u s i o n  c o e f f i c i e n t  

k(u) and t h e  inhomogeneous term f  of  t h e  d i f f u s i o n  equa t ion  r e f e r r e d  t o  

i n  t h e  d e s c r i p t i o n  of sub rou t ine  ZDIFFU (p. 124) .  These p r o f i l e s  must 

be  recomputed f o r  each new. t i m e  i n  t h e  d i f f u s i o n  process .  

Ca l led  from: ZDIFFU 

S u b r o u t i n e s . c a l l e d :  CDZ 

Common r equ i r ed :  ZDFPS 

Var i ab l e s  r equ i r ed  : 

V(101) - t o t a l  d e n s i t y  of  an impur i t y  s p e c i e s  of a g iven  atomic 
number, cm-3 

Z(101) - e f f e c t i v e  charge p r o f i l e  of  t h e  given impur i ty  s p e c i e s  

AM - t o r u s  minor r a d i u s ,  cm 

N - number of r a d i a l  g r i d  p o i n t s  

Va r i ab l e s  changed: 

tZK(101) - p r o f i l e  of k(u) 

ZF(101) - p r o f i l e  of f  



Subrout ine  CDZ computes t h e  impur i ty  i o n  d i f f u s i o n  c o e f f i c i e n t s  

f o r  t h e  Pf i t sch-Schl i i te r  regime. They a r e  given by t h e  express ions  

2 

and 

and 

Subrout ine  CDZ p r i n t s  t h e  a r r a y s  VAR, Z I V ,  TDZZ, and ZGRAD t h e  f i r s t  

t i m e  i t  i s  c a l l e d .  

C a l l e d  from: EVALC 

Commons r equ i r ed :  FIELDS, G E ~ M ,  IMPURT, INDEX, IGNS, TEMP, X Y ~ R ~ ' ,  ZDFPS 

V a r i a b l e s  r e q u i r e d  : 

VAR(101) - t o t a l  d e n s i t y  of an impur i ty  s p e c i e s  of a given atomic 
ni~mber 

ZIV(101) - e f f e c t i v e  charge p r o f i l e  of t h e  given impur i ty  s p e c i e s  

From l a b e l e d  common b locks  ( see  Appendix I1 f o r  d e f i n i t i o n s )  

/FIELDS/ - B(101), BT 

/GE@M/ -AM, HR, Rg 

/IMPURT/ - DEW (101) 

/INDEX/ - N 

/IONS/ - DEN (101) , AMU 

/TEMP/ - TE (101) , TI (101) 

/XP@RT/ - Dl(101) 



Variables changed: 

TDZZ(101) - impurity species diffusion coefficient 

ZGRAD(101) - a collection of ion temperature and density gradient 
terms 

Significant internal variables: 

ZNUI - ion collision frequency 

RHd2 - ion gyroradius 



Subrout ine  EVALK c a l c u l a t e s  t h e  a r r a y s  

f o r  t h e  f u n c t i o n  k ( u )  i n  t h e  p red ic to r - co r rec to r  a lgor i thm for ob ta in ing  

t h e  s o l u t i o n  t o  

set up i n  s u b r o u t i n e  ZDIFP'U. 

Cellcd from: ZnTFFTT 

Var i ab le s  r equ i r ed :  

ZK(I) - TDZZ (I) /AM/AM = D ( r )  /a:, t h e  impur i ty  p a r t i c l e  d i f f u s i o n  

c o e f f i c i e n t  s c a l e d  by t h e  t o r u s  minor r a d i u s  

N - t h e  number of r a d i a l  nodes 

Var i ab le s  changed : 

Zm - forward d i f f e r e n c e  of ZK 

ZKM - backward d i f f e r e n c e  of ZK 



SUBR~UTINE C@EFF(ZKP, ZKM, A, B, C, D, E, F, S1, N, V, ZF) 

Subroutine COEFF computes the coefficients of the values of the 

impurity atom density u at the new time step in the set of linear dif- 

ference equations which are obtained from the Crank-Nicholson represen- 

tation of 

where g(r) is a given inhomogeneous term. The Crank-Nicholson representa- 

tion is 

where 

and 

The Crank-Nicholson representation can be rearranged to the form 

Subroutine C ~ E F F  also evaluates the arrays E and F which are used 

in the Gauss elimination procedure to solve for u: 



*i D~ + c ~ F ~ , ~  
F, = - and F .= - i Bi CiEi-l 1 Ei CiEi-l ' 

Cal l ed  from: ZDIFFU 

Var i ab le s  r equ i r ed  : 

ZW(101) - forward d i f f e r e n c e  of t h e  d i f f u s i o n  c o e f f i c i e n t ,  k(u)  

ZKM(101) - backward d i f f e r e n c e  of t h e  d i f f u s i o n  c o e f f i c i e n t ,  k (u)  

S1 - r e c i p r o c a l  of t h e  t ime s t e p  f o r  t h e  evo lu t ion  of t h e  
impur i ty  p r o f i l e ,  msec'l 

N - t h e  n m b e r  sf spaLla l  iiodts , 

~ ( 1 0 1 )  - impur i ty  s p e c i e s  dens i ty  p r u f i l e  a t  t h e  cu r r en t  
v a l u e  of e lapsed  t ime,  cm-3 

ZF(101) - p r o f i l e  of func t ion  appearing i n  t h e  inhouogeneous 
term of t h e  d i f f u s i o n  equat ion  

Var i ab le s  changed : 

- c o e f f i c i e n t s  appearing i n  t h e  s e t  of l i n e a r  equat ions  
B (101) f o r  t h e  v a l u e  of t h e  d e n s i t y  p r o f i l e  a t  t h e  new time. 
C (101) The s e t  of equat ions  arises f r o u  t h e  Crank-Nicholson 

f i n i t e  d i f f e r e n c i n g  scheme f o r  so lv ing  the d i f f u s i o n  
equat ion .  

- inhomogeneous term i n  t h e  s e t  of l i n e a r  equat ions  
obta ined  from t h e  f i n i t e  d i f f e r e n c i n g  scheme 

- a r r a y s  used i n  t h e  Gaussian e l imina t ion  procedure 
I? (101) t o  s o l v ~  f o r  the  impur i ty  s p e c i e s  d e n s i t y  p r o f i l e  a t  t h e  

new time s t e p  



SUBR~~UTINE S@LVE(U, E ,  F, N) 

Subrout ine SOLVE genera tes  t h e  s o l u t i o n  of t h e  impuri ty  atom d i f f u -  

s i o n  equat ion  f o r  t h e  new time va lue .  It a c t u a l l y  performs t h e  Gaussian 

e l imina t ion  us ing  t h e  E and F a r r a y s  generated by subrout ine  COEFF. The 

r o u t i n e  sweeps 

from r = a- ( i  = N-1) t o  r = 0 (i = 1) . 
Called from: ZDIFFU 

Var iab les  required-: 

U(101) - impuri ty  spec i e s  d e n s i t y  p r o f i l e  a t  t h e  o ld  t ime va lue  
(upon e n t r y  i n t o  t h i s  subrout ine)  

- c o e f f i c i e n t s  computed i n  s e t t i n g  up t h e  Gaussian 
e l imina t ion  procedure 

N ' - number of r a d i a l  nodes i n  t h e  s p a t i a l  g r id  

Var iab les  changed : U (101) 



FUNCTI@N HZR (I, X) 

Function HZR r e t u r n s  a  va lue  f o r  t h e  high-Z impurity r a d i a l  p r o f i l e  

form f a c t o r  us ing  t h e  formula 

HZR = (I + 1 )  * (1. - X*X)**I . 
Cal led  from: ZCALC 

Var iables  requi red  : 

I - v a l u e  of t h e  exponent i n  t h e  form f a c t o r  formula 

X - r a d i a l  v a r i a b l e ,  normalized t o  t h e  t o r u s  minor r ad ius  

Var iables  changed : 
...,., .. ,.". ........ ", ...... ,& ..,,, ,,..., " ... ., ..-" ... 

HZR - va lue  of t h e  form f a c t o r  a t  X 
. . - -  

Note: The u s e r  is f r e e  t o  choose any formuia t h a t  seems a p p r o p r i a t e - f o r  
t h i s  form f a c t o r .  



Subrout ine HIGHZ conta ins  t a b l e s  of f r a c t i o n a l  va lues  of t o t a l  i r o n  

d e n s i t y  i n  each i o n i z a t i o n  s t a t e  a s  a  func t ion  of temperature.  These 

f r a c t i o n s  were computed on t h e  b a s i s  of a  corona equ i l i b r ium model of 

e l e c t r o n  impact i on iza t ion .  The f r a c t i o n s  a r e  given f o r  temperature 

i n t e r v a l s  of 0 .1  keV s t a r t i n g  a t  5.0 keV,a t  t h e  lowest  energy considered 

and extending t o  9.0 keV. T h r e e ' s e p a r a t e  ca ses  a r e  t r e a t e d :  

i )  I f  Te < TS(=5.0 keV), a l l  t h e  i r o n  ions  are i n  t h e  lowest  
charge s t a t e  ( i n  t h e  c u r r e n t  v e r s i o n  of t h i s  sub rou t ine ,  
t h e  lowest charge s t a t e  i s  3+). 

i i )  I f  TS < Te < TT@P(=9.0 keV), a  l i n e a r  i n t e r p o l a t i o n  i s  used 
t o  compute t h e  f r a c t i o n s  f o r  a  given va lue  of T  . e  

i i k )  I f  TTQF < Te,  a l l  t h e  i r o n  ions  a r e  i n  t h e  h ighes t  charge s t a t e  
( i n  cu r r en t  ve r s ion  of t h e  sub rou t ine ,  ' t he  h i g h e s t  charge s t a t e  
is  26+). 

A p r i n t o u t  of t h e  TE a r r a y  and s e l e c t e d  p a r t s  of t h e  W E  a r r a y  i s  given 

t h e  f i r s t  t ime sub rou t ine  HIGHZ i s  c a l l e d .  

Cal led from: IMPRTY 

Common requi red :  INDEX 

Var iab les  requi red :  ,-- 

TE(101) - e l e c t r o n  temperature p r o f i l e ,  eV 
f 

ZIR@N(101) - i on  impuri ty  ( a l l  charge s t a t e s  inc luded)  d e n s i t y  p r o f i l e  

From l abe led  conlmon block ( s e e  Appendix '11 f o r  d e f i n i t i o n s )  

/INDEX/ - N 

V a ~ i a L l c s  changcd t 

ZFE(101) - e f f e c t i v e  charge p r o f i l e  of i r o n  i m p u r i t i e s  

S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  

AFE(45,30)  -- a r r a y  of exponents f o r  the f r a c t i o n  of i r o n  atoms 
i n  each charge s t a t e  (K + 3) a t  a  given temperature 
( index L )  

RFE(101,30) - p r o f i l e s  of f r a c t i o n s  of i r o n  i m p u r i t i e s  i n  a  par- 
t i c u l a r  charge s t a t e  K + 3 



SUBR~UTINE DYNAM (TE, DEN, DT, N) 

Subrout ine  DYNAM c a l c u l a t e s  impur i ty  s t r i p p i n g  dynamically u s ing  

e l e c t r o n  impact i o n i z a t i o n  and recombination c o e f f i c i e n t s ,  determined 

a n a l y t i c a l l y  i n  a r a t e  equat ion ,  t o  determine t h e  d e n s i t i e s  of t h e  

v a r i o u s  charge  s t a t e s  of carbon and oxygen a s  a func t ion  of temperature.  

The i o n i z a t i o n  and recombination c o e f f i c i e n t s  a r e  suppl ied  by subrout ines  

SVCARB and SV0XYG. 

The plasma s imu la t ion  t ime i n t e r v a l .  i s  subdivided i n t o  t e n  i n t e r v a l s .  

The r a t e  equa t ion  h a s  t h e  gene ra l  form 

dNz z-1 z z z -1 
- =  
d t  'e { i o n  NZ-1 + <"' r e c  N Z + ~  - [ r e c  I <av> <av>ion + <av> 

Th i s  equa t ion  i s  i n t e g r a t e d  over  t h e  sub - in t e rva l s  of t ime us ing  t h e  

g e n e r a l  exp res s ion  

Z - 1  o l d  N;ld + N e A t  {<av>ion NZ-l + <av> Z Z - 1  o ld  
- N i e W  - r e c  L . z  

' 1 
1 + - N A t  <ov>Ion + <ov> 2 e r e c  z-'I 

t o  g e n e r a t e  t h e  d e n s i t y  of each charge state a t  each s t e p  of t h e  t ime 

i n t e g r a t i o n .  

The g e n e r a l  exp res s ion  above i s  modif ied a p p r o p r i a t e l y  ' f o r  t h e  n e u t r a l  

and completely i o n i z e d  spec i e s .  The n e u t r a l  state cannot be f ed  from i o n  

s p e c i e s  below it by i o n i z a t i o n  s i n c e  i t  i s  t h e  lowest  state and cannot 

f eed  a lower s t a t e  by recombination. The completely ion ized  s t a t e  cannot 

b e  f e d  from above by recombination nor  can i t  feed anything h ighe r  by 

i o n i z a t i o n .  The i n t e g r a t i o n s  f o r  t h e s e  two s t a t e s  a r e  t hus  done e x p l i c i t l y  

by themselves.  

The t o t a l  d e n s i t i e s  of carbon and oxygen i m p u r i t i e s  a r e  computed 

from t h e  d e n s i t i e s  of t h e  v a r i o u s  charge s t a t e s  of each element. 

Ca l l ed  from: Not c u r r e n t l y  used. 

Subrout ines  c a l l e d :  SVCARB, SV~XYG 

Commons r equ i r ed  : IMPURT 

V a r i a b l e s  and a r r a y s  requi red :  TE, DEN, DT, N 



Arrays changed: 

CC(K,I) - d e n s i t y  of t h e  (K-1)th charge s t a t e  of carbon a t  t h e  
I - th  g r i d  p o i n t  

C ~ ( K , I )  - d e n s i t y  of t h e  (K-1)th charge s t a t e  of oxygen a t  t h e  
I- th  g r i d  po in t  

CARBON(1) - t o t a l  d e n s i t y  of carbon impur i ty  a t  t h e  I - t h  g r i d  
p o i n t  

~XYGEN(I) - t o t a l  d e n s i t y  of oxygen impur i ty  a t  t h e  I - t h  g r i d  
po in t  



SUBR~UTINE SV~XYG (TE, SVI~N, SVREC) 

Subroutine SVOXYG generates ionization <uv>' and recombination ion 
<ov>' ' coefficients for the different charge states of oxygen. These rec 
coefficients are required by subroutine DYNAM for calculating the den- 

sities of the various oxygen impurity charge states. The coefficients 

are generated using the analytic expressions2 

e -6 fi 
y IZ 100 Te 

< uv> 
ion =ton , LZ , 100 Te 

and 

3 / 2  
AiCC B 

<uv> 2 - - 
rec Y 

where B -. The values of the coefficients Aion, AIec and parameters 
T 
e 

z 

ion rec 
Xz and XZ for each charge state are supplied in DATA statements in 

the subroutine. These values were obtained by R. A.   or^, who made 

a.djustments in the results given by Beigman et a1, ,2 and Lotz. . . 

Called iiom: DkTTAM 

Variable required: 

TE -value of the electron temperature, not to be confused with 
the electron temperature profile of the same name used in 
most of rhu r .e luai l~l . l~ .r:  nf the simulation code. 

Arrays changed I 

SVION - values of the ionization coefficient <ov>iOn for each 
charge state Z 

SVREC - values of the recombination coefffcient cuv.;.' tor each 
rec 

charge state Z 



SUBROUTINE SVCARB (TE , SVION , SVREC) 

Subrout ine SVCARB genera tes  i o n i z a t i o n  < o v Z  and recombination 
ion  

c o e f f i c i e n t s  f o r  t h e  d i f f e r e n t  charge s t a t e s  of carbon. These <'wrec 
c o e f f i c i e n t s  a r e  r equ i r ed  by sub rou t ine  DYNAM f o r  c a l c u l a t i n g  t h e  den- 

s i t i e s  of t h e  va r ious  carbon impur i ty  charge s t a t e s .  The c o e f f i c i e n t s  

a r e  generated us ing  t h e  a n a l y t i c  express ions2  

I 
i on  -6 ~ 

Az , IZ < 100 Te 
f3+xion 

and 

where 6  = 5. The va lues  of t h e  c o e f f i c i e n t s  A ~ O ~ ,  Z i e c  and parameters  
rn 

xion and xrec f o r  each charge s t a t e  a r e  suppl ied  i n  DATA s ta tements  i n  z 
t h e  subrout ine .  These va lues  were obta ined  by R.  A.   or^,^ who made 

adjustments  i n  the r e s u l t s  given by Beigrnan e t  a1. ,2 and ~ o t z . ~  

Cal led from: DYNAM 

Var iab le  requi-red : 

TE - v a l u e  of t h e  e l e c t r o n  temperature,  no t  t o  be  confused 
wi th  t h e ' e l e c t r o n  temperature p r o f i l e  of t h e  same 
name used i n  most of t h e  remainder of t h e  s imu la t ion  
code 

Arrays changed: 

SVION - va lues  of t h e  i o n i z a t i o n  c o e f f i c i e n t  < o m Z  f o r  each 
ion  

charge s t a t e  Z 

S W C  - v a l u e s  of t h e  recombination c o e f f i c i e n t  <am f o r  r e c  
each charge s t a t e  Z 
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6. DESCRIPTION OF NEUTRAL BEAM INJECTION MODULE 

6 .1  PURPOSE, STRUCTURE, AND BASIC INPUT/OUTPUT OF MODULE 

The n e u t r a l  beam module t r e a t s  t h e  slowing down and charge-exchange 

i n t e r a c t i o n s  between t h e  i n j e c t e d  n e u t r a l  beam and t h e  plasma t a r g e t .  

The module c a l c u l a t e s  t h e  f a s t - i on  depos i t i on  p r o f i l e ,  t h e  power t r ans -  

f e r r e d  t o  e l e c t r o n s  and ions  i n  t h e  plasma, and t h e  change i n  t h e  plasma 

c u r r e n t  dens i ty .  Heating and c u r r e n t  p e r t u r b a t i o n  p r o f i l e s  and smooth 

i n j e c t i o n  p r o f i l e s  a r e  a l s o  obtained.  
r 

The f a s t - i on  depos i t i on  p r o f i l e  H(5 = -) i s  c a l c u l a t e d  when t h e  
a  

s imula t ion  t ime (.TIM) f i r s t  exceeds t h e  t ime of i n j e c t i o n  turn-on 

(TNJCT), a s  shown i n  F ig .  3 .  Subrout ine SUBH c a l c u l a t e s  t h e  p r o f i l e  

a t  t e n  r a d i a l  p o s i t i o n s  (5 = 0 ,  0.1, ..., 0 .9 ) ,  and t h e  r e s u l t s  a r e  

s t o r e d  i n  t h e  a r r a y  HTMP. 

I n  o rde r  t o  a s s u r e  a  smooth beam turn-on, i t  is  assumed t h a t  t h e  

beam has  a l r eady  slowed f o r  a  given time DTCGL i n  t h e  s imulated plasma 

e x i s t i n g  a t  t ime TNJCT. This  assumption i s  used i n  c a l c u l a t i n g  the 

f r a c t i o n s  of beam power t r a n s f e r r e d  t o  t h e  i o n s  (Gi) and t o  t h e  e l e c t r o n s  

(Ge) ' i n  t h e  plasma, and i n  determining t h e  change i n  t h e  plasma c u r r e n t  

d e n s i t y  (AJ). These va lues  a r e  obta ined  a t  t e n  r a d i a l  p o s i t i o n s  by a 

c a l l  t o  subrout ine  FPM@ME and a r e  s t o r e d  i n  t h e  a r r a y s  GETMP, GITMP, 

and DJTMP. 

Heat ing and c u r r e n t  p e r t u r b a t i o n  p r o f i l e s  a r e  then  obta ined  a t  t h e  

t e n  r a d i a l  p o s i t i o n s  f o r  t h e  time TNJCT 3. DTCCL by uoing 

IgEB(J) HJ(r) GeYi(J) 

Qe ,i = C e x volume 
beam components, J 

and 

A J  = 1 AJ(J) . 
beam components, J 



The p r o f i l e s  a r e  s t o r e d  i n  a r r a y s  QETMP, QITMP, and DJTTMP. A t  t ime 

TNJCT, t h e  i n j e c t i o n  p r o f i l e s  a r e  a l l  assumed t o  be  zero.  

Smooth i n j e c t i o n  p r o f i l e s  a r e  then  obta ined  over  t h e  e n t i r e  number 

N of s p a t i a l  g r i d  p o i n t s  used i n  t h e  s imu la t ion  code by a f o u r t h  o rde r  

s p a t i a l  i n t e r p o l a t i o n  between t h e  eleven c a l c u l a t e d  va lues  f o r  t h e  p o i n t s  

r = 0 .0 ,  0.1, ..., 0.9, 1 .0,  where t h e  h e a t i n g  and c u r r e n t  p e r t u r b a t i o n  

are assumed t o  be  zero .  These smooth p r o f i l e s ,  c a l c u l a t e d  a t  t h e  t imes 

tl  = TNJCT and t 2  = ~ J C T  + DTNJCT, a r e  s t o r e d  i n  QES, QIS, and DJS. 

A s  t h e  s imu la t ion  p rog res ses  from t l  t o  t 2 ,  t h e  h e a t i n g  (QE1 and QI1) 

and c u r r e n t  p e r t u r b a t i o n  (DJT) p r o f i l e s  f u r  eacl-1 t h e  a r e  assumed t o  be 

ob ta ined  from a l i n e a r  i n t e r p o l a t i o n  a t  each r a d i a l  p o i n t  between t h e  

v a l u e s  a t  t l  and t 2 .  

When t h e  s imu la t ion  tlme t = t 2 ,  sub rou t ine  FPM~ME is  c a l l e d  t o  g ive  

v a l u e s  uf G Gi, e t c .  f o r  t g  = TNJCT + 2*DTCGL, and a  new s e t  of p r o f i l e s  
e '  

i s  genera ted  f o r  t h i s  t ime.  The temporal i n t e r p o l a t i o n - i s  now between 

t h e  o l d  va lues  of t h e  i n j e c t i o n  p r o f i l e s  c a l c u l a t e d  f o r  t2 and t h e  va lues  

j u s t  c a l c u l a t e d  a t  t 3  a s  t h e  s imu la t ion  proceeds from t 2  t o  t 3 .  This  

procedure  r e p e a t s  every  DTCGL mi l l i s econds  u n t i l  t h e  end of t h e  simula- 

t i o n .  Every DTCH mi i i i s econds ,  s t a r t i n g  a t  t = TNJC'I', s ub~a t l ' t i ne  SUBH 

i s  c a l l e d  t o  gene ra t e  a  new fa s t - ion  depos i t i on  p r o f i l e  H(E)  which is  used 

f o r  each  i n j e c t i o n  p r o f i l e  u n t i l  t h e  nex t  c a l l  t o  SUBH. Figure  8 sllows 

t h e  o r d e r  of sub rou t ine  c a l l s  i n  t h i s  module. - 

6.2 SUMMARY OF FUNCTION OF EACH SUBROUTINE 

RL@CK DATA (FOR THE NEUTRAL BEAM INJECTION MUDUEE) 

The b lock  d a t a  subprogram f o r  t h e  n e u t r a l  beam i n j e c t i o n  module 

c o n t a i n s  i n i t i a l  v a l u e s  f o r  t h e  l o s s  cone c o r r e c t i o n  a r r a y s .  The a r r a y  

names and s u b s c r i p t s  have t h e  gene ra l  form STX ( I ,  J ,  L, M ) ,  where t h e  

v a l u e s  of X,  I, J,  L, and M a r e  given i n  Table 1 3  w i t h  a  b r i e f  descr ipL 

t i o n  of each case  r ep re sen ted  by t h e  va lues  of t h e s e  c h a r a c t e r s .  The 

numbers contained i n  t h e  l o s s  cone c o r r e c t i o n  a r r a y s  were generated 

u s i n g  a Fokker-Planck code. ' 
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Fig. 8. Order of primary sub rou t ine  c a l l s  i n  t h e  n e u t r a l  beam 
i n j  e c t  ion  module. 



Table 13. Identification of characters used to label 
loss cone correction arrays STX(1, J, L, M) 

xa - - K N - Description 

1 1 1 Ge, no loss cGne correction 

2 1 2  Giy no loss cone correction 

3 1 3  KEY no loss cone correction 

4 2 1 Ge, with loss cone correction 

5 2 2 Ciy with 1033 cone correction 

G 2 3 ICE, ' with 1088 cuur CULL~CL~UI I  

a Range of Subscript Identification Values 

1, 10 Ten values of the radius (normalized): 
0.0, 0.1, ..., 0.9 

1, 4 Energy components of injected neutral 
beam: Eo, E0/2, E0/3, and the sum of 
all three 

K 1, 2 Loss cone corrections: without, with 

L 1, 2 Injection direction: co-, counter- 

M 1, 2 Impurity type: low-, high4 

N 1, 2 Power component: Ge, Giy KE 

a~ata is stored in the arrays in B L ~ C K  DATA as STX(1, - - -)-)- J L M) 



Subrout ine BEAM con ta ins  t he  primary l o g i c a l  c o n t r o l  f o r  t h e  n e u t r a l  

beam i n j e c t i o n  module. F igure  9 shows t h i s  primary l o g i c a l  c o n t r o l  and 

i n d i c a t e s  where some of t h e  computations descr ibed  i n  Sec t .  6 .1  a r e  done. 

Switch v a r i a b l e s  a r e  a l s o  l i s t e d  wi th  t h e  op t ions  which may be chosen 

according t o  t h e  va lues  assigned t o  t h e s e  v a r i a b l e s .  The s u b s c r i p t s  11, 

J,  and L used i n  t h e  output  a r r a y s  r e f e r  t o  t h e  r a d i a l  p o s i t i o n ,  energy 

component, and type  of n e u t r a l  beam i n j e c t i o n ,  whether co- in jec t ion  

(L = 1 )  o r  coun te r - in j ec t ion  (L = 2 ) .  

I n  t h e  a l t e r n a t e  ENTRY BMSTRT s e c t i o n  of t h e  subrout ine ,  many of t h e  

v a r i a b l e s  used i n  t h e  moments c a l c u l a t i o n  of Ge, Gi, Ge ' E  , Gi E , e t c . ,  a r e  

i n i t i a l i z e d .  Var iab les  and a r r a y s  used t o  c a l c u l a t e  t h e  f a s t - i on  deposi- 

t i o n  p r o f i l e  a r e  i n i t i a l i z e d  nex t ,  followed by adjustments  ( i f  necessary)  

t o  t h e  l o s s  cone c o r r e c t i o n  t a b l e s .  Logic near  t he  beginning of t h i s  

a l t e r n a t e  e n t r y  s e c t i o n  r o u t e s  c o n t r o l  t o  t h e  remaining subsec t ions .  

The l abe l ed  common blocks a s soc i a t ed  p r imar i ly  w i th  the  moments ca l -  

c u l a t i o n  a r e  INPUT and OUTPUT. Commons FPPP and INTRP a r e  used p r imar i ly  

i n  t h e  H(r) c a l c u l a t i o n .  

A l t e r n a t e  ENTRY INJECT con ta ins  t h e  l o g i c  and t h e  i n t e r p o l a t i o n  

and numerical procedures f o r  c a l c u l a t i n g  t h e  h e a t i n g  a$d c u r r e n t  per- 

t u r b a t i o n  p r o f i l e s  from t h e  r e s u l t s  of t h e  moments and H(r) c a l c u l a t i o n s  

f o r  each s imula t ion  time s t e p .  

Due t o  t h e  r e l a t i v e l y  long time requi red  t o  do t h e  i n j e c t i o n  com- 

p u t a t i o n s ,  t h e  complete h e a t i n g  and c u r r e n t  p e r t u r b a t i o n  p r o f i l e s  a r e  

computed a t  t ime i n t e r v a l s  much longer  than  t h e  s imula t ion  code time s t e p .  

Subrout ine BEAM i n t e r p o l a t e s  between c a l c u l a t e d  va lues  of t h e  i n j e c t i o n  

p r o f i l e s  f o r  s p a t i a l  and time g r i d s  which a r e  coa r se r  than  the g r i d s  

r equ i r ed  by t h e  r e s t  of t h e  s imula t ion  code. 

I n  t h e  c a l l  t o  a l t e r n a t e  e n t r y  BMSTRT, t h e  swi tch  s e t t i n g  I N J ( ~ )  = 2 

can b e  used t o  i n i t i a l i z e ' . t h e  i n j e c t i o n  parameters qu ick ly ,  b u t  wi th  only  

approximate va lues .  The p r o f i l e s  f o r  t h e  e l e c t r o n  and ion  n e u t r a l  beam 

h e a t  i npu t  a r e  assumed t o  have a  decreas ing  exponeacial  shape. This  

f e a t u r e  is  u s e f u l  f o r  debugging t h e  program. 
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INITIALIZE HEATING 
AND CURRENT PER- 
TURBATION ARRAYS 

I NJCT INJ(1) 

LJCT E INJ(2) I 

INITIALIZE PARAMETERS 
FOR QUICK AND DIRTY 
CALCULATION 

ASSIGN CONSTANTS 
FOR GE, GI ,  AND KE 
CALCULATION 

INITIALIZE INTERNAL 
AND,OUTPUT VARIABLES I 

YES PRINT 'N-1 IS NOT A 
MULTIPLE OF 10' 

I 

SET UP LOSS CONE 
CORRECTION 
MATRICLS 

Fig. 9a. Primary logic for subroutine 
BEAM, ENTRY BMSTRT (initialization of arrays 
for neutral beam injection simulation) . 
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ENTRY INJECT + 
RETURN 

I NJCT INJ(1) 

LJCT INJ(2) 

YES 

i 
CALCULATE POWER I DENSITY TERMS AND I 

INTERPOLATE GE, GI 
AND DJT IN TIME I CURRENT PERTURBA- 

T I O N  1 
CALCULATION 

LJCT < 4 

I 

MULTIPLY HEATING AND 
CURRENT PEA'I'URBATION 
ARRAYS BY PNUM 

RETURN CL, 
Fig.  9b. Primary l o g i c  f o r  subrout ine  BEAM, ENTRY INJECT 

(main p a r t  of t h e  c a l c u l a t i o n - o f  t h e  n e u t r a l  beam i n j e c t i o n  module). 



C a l l e d  f r o m :  GETSET (BMSTRT) , MAIN (TNJEC'I') 

S u b r o u t i n e s  called: FPMgME, XTERP, SUBH 

C o m m o n s  required:  BEAMC, BEAMP, ELCTRN, F I E L D S ,  F P P P ,  
FUDGE, G E ~ M ,  IMPURT, INDEX, INPUT,  I N T R P ,  
IONS,  NEUTRL, aUTPUT, TEMP, TIME,  TMINDX, 
XPgRT 

V a r i a b l e s  and arrays required:  S e e  T a b l e  1 4  and A p p e n d i x  I1 

V a r i a b l e s  and arrays changed: S e e  T a b l e  1 4  and A p p e n d i x  I1 



T a b l e  1 4 .  L i s t  o f  l a b e l e d  commons a n d  e l e m e n t s  i n  t h e m  u s e d  b y  s u b r o u t i n e  BEAM 

I n p u t  d u t p u t  
C@MM@N BL@CK 

V a r i a b l e s  A r r a y s  V a r i a b l e s  A r r a y s  

/BEAMC / E N G Y ( ~ ) ,  DTCH, DTCGL, CURBM 
RC, TNJCT, NJCT, LJCT 

/ BEAMP / TCGS ( 2 )  

STL, ST2,  ST3 
ST4,  ST5 ,  ST6 

ZBR 

I N J  

ENGY ( 2 )  , ENGY (3) DJT 

TCGS (1) , PNUM, HTMP, GETMP, GITMP, 
TCHS, MM DJTMP, QETMP, QITMP, 

DJTTMP, SDT, ECRS, 
DJSUM, HX 

NCGLM 

T ,  E@, TEE, T I I ,  
DNE, DNO, AMF, 
AE.11, BRAZ, SQBRZ, 
ZF, ETO, EPA3, 
EPA4, EPA5, M 3 ,  
M4, M5, ICTX, I N 0  



T a b l e  1 4  ( c o n t i n u e d )  

I n p u t  O u t p u t  
C@MM@N BL$?CK 

Variablss  Arrays Vaziables Arrays 

/ INTRP / T$L XXX RTMP 

/IONS/ DEN 

/NEUTRL/' Z N ~  Q E l ,  QI1 

/OUTPUT/; ECO, TsQ), T F ~ ,  
T W 0 ,  VO$, 
G I I ,  GZE, BKE, 
GHE, a E E ,  BKEE 

/TEMP / TE, TI 

/TIME/ In, TIM, TMaY 

ITMINDXI' DTNJCT, Nl,. N 3  

/XP@RT/ Dl 



SUBR~UTINE BMPWR 

Subroutine BMPWR uses information calculated i n  the  n e u t r a l  beam 

i n j e c t i o n  module t o  generate p r o f i l e s  showing the  power balance fo r  

the  in jec ted  n e u t r a l  beam a f t e r  i t  has in te rac ted  with the  t a r g e t  

plasma. Table 15 shows t h e  va r iab les  and ar rays  required a s  input  and 

generated a s  output.  

I n  a l l  cases,  1 G J G 3 r e f e r s  t o  the  energy component (E ~ ~ 1 2 ,  
0 ' 

o r  E0/3) of the  beam and L = 1, 2 t o  whether co- o r  counter- inject ion 

i s  used. The subroutine ca lcu la tes  t o t a l  power by summing beam com- 

ponents and f r a c t i o n s  of the  t o t a l  deposited power which go t o  elec-  

t rons ,  ions ,  and t h e  wall .  The component and t o t a l  current  perturba- 

t i o n s  a r e  a l s o  ca lcula ted .  This information i s  p r in ted  by t h e  subroutine 

when t h e  p r in tou t  f o r  t h e  r e s t  of t h e  simulat ion code i s  requested. 

Called from: MAIN 

Subroutines ca l led:  QUADR 

Commons required : BEAMC, BEAMP, FPPP , G E ~ M ,  INDEX, INTRP , NEUTRL , 
TIME, XTRA 

Arrays changed: 

FNBA - f r a c t i o n  of in jec ted  n e u t r a l  beam deposited i n  t h e  
plasma (neu t ra l  beam absorption f a c t o r )  

FPRT - f r a c t i o n s  of t o t a l  in jec ted  n e u t r a l  beam power 
deposited i n  t h e  plasma e lec t rons  and ions ,  l o s t  
t o  charge exchange,' and deposited d i r e c t l y  i n t o  
t h e  l i n e r  

D I T  - sum of contr ibut ions  t o  current  per turbat ion re-  
sulcing from C6- and counter-injected n e u t r a l  
beams 

DITT - sum of current  per turbat ion contr ibut ions  r e s u l t i n g  
from t h e  th ree  in jec ted  beam energy components 

Variables representing amounts of power, w/cm3, f o r  each energy 
component and i n j e c t i o n  configurat ion.  

QTB - supplied by the  n e u t r a l  beam i n j e c t o r  

VTD -.deposited i n  rhe plasma 

QEB - deposited i n  the  plasma e lec t rons  

Q I B  - deposited i n  the  plasma ions 

QCX - l o s t  t o  charge exchange 

QBL - deposited d i r e c t l y  i n t o  t h e  l i n c r  



Var iab le s  r e p r e s e n t i n g  t o t a l  power, w/cm3, f o r  t h e  sum of t h e  t h r e e  

i n j e c t e d  beam energy components 

QTBT - s u p p l i e d  by t h e  n e u t r a l  beam i n j e c t o r  

QTDT - depos i t ed  i n  the  plasma 

QEET - depos i t ed  i n  t h e  plasma e l e c t r o n s  

QIIT - depos i t ed  i n  t h e  plasma ions  

QCXT - l o s t  t o  charge exchange 

QBLT - depos i t ed  d i r e c t l y  i n t o  t h e  l i n e r  

QINT - a working a r r a y  conta in ing  in te rmedia te  q u a n t i t i e s  
r c l a t c d  t o  n e u t r a l  beam power lnsa  nr t r a n s f e r  
and c u r r c n t  p e r t u r b a t i o n  

S S  - v a l u e  of i n t e g r a l  of p r o f i l e  contained i n  QINT 
Array, computod by call t o  sl.~hrntlrlne QlIAnR 



T a b l e  15. L i s t  of l a b e l e d  c o m m o n s  and e l e m e n t s  i n  t h e m  used by sub rou t ine  BMPWR 

Input  Q u t p u t  
C@MFlQX BLOCK 

V a r i a b l e s  A r r a y s  V a r i a b l e s  A r r a y s  

/BEAMC/ UJCT, LJCT CUREM, ENGY 

/BEM / PNUM, TCHS', MI@ HTMP, GETMP, GITME' , 
D.JTblP, DJTIME' ,a  
TCGS ,a SDT ,a ECRS ," 
D J S U M , ~  X P R T ~  

FNBA, QEB, Q I B ,  QCX, 
QTB, QTD, QBL, QTBTy 
QTDT, QEET, Q I I T ,  
QCXT, QBLT, D I T ,  
D I T T ,  FPRT 

%ariatles and arra:Js used only f o r  p r i n t o u t .  



SUBR@UTINE QUADR(Z,N,H,S,IER) 

Subrout ine  QUADR i n t e g r a t e s  a f u n c t i o n  by numerical quadra ture  

u s i n g  a  b a s i c  f i ve -po in t  formula i f  t h e r e  a r e  a t  l e a s t  f i v e  func t ion  

v a l u e s .  The r o u t i n e  assumes t h a t  t h e  va lues  of t h e  independent v a r i a b l e  

( f u n c t i o n  argument) a r e  e q u a l l y  spaced. S ince  t h e  f ive-poin t  formula 

u s e s  succes s ive  groups of f i v e  f u n c t i o n  v a l u e s ,  t h e r e  w i l l  be  func t ion  

v a l u e s  remaining a t  one end of t h e  i n t e g r a t i o n  i n t e r v a l  when  m mod 4 )  # 0. 

The i n t e g r a t i o n  i s  colupleted by a 2-, 3-, o r  4-point formula according t o  

whether N (,mod 4') i s  1, 2 ,  o r  3 .  

C a l l e d  from: BMPWR 

V a r i a b l e s  r e q u i r e d  : 

Z(50) - a r r a y  of v a l u e s  of f u n c t i o n  t o  be i n t e g r a t e d  

N - number of p o i n t s  f o r  which func t ion  va lues  e x i s t  

H - spac ing  between succes s ive  va lues  of t h e  independent 
v a r i a b l e  

Var i ab le s  changed: 

S - v a l u e  of t h e  i n t e g r a l  

IER - d i a g n o s t i c  and e r r o r  v a r i a b l e  

= 0 ,  normal r e t u r n  

= 1, on ly  a s i n g l e  value o r  no va lue  of the func t ion  t o  be 
i n t e g r a t e d  was passed from t h e  c a l l i n g  program 

= 2,  t h e  i n t e r v a l  between succes s ive  va lues  of t h e  independent 
v a r i a b l e  vanishes  



SUBR~~UTINE SUBH 

Subrout ine SUBH, when i t  is  f i r s t  c a l l e d , . i n i t i a l i z e s  t h e  v a r i a b l e s  

and a r r a y s ~ r e q u i r e d  by t h e  subrout ines  which genera te  t h e  f a s t - i on  

depos i t i on  p r o f i l e  H(r) . The v a l u e s  of t h e s e  v a r i a b l e s  and a r r a y s  

a r e  s t o r e d  i n  t h e  common block a r e a s  CN and D.  These i n i t i a l i z a t i o n s  
~" 

a r e  skipped on subsequent c a l l s .  

For each n e u t r a l  beam energy component t h i s  sub rou t ine  c a l c u l a t e s  

t h e  mean f r e e  pa ths  of t h e  i n j e c t e d  ions  due t o  charge exchange and 

ion iza t ion .  It sets up t h e  plasma d e n s i t y  p r o f i l e  (normalized t o  t h e  

c e n t r a l  dens i ty )  used i n  t h e  c a l c u l a t i o n  of H(r) and c a l l s  t h e  sub rou t ines  

where 



and 
f 

I L = 1, co- in jec t ion  
ENGY ( J )  

x  s = 229.581 [ l -2(L- l ) ]  JRdzJ(l) , L = 2, coun te r - in j ec t ion  

J = 1, 2, 3 f o r  t h e  t h r e e  
energy components of t h e  
. i n j ec t ed  n e u t r a l  beam. 

Subrout ine SUBH c a l c u l a t e s  t h e  plasma d e n s i t y  p r o f i l e  used i n  t h e  

exp res s ion  f o r  H(r )  a t  t h e  N g r i d  p o i n t s  used by t h e  r e s t  of t h e  simu- 

l a t j n n  cnde. The subrou t ine  then  c a l l s  a  r o u t i n e  XTERP t o  do a  f o u r t h  

o r d e r  i n t e r p o l a t i o n  t o  genera te  a  t a b l e  of va lues  f o r  101 equa l ly  spaced 

r a d i a l  p o i n t s .  However, t h e  s p a t i a l  meshes of t h e  i n t e g r a t i o n s  tequired 

t o  gene ra t e  t h e  p r o f i l e  H(r) and uscd i n  t h e  s imu la t ion  code a r e  indepen- 

den t  of each o t h e r .  
A, 

n( r )  used h e r e  is  d i f f e r e n t  i n  form and kind from The q u a n t i t y  7 - 
A, G(0) 

t h a t  used by Colchin and ~ o o t e n . ~  Some a d d i t i o n a l  phys ics ,  t h e  e f f e c t  

of i m p u r i t i e s ,  h a s  been added by d e f i n i n g  a c r o s s  s e c t i o n  f o r  i m p u r i t i e s  

a  = z2 a f o r  each impuri ty  s p e c i e s  I. The c r o s s ' s e c t i o n  a  i s  def ined  
I I P  P 

i n  t e r m s  o f  t h e  pro ton  impact i o r l f x a ~ l u l l  ~ e c i p r o e a l  mcan free p a t h  

<av> = a v where vo i s  t h e  i n i c i a l  v e l o c i t y  of t h c  i n j e c t e d  neutY*l 
P 0' 

beam. 

Using t h e  d e f i n i t i o n  f o r  Z e f f ,  t h e  c o l l i s i o n  frequency, 

can b e  w r i t t e n  as 

n ( r )  <ov>, I )  n (r) a Zef i  
v = v n . (o )acx  + + L L  T 0 1  ni(o) aCXvO ni(o) ni(o) aCX 

L e t t i n g  



then 

and t h e  absorp t ion  decrement can be  w r i t t e n  a s  

A n i b )  Acx 

G(r)  = ni ( r )  + n e ( r )  ( $ z e f i  +--) ne(o) A, . 

The s t a g n a t i o n  d i s t a n c e  x (assumed cons t an t )  is  a l s o  c a l c u l a t e d  f o r  
S 

each n e u t r a l  beam energy component. Subrout ine SUBH then  c a l l s  sub- 

r o u t i n e  AVETH t o  g e t  t h e  H(r) p r o f i l e ,  which i s  symmetric about t h e  

s t a g n a t i o n  po in t .  Subrout ine GAUSST averages H(.p,B) on a f l u x  s u r f a c e  

t o  g ive  H( r ) .  A s e p a r a t e  H(r) p r o f i l e  i s  c a l c u l a t e d  f o r  each o f ' t h e  

t h r e e  beam energy components f o r  co- and/or counter - in jec t ion .  Thus, 

a s  many a s  s i x  ~ ( r )  p r o f i l e s  can be re turned  f o r  each c a l l  t o  sub rou t ine  

SUBH; t h e s e  p r o f i l e s  a r e  s t o r e d  i n  t h e  a r r a y  HTMP. 

Cal led from: BEAM ( a l t e r n a t e  ENTRY INJECT) 

Subrout ines  c a l l e d :  SIGMAX, XTERP, AVETH, GAUSST 

Commons requi red :  BEAMC, BEAMP, CN, D, E, FIELDS, FPPP, G E ~ M ,  
LMPURT, INDEX, LNTRP, I ~ N S ,  TA, TEMP, XP@RT 

Var iab les  and a r r a y s  requi red :  See Table 16 and Appendix I1 

Variab les  and a r r a y s  changed: See Table 16  and Appendix I1 



T a b l e  16.. L i s t  of l a b e l e d  commor!s an6 e lements  i n  t h e m  used by s u b r ~ u t i n e  SUBH 

I n p u t  o u t p u t  
C@MM@N BLQCK 

V a r i a j l e s  Ar rays  V a r i a b l e s  Ar rays  

/ BEAMC / R7, R8, HALF, LJCT ENGY 

/ BEAMP / 
/CN/ 

/D / 

/GEQ)M/ 

/ IMPURT / 

/INDEX/ 

/ INTRP / 

/IQ)NS/ 

/TA/ 

NCGLM 

DENP 

xa 
D3N 

HTT 

TE 

D 1 

A,  XS, 3, Rig 
RC, 3 3 ,  (!&I?, NZ 

RHOMAX, DELT 
DELN, NGL'P1 

HTMP, XPRT 

S 

FPCX, FPI, FPE, 
FP, FPIMP P 

w 
00 



SUBR@UTINE AVETH (R, HR) 

Subrout ine AVETH genera tes  t h e  p r o f i l e  H[p(8)]  u s ing  a 12-point 

Gauss-Chebyshev quadra ture  formula: 

X A ~  
H[p (') = 9 .869srB2 * ANSZ * B S W E  

where 

and 

The i n t e g r a l s  I+ and I- a r e  computed i n  sub rou t ine  RPT3XY according t o  

t h e  v a l u e  of t h e  swi tch  NZ (=1 and =2, r e s p e c t i v e l y ) :  

An explana t ion  of t h e  modi f ica t ions  r equ i r ed  t o  g e t  t h e  i n t e g r a l  over  z B 

i n t o  t h e  form requi red  f o r  applying t h e  Gauss-Chebyshev quadra ture  formula 

i s  given i.n the d e s c r i p t i o n  of sub rou t ine  RPT3XY. The c o n s t r a i n t  

p 2 a - l XSSl t a k e s  i n t o  account t h e  excluded volume shown i n  F ig .  10. 

Cal led from: SUBH 

Subrout ine ca l l ed :  RPT3XY 

Comruurls required: CN, D, E 
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Fig. 10. Geometry and conventions used for computa- 
tions in subroutines GAUSST, AVETH, and RPT3XY. 



Variab les  requi red :  

R - . d i s t ance  from the  s t a g n a t i o n  p o i n t  t o  p o i n t s  i n  t h e  
plasma defined by R d A - I XSS I , where A i s  t h e  t o r u s  
minor r a d i u s  

S  - a r r a y  of zeros  of t h e  Chebyshev polynominals of degree NP 

S  1 - C h r i s t o f f e l  numbers B j  f o r  t h e  Gauss-Chebyshev formula, 
t h e  c o e f f i c i e n t  ~ / n  f o r  t h e  sum on t h e  right-hand s i d e  
( see  d e s c r i p t i o n  of ' subrout ine RPT3XY) 

NP - t h e  number of po in t s  used by t h e  quadra ture  formula 

A - t o r u s  minor r a d i u s ,  cm 

XSS - displacement between t h e  magnetic a x i s  and t h e  
s t a g n a t i o n  p o i n t  ( s ee  Fig.  l o ) ,  cm 

RB - r a d i u s  r of t h e  i n j e c t e d  n e u t r a l  beam, cm 
B 

OFP - r e c i p r o c a l  of t he  abso rp t ion  .mean f r e e  pa th  of t h e  
n e u t r a l  beam, cm-l 

BSHAPE - i n j e c t e d  n e u t r a l  beam p r o f i l e  f a c t o r  

Var iab les  changed: 

HR - t h e  va lue  of H[p (€I)] f o r  a  given va lue  of p (8) = R 

RH@ - t h e  va lue  of p (0) 

S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  

X - t h e  success ive  va lues  of t h e  i n t e g r a t i o n  v a r i a b l e  
corresponding t o  t he  ze ros  of t h e  Chebyshev polynominals 
of degree NP 

UP - upper l i m i t  of i n t e g r a t i o n  

XI, - lower l i m i t  of i n t e g r a t i o n  

RESl - va lues  of t h e  i n t e g r a l s  I' 



SUBR@UTINE RPT3XY (ZB , XINT3) 

Subrout ine  RPT3XYZ uses  a 12-point Gauss-Chebyshev quadra ture  

formula t o  e v a l u a t e  t h e  i n t e g r a l s  

when NZ - 1 and 

when NZ = 2 .  The v a r i a b l e  ; is  t h e  r a d i a l  d i s t a n c e  from t h e  c e n t e r  of 

t h e  i n j e c t e d  n e u t r a l  beam t o  t h e  p e n c i l  beam a x i s .  I f  

t hen  XINT3 = 0. Thi s  cond i t i on  t akes  i n t o  account t h e  ca ses  when t h e  

i n j e c t e d  n e u t r a l  beam does n o t  c r o s s  a p a r t i c u l a r  f l u x  s u r f a c e  and hence 

does not  c o n t r i b u t e  any f a s t  i ons  t o  t h a t  su r f ace .  
..I- 8 

The i n t e g r a l s  I and I-.' a r e  of t h e  f o r m k  f (x)dx and must be modi- 

f i e d  t o  o b t a i n  t h e  form requ i r ed  f o r  t h e  Gauss-Chebyshev quadra ture  i n  t h e  

fo l lowing  way : 



I 
where w(x) = - i s  t h e  weight func t ion .  The Gauss-Chebyshev formula 

h z -  
i s  

where 

The z a r e  t h e  zeros  of t h e  Chebyshev polynominals of degree n.  
j 

Called from: AVETH 

Subrout ines  c a l l e d :  W3XYZ 

Commons requi red :  CN,  D ,  E 

Var i ab le s  requi red :  

Z B  - d i s t a n c e  zg from t o r u s  p lane  of b i l a t e r a l  symmetry 
t o  a x i s  of p e n c i l  beam, cm 

S - a r r a y  of ze ros  z of t h e  Chebyshev polynominals of 
degree NP 

j 

S1 - C h r i s t o f f e l  numbers B j  f o r  t h e  Gauss-Chebyshev formula,  
t h e  c o e f f i c i e n t  r / n  f o r  t h e  sum on t h e  right-hand s i d e  

NP - t h e  number of p o i n t s  used by t h e  quadra ture  formula 

XSS - displacement between t h e  magnetic a x i s  and t h e  s t agna t ion  
po in t  ( s ee  Fig.  l o ) ,  cm 

RB - r a d i u s  r g  o i  t h e  i n j e c t e d  n e u t r a l  beam, cm 

RHd - d i s t a n c e  from t h e  s t a g n a t i o n  po in t  t o  p o i n t s  i n  t h e  
plasma def ined  by RHO G AM - IXSS I , where AM is  t h e  
t o r u s  minor r a d i u s  

RC - r a d i u s  of c e n t e r  of i n j e c t e d  n e u t r a l  beam measured 
from t o r u s  v e r t i c a l  a x i s ,  cm 

RO - major r a d i u s  of t h e  t o r u s ,  cm 
+ 

NZ - switch used t o  determine which i n t e g r a l ,  I o r  I-, i s  
t o  be  eva lua ted  

Var iab les  changed: 

XINT3 - t h e  va lue  of  t h e  i n t e g r a l  I+ o r  I- 

h ~ l  - v a r i a b l e  conta in ing  v a l u e s  of upper l i m i t s  of t h e  
i n t e g r a l s ,  one of t h e  va lues  XUPl = R + x 

f JP'-zg2 0 s 
according t o  t h e  va lue  of NZ (=I, 2 ) .  



S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  

X - a r r a y  of succes s ive  va lues  of S j  used t o  compute t h e  
v a l u e  of t h e  f u n c t i o n  f (ci) 

FX - a r r a y  of v a l u e s  of t h e  in t eg rands  

TXY - v a l u e  of upper l i m i t  of i n t e g r a t i o n  

PXY - v a l u e  of lower l i m i t  of i n t e g r a t i o n  



SUBR@UTINE W~XYZ(ZRH@, ZB, ACRB, WXYZ) 

Subrout ine W3XYZ c a l c u l a t e s  t h e  number of f a s t  i ons  produced pe r  

u n i t  r a d i u s  dN /dR a t  t h e  fou r  p o i n t s  where t h e  p e n c i l  beam passes  
f  

through a g iven  f l u x  su r f ace .  The geometry upon which t h e  o rde r ing  of 

t h e  computations i s  based i s  shown i n  Fig. 11. The o u t e r  p o i n t s  p and 
1 - .  

p a r e  t r e a t e d  s e p a r a t e l y  from t h e  i n n e r  p o i n t s  p and p . The switch 
4 2 3 

v a r i a b l e  NZ d i s t i n g u i s h e s  between t h e s e  two cases .  Values of dNf/dR f o r  

p o i n t s  p and p a r e  computed when NZ = 1 and f o r  p o i n t s  p and p when 
1 4 2 3 

NZ = 2. 

The gene ra l  equat ion  upon which t h i s  subrout ine  i s  based is2 

r 

where r i s  t h e  r a d i a l  d i s t a n c e  from t h e  t o r u s  minor a x i s  t o  t h e  p e n c i l  

beam a x i s ,  t h e  r a d i a l  d i s t a n c e  from t h e  c e n t e r  of t h e  i n j e c t e d  n e u t r a l  - - 
beam t o  t h e  p e n c i l  beam a x i s  and A. = A (0) t h e  charge-exchange mean 

CX 

f r e e  p a t h  ( t h e  beam absorp t ion  mean f r e e  p a t h ) .  

Cal led  from: RPT3XY 

Subrout ines  c a l l e d :  GAUSS8, YTERP 

Commons requi red :  CN, D ,  E ,  HZ, INTRP 

Var i ab le s  requi red :  

ARH0 - d i s t a n c e  from t h e  s t a g n a t i o n  p o i n t  xs t o  p o i n t s  i n  
t h e  plasma, i . e . ,  r a d i u s  of a f l u x  s u r f a c e  

Z B  - v e r t i c a l  displacement zg of p e n c i l  beam from p lane  
of symmetry of t h e  t o r u s ,  cm 

ACRB - an  a r r a y  of c u r r e n t  va lues  of RB ( t h e r e  a r e  nes t ed  
i n t e g r a l s )  

NP - number of p o i n t s  used by t h e  Gauss-Chebyshev 
quadra ture  formula 

A - t o r u s  minor r a d i u s ,  c m  
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RC - r a d i u s  of c e n t e r  of i n j e c t e d  n e u t r a l  beam measured 
from t o r u s  v e r t i c a l  a x i s ,  cm 

RO ,-major r a d i u s  of t h e  t o r u s ,  cm 

NZ - switch used t o  determine a t  which p a i r  of p o i n t s  t o  
compute m f / d ~  
= 1, p1 and p 

4 
= 2, p2 and p 

3 

XW1 - a v a r i a b l e  conta in ing  one of t h e  l i m i t s  f o r  t h e  
i n t e g r a l s ,  w i t h  one of t h e  va lues  XUPl = Ro + xs 

according t o  t h e  va lue  of NZ 1 2) 

BEAM - square of t h e  h a l f  width of t h e  assumed Gaussian 
p r o f i l e  shape of t h e  i n j e c t e d  n e u t r a l  beam 

DXX - spac ing  i n t e r v a l  f o r  t h e  XXX a r r a y  

XXX - independent v a r i a b l e  a r r a y  conta in ing  va lues  of 
r a d i u s  f o r  which t h e  plasma d e n s i t y  i s  ki~own 

PIDEN - a r r a y  conta in ing  plasma d e n s i t y  p r o f i l e  normalized 
t o  t h e  c e n t r a l  d e n s i t y  ( s ee  d e s c r i p t i o n  of sub- 
r o u t i n e  SUBH) 

CRB - c u r r e n t  va lue  of RB, 
r equ i r ed  by a  nes ted  i n t e g r a l  

RHO - v a l u e  of r a d i u s  of a  p a r t i c u l a r  f l u x  s u r f a c e ,  cm 

XZB - a p a r t i c u l a r  va lue  of z used i n  a nes t ed  i n t e g r a l ,  cm B ' 
S i g n i f i c a n t  i n t e r n a l  v a r i a b l e s :  

A 1  - a t t e n u a t i o n  f a c t o r  f o r  beam from en t r ance  p o i n t  of 
plasula to p 

1 
A2 - a t t e n u a t i o n  f a c t o r  f o r  beam from ent rance  p o i n t  of 

plasma t o  p 
4 

A3 - a t t e n u a t i o n  f a c t o r  f o r  beam from en t r ance  p o i n t  of 
plasma t o  p 

2 
A4 - a t t e n u a t i o n  f a c t o r  f o r  beam from en t r ance  p o i n t  of 

plasma t o  p 
3 

A7 - va lue  of n e u t r a l  beam c u r r e n t  p r o f i l e  I (r) at: the 
l o c a t i o n  of t h e  p e n c i l  beam 

B 

XI,, XL1 - va lues  of lower l i m i t s  of i n t e g r a t i o n  

XU, XUP1-values of upper l i m i t s  of i n t e g r a t i o n  



SUBRmTINE GAUSS8 (A, B y  ANS) 

Subrout ine  GAUSS8 uses  a  12-point Gauss-Chebyshev quadra ture  formula 

t o  e v a l u a t e  i n t e g r a l s  of t he  form 

which appear i n  t h e  gene ra l  form of t h e  absorp t ion  decrement2 

f o r  a p e n c i l  beam component of an i n j e c t e d  n e u t r a l  beam. Let % = R'C; 

t hen  

1 ... Rg 
ANS = - R~ dE 

n  - Ro) (- 7)- 
i; 5 J 1 - 5 2  

Thi s  i n t e g r a l  is of t h e  form f  (x)dx and must be  modified a s  fo l lows  

t o  o b t a i n  t h e  form requ i r ed  t h e  Gauss-Chebyshev quadrature:  

i s  t h e  weight func t ion .  The Gauss-Chebyshev f  o r a u l a  where w(x) = - 
i s  

where f o r  t h e  i n t e g r a l  t o  be eva lua t ed ,  



with  

The z .  a r e  t h e  zeros  of t h e  Chebyshev polynominals of degree n.  
J 
Values f o r  t h e  dens i ty  (normalized t o  t h e  plasma c e n t r a l  dens i ty )  

;(r)  a t  t h e  r a d i i  corresponding t o  t h e  z a r e  computed us ing  a l i n e a r  
j 

i n t e r p o l a t i o n  of t h e  normalized d e n s i t y  p r o f i l e  a r r a y .  

Cal led  from: W3XYZ 

Commons requi red :  CN, D ,  E ,  HZ, INTRP 

Var iab les  r equ i r ed  :. 

A - lower l i m i t  of t he  i n t e g r a l  

B - upper l i m i t  of t h e  i n t e g r a l  

CRB - c u r r e n t  va lue  of RB ( t h e r e  a r e  nes ted  i n t e g r a l s ) ,  t h e  
d i s t a n c e  from the  major a x i s  of t h e  t o r u s  t o  t h e  
p o i n t  of tangency of t h e  p e n c i l  beam 

NP - t h e  number of p o i n t s  used by t h e  quadra ture  formula 

S - a r r a y  of zeros  z of t h e  Chebyshev polynominals of 
degree NP j 

RO - t o r u s  major r a d i u s ,  cm 

ZB - p e n c i l  beam v e r t i c a l  displacement z. from plane  of 
symmetry of t h e  t o r u s ,  cm 

B 

AB - t o r u s  minor r a d i u s ,  cm 

DXX - spac ing  i n t e r v a l  f o r  independent v a r i a b l e  a r r a y  
corresponding t o  t h e  normalized d e n s i t y  p r o f i l e  

PIDEN - plasma d e n s i t y  p r o f i l e  a r r a y ,  normalized t o  t h e  
c e n t r a l  d e n s i t y  ( s ee  d e s c r i p t i o n  of sub rou t ine  SUBH) 

XXX - independent v a r i a b l e  a r r a y  corresponding t o  t h e  
normalized d e n s i t y  p r o f i l e  

S 1  - Chris tof  £ e l  numbers B j  f o r  t h e  ~ a u s s - ~ h e b ~ s h e v  
formula, t h e  c o e f f i c i e n t  r / n  f o r  t h e  sum on t h e  r i g h t -  
hand s i d e .  

@FP - r e c i p r o c a l  of t h e  abso rp t ion  mean f r e e  pa th  of the 
n e u t r a l  beam a t  r = 0, cm-l 

Var i ab le s  changed: 

ANS - t h e  va lue  of t h e  i n t e g r a l  

S i g n i f i c a n t  in te rna l  v a r i a b l e s :  

X - t h e  v a r i a b l e  which t akes  on t h e  success ive  va lues  of 
3 .  used t o  compute t h e  va lue  of t h e  func t ion  f ( 3 . )  

J 3 



SUBR~UTINE GAUSST 

Subrout ine  GAUSST does t h e  i n t e g r a t i o n  over 8 f o r  H(r ,8)  t o  g e t  t h e  

f a s t  i on  product ion  p r o f i l e  <H(r ,8)>  according t o  8 

u s i n g  an e i g h t  p o i n t  Gaussian quadra ture .  F igure  11 shows t h e  geometry 

and convent ions used as the  b a s i s  f o r  t h e  computational procedure. 

Cnl lcd  from; ... -. CUBII 

Funct ion c a l l e d :  YTERP 

Csmmana required: D,  TA 

Var iab le s  r equ i r ed  : 

NGLPl -number of computat ional  g r i d  elements p l u s  one used 
f o r  t h e  H [ p  (8) 1 p r o f i l e  

XSS - displacement  between t h e  magnetic a x i s  and t h e  s t a g n a t i o n  
p o i n t  ( s ee  Fig. l o ) ,  cm 

RHgMAX - maximum'value of RHd pe rmi t t ed ,  a s  determined by t h e  
p o s i t i o n  of t h e  t o r u s  w a l l  o r  d i v e r t e r  r e l a t i v e  t o  
t h e  s t a g n a t i o n  p o i n t  

DELN - AM/NCGLM, r a d i a l  increment w i th  r e s p e c t  t o  t o r u s  
minor r a d i u s  AM, cm 

DELI-I IZII@F~AX/NCGLM, r a d i a l  incrcrnent wi th  respect t o  maximum 
va lue  of RHg, cm 

RV - a r r a y  of r a d i a l  va lues  a t  which t h e  f a s t  i o n  product ion 
p r o f i l e ,  H(r ,8)  be fo re  angle  averaging,  is  determined, 
i . e . ,  0 < RV(1) < RHgMAX 

HKH@ - array c a i  .v.alucts of H(r ,8) 

Vnriahlca chringed : , 

RHg - d i s t a n c e  from t h e  s t a g n a t i o n  p o i n t  t o  p o i n t s  i n  t h e  
plasma d e i i n e d  by KHO G AM - XSS, where AM is  t h e  
LuruE n ~ i i l u r  cadius 

HTT - v a l u e  of t h e  i n t e g r a l  <H(r ,8)>e a t  each of t h e  p o i n t s  
i n  the i n t e r v a l  [O,AM] wi th  g r i d  spac ing  DELN. 



FUNCTI@N XTERP (XVAL, X, F, N@PTS, T ~ L ,  NCALL) 

Function XTERP r e t u r n s  a va lue  i n t e r p o l a t e d  from t h e  F-array 

corresponding t o  a va lue  XVAL of t h e  independent v a r i a b l e  when XVAL 

l i e s  i n  t he  range of t h e  X-array va lues .  The r o u t i n e  uses  a Newton 

backward difference-forward d i f f e r e n c e  method t o  g e t  t h e  i n t e r p o l a t e d  

va lue .  The number of i t e r a t i o n s  i s  f i x e d  a t  fou r  s i n c e  t h e  F-array 

va lues  do no t  n e c e s s a r i l y  l i e  a long a smooth curve. High o rde r  poly- 

nomial i n t e r p o l a t i o n s  t o  t h e  F-array va lues  gene ra l ly  cause numerical  

problems. 

Cal led from: BEAM ( a l t e r n a t e  ENTRY INJECT), SUBH 

Var i ab le s  requi red :  

XVAL - value  of independent v a r i a b l e  f o r  which an  i n t e r p o l a t e d  
va lue  of t h e  func t ion  (dependent v a r i a b l e )  i s  d e s i r e d  

X - t a b l e  of va lues  of independent v a r i a b l e  

F - Cable uf va lues  of dependent v a r i a b l e  

NdPTS -number of p o i n t s  f o r  which func t ion  va lues  e x i s t  
i n  t h e  F-array 

T@L - t o l e r ance  f a c t o r  f o r  t e s t  of e r r o r  s i z e  

NCALL - c a l l  number of t h e  sub rou t ine ,  used only f o r  p r i n t i n g  
out  d i agnos t i c s  

Var iab le  changed : 

XTERP - i n t e r p o l a t e d  va lue  of t h e  dependent v a r i a b l e  

L imi t a t ions :  

The e r r o r  t e s t  va lue  i s  given by I T@L*F(l) 1 



FUNCTI@N YTERP(RRR, XXX, PIDEN, DXX, NN) . . 

Funct ion YTERP r e t u r n s  t h e  va lue  of a t abu la t ed  func t ion  a t  some 

s p e c i f i e d  p o i n t  u s ing  a l i n e a r  i n t e r p o l a t i o n  procedure. The r o u t i n e  

assumes t h e  v a l u e s , i n  t h e  independent v a r i a b l e  a r r a y  a r e  equa l ly  spaced. 

Let. f  .. = f ( x . )  and A ,= x - x ' then  t h e  i n t e r p o l a t i o n  formula i s  
1 1 i+l i' 

f ( x )  = f i  + [f i+l , -  fi1(x-xi)/A . 
I f  a va lue  of x o u t s i d e  t h e  range of t h e  t a b l e s  o f  va lues  f o r  f  a n d ' x  

i i 
i s  supp l i ed ,  t h e  v a l u e  of t h e  func t ion  r e tu rned  i s  a n  e x t r a p o l a t i o n  based 

on the two end v a l u e s  of t h e  t a b l e s  ap ,propr ia te  f o r  t h e  ca ses  when x < xl 

and when x > %. The t a b l e s  are assumed t o  be ordered according t o  

I n c r e a s i n g  va lues  ul K ~ .  

Ca l l ed  from: BEAM ( a l t e r n a t e  ENTRY INJECT) 

Var i ab le s  r equ i r ed  : 

RRR - v a l u e  of independent v a r i a b l e  f o r  which an i n t e r p o l a t e d  
va lue  of t h e  func t ion  (dependent v a r i a b l e )  i s  d e s i r e d  

XXX - t a b l e  of equa l ly  spaced va lues  of independent  v a r i a b l e ,  xi 

PIDEN - t a b l e  of va lues  of dependent v a r i a b l e ,  f i  

DXX - independent v a r i a b l e "  spac ing ,  - x 
=, Xi+l . i ' 

NN - t h e  number of p a i r s  of va lues  ( f  x.)  i n  t h e  dependent i' 1 
and independent .var laLle t a b l e s  

. . 
Vari .ahl  P changed': 

YTERP = f  (x) 



Subrout ine FPMOME i s  t h e  main c a l l i n g  r o u t i n e  f o r  eva lua t ing  t h e  

moments of t h e  Fokker-Planck equat ion,  which i s  used t o  d e s c r i b e  t h e  

slowing down of t h e  i n j e c t e d  n e u t r a l  beam i n  t h e  t o r o i d a l  plasma. The 

moments a r e  eva lua ted  by a s e r i e s  of 30 func t ion  subprograms. F igure  12  

shows t h e  func t ion  r o u t i n e s  and o rde r  of c a l l s  used t o  do t h e  moments 

c a l c u l a t i o n .  The express ions  f o r  t h e  moments were der ived  by J. D .  

c a l l e n .  The v a r i a b l e s  descr ibed  below a r e  used throughout t h e  func t ion  

subprograms, s o  a r e  def ined  he re  only  t o  avoid unnecessary r e p e t i t i o n .  

The v e l o c i t y  of t h e  n e u t r a l  beam a t  t h e  po in t  of en t r ance  i n t o  t h e  

plasma i s  given by 

where 

EO@ = E = t h e  energy of t h e  i n j e c t e d  n e u t r a l  beam component, eV 
0 

and m = t h e  mass of a n e u t r a l  beam p a r t i c l e ,  amu. f 
The energy E above which t h e  i n j e c t e d  n e u t r a l  beam slowing i s  due t o  

c ' 
t h e  plasma e l e c t r o n s  and below which slowing i s  due t o  plasma i o n s ,  i s  

given by 

ECO = E~ = 14.8 Te (mf/%) (mf /mi) 2 / 3  [ z l 2 l 3 ,  e~ 

where 

m .  = mass of t h e  plasma i o n s ,  amu 
.1 

% = mass of t h e  pro ton ,  arnu 

Te = e l e c t r o n  temperature,  eV and 

[ Z I  = ( l / ne )  
s p e c i e s ,  k '%'"k'"kZk s p e c i e s ,  k 

The v e l o c i t y  v corresponding t o  E is  given by 
C C 
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Fig .  12. Diagram of func t ion  r o u t i n e s  and 

t h e i r  o r d e r  of c a l l  f o r  t h e  c a l c u l a t i o n  of t h e  
moments of t h e  Fokker-Planck equat ion.  



The n e u t r a l  beam slowing down t ime T i s  given by 
S 

TSQ = . r  s = 0 . 1 2 ( ~ ~ / 1 0 ~ e ~ )  3 / 2  (mf/mH) I [  ( n e / l ~ 1 3 ) ~ f 2 ]  , sec  

where n i s  t h e  plasma e l e c t r o n  d e n s i t y ,  i n  u n i t s  of 1 0 - l ~ c m - ~ .  
e 

The t ime i n t e r v a l  T used a s  one of t h e  c r i t e r i a  t o  determine when 
f '  

t h e  Fokker-Planck code4 s o l u t i o n  has  reached a s teady  s t a t e  cond i t i on ,  

i s  given by 

A t  t ime t fo l lowing  en t rance  i n t o  t h e  plasma, a f a s t  i o n  generated from 

t h e  i n j e c t e d  n e u t r a l  beam has slowed t o  a v e l o c i t y  v ( t )  and corresponding 

energy E ( t )  given by 

1 ETQ = E ( t )  = 7 mfv2 ( t )  , e V  . . 
The remaining v a r i a b l e s  a r e  descr ibed  i n  d e t a i l  under t h e  headings 

of t h e  v a r i o u s  f u n c t i v a  subprograms c a l l e d  by subrout ine  FPMPME. 

Cal led from:. BEAM ( a l t e r n a t e  ENTRY INJECT) 

Funct ions c a l l e d :  BKEEF, BKEF, BKIEF, BKIF, BMEF, BNEF, BNF, GEEF, 
GEF, GIEF, GIF, PCX, TCX, VEL 

Commons requi red :  INPUT, OUTPUT ( see  Appendix 11)  

Variab-les changed: EOQ, ECg, ETQ, TO, TSQ, TFQ, VO0,  VCQ, VTQ 

TCXVQ - ro (v ) ,  t h e  mean l i f e t i m e  of a n e u t r a l  beam p a r t i c l e  be fo re  
undergoing a charge-exchange event  w i th  a plasma i o n  

GE(G1) - f r a c t i o n  of i n j e c t e d  n e u t r a l  beam power t r a n s f e r r e d  
t o  t h e  plasma e l e c t r o n s  ( ions )  

BKE(BK1) - f r a c t i o n  of f a s t  i on  momentum t r a n s f e r r e d  t o  t h e  
plasma e l e c t r o n s  ( ions )  

BN - number of s t o r e d  f a s t  i ons  r e s u l t i n g  from t h e  i n j e c t e d  
n e u t r a l  beam 

PCXVT - p r o b a b i l i t y  t h a t  a charge-exchange event  w i l l  n o t  occur 
Bduring t h e  t ime a n e u t r a l  beam p a r t i c l e  slows from t h e  

i n j e c t i o n  v e l o c i t y  v t o  the  vel-ocl.ty v ( t )  
0 

GEE(GIE) - c o r r e c t i o n  t o  t h e  i n j e c t e d  n e u t r a l  beam power t r a n s f e r r e d  
t o  t h e  plasma e l e c t r o n s  ( ions )  due t o  t h e  e l e c t r i c  f i e l d  

BKEE - c o r r e c t i o n  t o  momentum t r a n s f e r r e d  from i n j e c t e d  n e u t r a l  
(BKIE ) beam t o  t h e  plasma e l e c t r o n s  ( ions)  due t o  t h e  e l e c t r i c  

f i e l d  



BME - a n  i n t e g r a l  a r i s i n g  from one of t h e  moments of t h e  
Fokker-Planck equat ion  and r e l a t e d  t o  t h e  e l e c t r i c  
f i e l d  c o r r e c t i o n  

BNE - c o r r e c t i o n  t o  t h e  number of s t o r e d  f a s t  i ons  due t o  
t h e  e l e c t r i c  f i e l d  



F U N C T I ~ N  VEL (TIME) 

Funct ion VEL computes t h e  v e l o c i t y  of t h e  i n j e c t e d  n e u t r a l  beam a t  

a po in t  a long t h e  beam pa th  reached by t h e  beam p a r t i c l e s  a t  a t ime 

TIME fol lowing i n i t i a l  en t r ance  i n t o  t h e  plasma and t ak ing  i n t o  account 

t h e  slowing down process .  The express ion  used is  

where 

v - v e l o c i t y  of n e u t r a l  beam a t  po in t  of en t r ance  i n t o  t h e  plasma, and 
0 

v a c r i t i c a l  v e l o c i t y ,  above which t h e  n e u t r a l  beam slowing is  due 
C t o  t h e  plasma e l e c t r o n s  and below which slowing i s  due t o  plasma 

ions .  

Cal led  from: F P M ~ M E  

Commons requi red :  INPUT, OUTPUT ( see  Appendix 11) 

Var i ab le  requi red :  TIME 

Var i ab le s  changed: VEL = v ( t )  



Funct ion TCX r e t u r n s  t h e  va lue  of t h e  mean l i f e t i m e  ( i n  seconds) 

of a  n e u t r a l  beam p a r t i c l e  b e f o r e  undergoing a  charge-exchange c o l l i s i o n  

w i t h  a plasma ion .  The express ion  f o r  t h i s  l i f e t i m e  i s  

25 (10) 
6.6 [I/ E ( 1 . 1 ) ( 1 0 ) - ~ ~ ~ ~ * ~  + 

TCX = T (v) = cx  (n0/ l08) [1  - 0.155 l o g  ~ 1 2  

where 

1 
E = T mHv2 . 

Cal l ed  from: FPMGME, BMEFUN 

Common requ i r ed :  INPUT ( see  Appendix 11) 

V a r i a b l e  r equ i r ed :  V = v 

Var i ab le  changed : TCX 

S i g n i f i c a n t  i n t e r n a l  v a r i a b l e :  

DNO = n / l o 8  where n i s  t h e  plasma n e u t r a l  d e n s i t y ,  
0 0 



FUNCTI8N PCX (V, ICTCX) 

Funct ion PCX g ives  t h e  p r o b a b i l i t y  of a charge-exchange event  not 
occurr ing  between an  i n j e c t e d  n e u t r a l  beam p a r t i c l e  and t h e  plasma a s  

t h e  n e u t r a l  beam p a r t i c l e  slows down. This  p r o b a b i l i t y  i s  given by 

PCX : p v ( t )  = exp 
CX { - ( v13+vC3 v12dv1 TCx(v1) 

where 

v ( t >  - v e l o c i t y  t o  which n e u t r a l  beam has  slowed a f t e r  t ime t 
fo l lowing  en t r ance  i n t o  t h e  plasma, 

T - i n j e c t e d  n e u t r a l  beam slowing down t ime,  s 

T (v ' )  -mean l i f e t i m e  of a n e u t r a l  beam p a r t i c l e  be fo re  under- 
CX 

going charge exchange w i t h  a plasma i o n ,  

v - n e u t r a l  beam i n j e c t i o n  v e l o c i t y ,  
0 

v - c r i t i c a l  v e l o c i t y ,  above which t h e  n e u t r a l  beam slowing 
C 

i s  due t o  t h e  plasma e l e c t r o n s  and below which slowing 
i s  due t o  plasma ions .  

Cal led from: FPM~ME, GIFUN, GEFUN, BKIFUN, BKEFUN, BNFUN, GIEFUN, 
GIEFUA, GEEFU1, GEEFU2, BKIEF1, BKIEF2, BKEEF1, BKEEF2, 
BNEFU1, BNEFU2 

Subrout ines  c a l l e d :  ASIMP1, PCFUN (through an  EXTERNAL re fe rence )  

Commons requi red :  INPUT, OUTPUT ( see  Appendix 11) 

Var i ab le s  requi red :  V = v ( t )  

ICTCX - swi tch  used t o  choose express ion  t o  be  eva lua ted  f o r  
va lue  of PCX. I f  r,,.is cons tan t  (ICTCX # 0 ) ,  t hen  
t h e  approximate r e l a t l o n  used i s  

(v) = [(v03 + v 3) / (v3  + v . 3 ) ]  -'s/ (3Tcx) 
*cx C C 

Var iab le  changed: PCX 



FUNCTI@N PCFUN (Y) 

Funct ion PCWN r e t u r n s  t h e  v a l u e  of t h e  in tegrand  

T 
S (v '  /vo) 

PCFUN = - 
r (v ' )  (v1 /vo)3  + (vc/v0)3 

CX 

used by t h e  adap t ive  Simpson's r u l e  quadra ture  sub rou t ine  c a l l e d  by 

func t ion  PCX. The v a r i a b l e s  a r e  def ined  i n  t h e  d e s c r i p t i o n  of func t ion  

PCX. 

Ca l l ed  from: ' A S L W I .  r e t e x r e d  t o  through EXTERNAT, s ta tement  i n  
func t ion  PCX 

Commons r equ i r ed  : INPUT, @UTPUT ( see  Appendix IT.) 

Var i ab le  r equ i r ed :  Y = v r / v  
0 

Var i ab le  changed : PCFUN 



Function GIF c a l c u l a t e s  t h e  amount of i n j e c t e d  n e u t r a l  beam power 

t r a n s f e r r e d  t o  t h e  plasma ions  according t o  t h e  equat ion  

2 
v 

C 
GIF = G = - 

0 
v3 + v 3 P C X ( ~ )  

C 

where 

v  - a  c r i t i c a l  v e l o c i t y ,  above which t h e  n e u t r a l  beam slowing is  
C due t o  t h e  plasma e l e c t r o n s  and below which s lowing i s  due 

t o  plasma i o n s ,  

v  - v e l o c i t y  of t h e  n e u t r a l  beam a t  p o i n t  of en t r ance  i n t o  t h e  
0 

plasma, 

v ( t )  - v e l o c i t y  of t h e  i n j e c t e d  n e u t r a l  beam a t  a  p o i n t  a long t h e  
beam pa th  reached a t  t ime t fol lowing i n i t i a l  en t r ance  i n t o  
t h e  plasma, , . 

cx 
(v) - p r o b a b i l i t y  of avoid ing  a  charge-exchange event  by t h e  

n e u t r a l  beam a s  i t  slows down, 

v  - v e l o c i t y  of t h e  i n j e c t e d  n e u t r a l  beam. 

Cal led from: FPM~ME 

Subrout ines  c a l l e d :  ASIMP2, GIFUN (through an EXTERNAL r e fe rence )  

Commons requi red :  INPUT, ~uTPuT (see  Appendix 11) 

Variab le  requi red :  VT = v ( t )  

Var iab le .  changed : GIF 



Funct ion GIFUN c a l c u l a t e s  t h e  va lue  of t h e  in tegrand  f o r  t h e  

i n t e g r a l  c a l c u l a t e d  by func t ion  GIF. The express ion  f o r  t h e  in tegrand  

is  r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  sub rou t ine  

c a l l e d  by f u n c t i o n  GIF. The in tegrand  express ion  whose va lue  i s  com- 

puted i s  

2 pcx (v) (v/v0) (vc/vo) 
GIFUN = I (vlv*) 3 + (vc/vo) ' I 

Ca l l ed  from: ASIPfF2, refeyyed t o  thrsugll EXTERNAL s ta tement  i n  
GIF 

Funct ion c a l l e d :  . PCX 

Commons r equ i r ed :  INPUT, @UTPUT ( see  Appendix 11)  

Var i ab le  r equ i r ed :  Y = v / v  
0 

Var i ab le  changed : GIFUN 



FUNCTI8N GEF (VT) 

Function GEF c a l c u l a t e s  t h e  amount of n e u t r a l  beam power . t r ans fe r r ed  

t o  t h e  plasma e l e c t r o n s  according . to  t h e  equat ion  

v3 GEF = G = 7 vdv ' 

e v v3 + vc3 Pcx(v) 
. r ( t>  

where 

v - a c r i t i c a l  v e l o c i t y ,  above which t h e  n e u t r a l  beam slowing 
C 

is  due t o  t h e  plaslna e l e c t r o n s  and below which slowing is  
due t o  plasma h n s ,  

v  - v e l o c i t y  of t h e  n e u t r a l  beam a t  p o i n t  of en t r ance  i n t o  
0 

t h e  pla.sma, 

v ( t )  - v e l o c i t y  of t h e  i n j e c t e d  n e u t r a l  beam a t  t ime t fo l lowing  
i n i t i a l  en t r ance  i n t o  t h e  plasma, 

p  (v) - p r o b a b i l i t y  t h a t  a  charge-exchange event  does no t  occur  
C X  

a s  t h e  n e u t r a l  beam slows down i n  t h e  plasma, 

v - v e l o c i t y  of t h e  n e u t r a l  beam. 

Cal led from: FPMQIME 

Subrout ines  c a l l e d :  ASIMP2, GEFUN (through an  EXTERNAL r e f e rence )  

Commons requi red :  INPUT, 8UTPUT ( see  Appendix 11) 

Var iab le  requi red :  VT = v ( t )  

Var iab le  changed : GEF 



FUNCTIdN GEYUN (Y) 

Funct ion GEFUN c a l c u l a t e s  t h e  va lue  of t h e  in tegrand  f o r  t h e  i n t e g r a l  

c a l c u l a t e d  by func t ion  GEF. The express ion  f o r  t h e  in tegrand  i s  r e f e r r e d  

t o  by t h e  two-point Simpson's r u l e  quadra ture  sub rou t ine  c a l l e d  by t h e  

f u n c t i o n  GEF. The in tegrand  express ion  whose va lue  i s  computed i s  

2 Pcx (v) (vIv0) 
GEFUN = 

[ (v /vo )3  + (vclvo)31 

Ca l l ed  f r o m :  A S D P 2 ,  ~eIri.ri-ed to through EXTERNAL s tutcl l ic l~t  i n  GEF 

Subrout ine c a l l e d :  PCX 

Commons r equ i r ed :  INPUT, dUTPUT ( see  Appendix 11) 

Var i ab le s  r equ i r ed :  Y = v/v  
0 

Var i ab le  changed : GEF'UN 



FUNCTI@N BKIF (VT) 

Function BKIF computes t h e  amount of momentum t r a n s f e r r e d  from t h e  

i n j e c t e d  n e u t r a l  beam t o  t h e  plasma ions  according t o  t h e  equat ion  

1 
v 

BKIF = Ki = 7 1:;) dV v3 + c v 3 + -1 Pcx (v>b (v) 
0 C 

where 

and 

The remaining v a r i a b l e s  have been def ined  i n  t h e  d e s c r i p t i o n s  of FPMgME 

and of t h e  f i r s t  few funct ions  c a l l e d  by FPM0ME. 

Cal led from: FPM0ME 

Subrout ines  c a l l e d :  ASIMP2, BKImTN (through a n  EXTERNAL r e f e rence )  

Coulluu~ls ~ e q u i r e d :  INPUT, (~u'I'Yu'I' ( s ee  Appendix 11)  

Var iab le  r equ i t ed :  VT = v ( t )  

Var iab le  changed : BKIF 



Funct ion BKIFUN r e t u r n s  t h e  v a l u e  of t h e  in tegrand  f o r  t h e  i n t e g r a l  

c a l c u l a t e d  by func t ion  BKIF. The express ion  f o r  t h e  in tegrand  i s  r e f e r r e d  

t o  by the  two-point Simpson's r u l e  quadra ture  subrout ine  c a l l e d  by func t ion  

BKIF. The in t eg rand  express ion  whose va lue  i s  computed i s  

1 

BKIFUN = 

Cal l ed  from: A S W Z ,  r e f e r r e d  eo through EXTEmAL s ta tement  i n  
BKIF 

Funct ions  c a l l e d :  PCX, BFUN . - 
Commons r equ i r ed :  INPUT, @UTPUT (see Appendix 11) 

Var i ab le  r equ i r ed :  Y = v / v  
0 

Var i ab le  changed : BKIFUN 



FVNCTI8N BFVN (V) 

Function BmTN r e t u r n s  t h e  va lue  of t h e  express ion  

I 

3mf [Z I 
BmTN = b (v) = 

Cal led  from: BKIF, BKEF, GIEFUA, GEEFU1, BKIEF1, BKIEF2, BKEEF1, 
BKEEF2, BNEFUl 

Commons requi red :  INPUT, @UTPUT (see Appendix 11) 

Var iab le  requi red :  

V - t h e  v e l o c i t y  v of t h e  n e u t r a l  beam a t  a s p e c i f i e d  time 
fol lowing i n j e c t i o n  i n t o  t h e  plasma 

Var i ab le  changed : BFUN 



F U N C T I ~ N  BKEF (VT) 

Funct ion BKEF computes t h e  amount of momentum t r a n s f e r r e d  from t h e  

n e u t r a l  beam t o  t h e  plasma e l e c t r o n s  according t o  t h e  equat ion  

where 

and 

The remaining v a r i a b l e s  have been def ined  i n  t h e  d e s c r i p t i o n s  of FPMQME 

and of t he  f i r s t  few func t ions  c a l l e d  by FPM~ME. 

Ca l l ed  from: FPMgME 

Subrout ines  c a l l e d :  ASIMP2, BKEF'UN (through an EXTERNAL re fe rence )  

Commons r equ i r ed :  INPUT, 0UTPUT ( see  Appendix 11) 

Var i ab le  r equ i r ed :  VT = v ( t )  

Var i ab le  changed : RKEF 



FUNCTI~N BKEFUN (Y) ---- 

Function BKEFUN r e t u r n s  t h e  v a l u e  of t h e  in tegrand  f o r  t h e  i n t e g r a l  

ca l cu la t ed  by func t ion  BKEF. The express ion  f o r  t h e  in tegrand  i s  

r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  sub rou t ine  c a l l e d  

by func t ion  BKEF. The in tegrand  express ion  whose va lue  i s  computed i s  

(v/vo) 3 9  [ Z l  
BEKFUN = 

(v/vo)3 + (vcIvo)3 

Cal led from: ASIMP2, r e f e r r e d  t o  through EXTERNAL statement  i n  
BKEF 

Funct ions c a l l e d :  PCX, RP1-TN 

Commons requi red :  INPUT, ~uTPUT ( see  Appendix 11) 

Var iab le  requi red :  Y = v / v  
0 

Var iab le  changed : BKEFUN 



FUNCTION I3NF (VT, ICT) 

Funct ion BNF computes t h e  number of s t o r e d  f a s t  i ons  according t o  

v 
BNF = N = 

o v2dv 

where a l l  q u a n t i t i e s  have been def ined  i n  t h e  d e s c r i p t i o n s  of t h e  f i r s t  

few f u n c t i o n s  c a l l e d  by FPM~ME. 

Ca l l ed  from: FPM~ME 

Subrout ines  c a l l e d :  ASIMP2, BNEUN (through an  EXl'EWAL re fe rence )  

Commons r equ i r ed :  INPUT, OUTPUT ( s ee  Appendix 11) 

Var iab le s  r equ i r ed :  VT = v ( t )  

ICT - swi t ch  used t o  choose express ion  t o  be eva lua ted  f o r  
v a l u e  of BNF. I f  T,, i s  cons t an t  (ICT # 0 ) ,  then  t h e  
approximate r e l a t i o n  used Is 

(This f e a t u r e  has  n o t  y e t  been implemented.) 

Var i ab le  chanped : BNF 



FUNCTI@N BNFLJN (Y) 

Function BNFUN r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  i n t e g r a l  

ca l cu la t ed  by func t ion  BNF. The express ion  f o r  t h e  in tegrand  i s  

. r e f e renced  by t h e  two-point Simpson's r u l e  quadra ture  subrout ine  c a l l e d  

by func t ion  BNF. The in tegrand  express ion  whose va lue  i s  computed i s  

pcx (v) (vlvJ  * 
BNFUN = 

(vlvo)3 + (vclvo)3 

Cal led from: ASIMP2, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  
BNF 

Function c a l l e d :  PCX 

Commons requi red :  INPUT, @UTPUT ( see  Appendix 11)  

Var iab le  requi red :  Y = v/vo 

Var iab le  changed : BNmTN 



FUNCTIQIN GIEF (V) 

Funct ion GIEF c a l c u l a t e s  t h e  c o r r e c t i o n  t o  t h e  amount of i n j e c t e d  

n e u t r a l  beam power t r a n s f e r r e d  t o  t h e  plasma ions  dye t o  t h e  e l e c t r i c  

f i e l d  e f f e c t s  accord ing  t o  t h e  equat ions  

v v 
c E ~ V ~ V ~  GIEF = G~~ = 1 vdv 

vo2 3 + v C 3  PC,(~)  iV3  + v C 3 - $(v,> 

v ( t )  

where 

~ ' ~ d v '  'L 

blE[v(t) ] = BMEF = 5 v s 
9 a v13  I- v 3) '  T (v') b ( v l )  , 

C CA 

I 

3 3 3mf [ Z  I 
b  (v) = BFUN = 1; :vI: (&J] , 

c0 = c o s  Bo = t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  angle.  

The remaining v a r i a b l e s  have been deIlnerl iu the descriptions of FPMgME 

and t h e  f i r s t  few f u n c t i o n s  c a l l e d  by FPMQIME. 

Ca l l ed  from: ~ ' P M ~ M E  

Subrout ines  c a l l e d :  ASIMP2, GIEFUN (through an !dXTEKNAL r e fe rence )  
GIEFUA (through an  EXTERNAL re fe rence )  

Comons r equ i r ed :  INPUT, QIUTPUT ( see  Appendix 11) 

Variable r equ i r ed :  V = v ( t )  

V a r i a b l e  c h a n e :  GIEF 



Function GIEFUN r e t u r n s  t h e  v a l u e  of t h e  in tegrand  f o r  t h e  second 

of two i n t e g r a l s  c o n t r i b u t i n g  t o  t h e  express ion  eva lua ted  by GIEF. The 

express ion  f o r  t h e  in tegrand  

i s  r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  subrout ine  

c a l l e d  by func t ion  GIEF. 

Cal led  from: ASIMP2, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  
GIEF 

Funct ions ca l l ed :  PCX, BMEF 

Commons r equ i r ed :  INPUT, gUTPUT ( see  Appendix 11) 

Var i ab le  requi red :  Y = v / v  
0 

Var i ab le  changed: GIEFUN 



FUNCTION BMEF (X) 

Funct ion  BMEF r e t u r n s  t h e  va lue  of t h e  express ion  

v V 4 d v '  T 

BMEF = ~ ~ [ v ( t )  ] = Eov0 s b ( v l )  . 
(v13 + vc3)2 T ~ ~ ( v ' )  

C a l l e d  from: GIEFUN, GEEFU2, BNEFU2 

Subrou t ines  c a l l e d :  ASIMP3, BMEFUN (through an  EXTERNAL re fe rence )  

Commons r equ i r ed :  INPUT, OUTPUT ( s ee  Appendix 11)  

V a r i a b l e  r e q u i r e d :  X = v ( t )  

V a r i a b l e  changed: BME b' 



FUNCTION BMEFUN (Y) 

Funct ion BMEFUN r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  i n t e g r a l  

ca l cu la t ed  by func t ion  BMEF. The express ion  f o r  t h e  in tegrand  

(v/vo) Sorsb (v) 
BMEFUN = 

[ (v/vo) + (vc/vo) I 2'cx (v) 

is  r e f e r r e d  t o  by t h e  three-point  Simpson's r u l e  quadra ture  sub rou t ine  

c a l l e d  by func t ion  BMEF. 

Cal led from: ASIMP3, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  
BMEF 

Funct ions c a l l e d :  BFUN, TCX 

Commons r equ i r ed :  INPUT, OUTPUT ( see  Appendix 11) 

Variab le  requi red :  Y = v /v  
0 

Var iab le  changed : BMEFUN 



FUNCTIgN GIEFUA (Y) 

Funct ion GIEFUA r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  f i r s t  of 

t w o , i n t e g r a l s  c o n t r i b u t i n g  t o  t h e  express ion  eva lua ted  by GIEF. The 

expres s ion  f o r  t h e  in t eg rand  

2E0 (vlv,) (vclvo) 3 ~ c x ( v ) b  (v) 
GIEFUA = 

[ ( V I V ~ )  + (vc/v0) 312 y 

where 4 = cos 0 t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  angle ,  is  
0 0 ' 

r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  subrout ine  c a l l e d  

by func t ion  GIEF. 

Ca l l ed  from: ASIMP2, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  GIEF 

Funct ions  c a l l e d :  PCX, BFUN 

Commons requi red :  INPUT, ~UTPUT ( see  Appendix 11) 

V a r i a b l e  r equ i r ed :  Y = v / v  
0 

V a r i a b l e  changed: GIEFUA 



Funct ion GEEF c a l c u l a t e s  t h e  c o r r e c t i o n  t o  t h e  amount of i n j e c t e d  

n e u t r a l  beam power t r a n s f e r r e d  t o  t h e  plasma e l e c t r o n s  due t o . t h e  e l e c t r i c  

f i e l d  e f f e c t s  according t o  t h e  equat ions  

v 
GEEF = 7 

v 
0 C 

where 

v v 4 d v '  T 

FiE[v(t)]  = BMEF..= E v 
S 

(vt3+v 3)2 T (v ' )  b ( v ' )  , 
C CX 

3+v 3mf [ Z  I 
b (v) = BmTN = Y 

0 
J 

and so = cos 8 t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  angle.  
0 '  

The remaining v a r i a b l e s  have been def ined  i n  t h e  d e s c r i p t i o n  of FPM0ME 

and of t h e  f i r s t  few func t ions  c a l l e d  by FPMflME. 

Cal led from: FPM@ME 

Subrout ines  c a l l e d :  ASIMP2, GEEmTl (through an  EXTERNAL r e f e r e n c e ) ,  
GEEmT2 (through an  EXTERNAL re fe rence )  

Cu~uulls i equi ie l l  ; INFUT, @uTPuT ( see  Appel~dix 11)  

Var iab le  r equ i r ed :  V = v ( t )  

Var iab le  changed : GEEF 



Funct ion GEEFUl r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  f i r s t  

of two i n t e g r a l s  c o n t r i b u t i n g  t o  t h e  express ion  eva lua ted  by GEEF. The 

expres s ion  f o r  t h e  in t eg rand  

where 5 = c o s  0 t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  ang le ,  i s  
0 0 ' 

r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  sub rou t ine  c a l l e d  

by func t ion  GEEF . 
c a i l e d  from: A S W P 2 ,  r e f e r r e d  t o  through EXTERNAL s ta tement  in'GEEF 

Funct ions  c a l l e d :  PCX, BFUN 

Commons r equ i r ed :  INPUT, @UTPUT (see  Appendix 11) 

V a r i a b l e  r equ i r ed :  Y = v / v  
0 

V a r i a b l e  changed : GEEFUl 



Function GEEFU2 r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  second 

of two i n t e g r a l s  c o n t r i b u t i n g  t o  t h e  express ion  eva lua ted  by GEEF. The 

express ion  f o r - t h e  in tegrand  

i s  r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  sub rou t ine  

c a l l e d  by func t ion  GEEF. 

Cal led  from: ASIMP2, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  
GEEF 

Fun.ctions ca l l ed :  PCX, BMEF 

Commons requi red :  INPUT, ~uTPUT ( see  Appendix 11) 

Var iab le  requi red :  Y = v / v  o 

Var iab le  changed: GEEFU2 



F U N C T I ~ N  BKIEF (v) 

Funct ion BKIEF computes t h e  c o r r e c t i o n  t o  t h e  amount of momentum 

t r a n s f e r r e d  from t h e  i n j e c t e d  n e u t r a l  beam t o  t h e  plasma ions  due t o  

e l e c t r i c  f i e l d  a f f e c t s  according t o  t h e  equat ions  

1 v 
BKIEF = K: = - C 

3f0 

where 

v2 
~ ( v )  = v3 , + ( 3 ~ ~ 2  - 1)b3(v )1  , 

C 

E 
(v) = AKI(A)*BFUN (A) = i0 v'dv' b (v )  

K i e  v 1  3+vC3 - b (v ' )  l3 - (1 
v 

T V '  

+ -- +- 
TCX 

mi<Z' vc3 3) 
+ (3f02 - l ) b 3  (v ' )  (v ' )  v'3+vc3 lllf[Z] v13+vc 

and.  

and c0 = c o s  8 t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  angle .  
o 

The remaining v a r i a b l e s  have been def ined  i n  t h e  d e s c r i p t i o n s  of FPMdME 

and of t h e  f i r s t  few f u n c t i o n s  c a l l e d  by  P'PM~W. 

Ca l l ed  from: FPM~ME 

Subrout ines  c a l l e d :  ASLMP2, BKIEFl ( through an EXTERNAL r e f e r e n c e ) ,  
BKIEF2 (through an  EXTERNAL re fe rence )  

Commons requi~&: INPUT, @UTPUT ( see  Appendix T I )  

Va r i ab l e  r equ i r ed :  V = v ( t )  

Var i ab le  changed: BKIEF 



FUNCTION BKIEFl (Y) 

Function BKIEFl r e t u r n s  t he  v a l u e  of t h e  in tegrand  f o r  t h e  f i r s t  

of two i n t e g r a l s  con t r ibu t ing  t o  t h e  express ion  eva lua ted  by BKIEF. The 

express ion  f o r  t h e  in tegrand  

BKIEFl = 

where c0 = cos  f3 t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  ang le ,  i s  
0 

r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  sub rou t ine  c a l l e d  

by f u n c t i o n  BKIEF. 

Cal led from: ASIMP2, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  BKIEF 

Funct ions c a l l e d :  BFUN, PCX 

Commons r equ i r ed :  INPUT, OUTPUT ( s e e  Appendix 11) 

Var i ab le  requi red :  Y = v / v  
0 

Var iab le  changed : BKIEFl 



FUNCTION BKIEF2 (Y) 

Function BKIEF2 returns the value of the integrand for the second 

of two'integrals contributing to the expression evaluated by BKIEF. 

The expression for the integrand 

where 

with 

and 5, = cos 8 the cosine of the neutral beam i~ljestion angle, is 
0' 

referred to by the two-point Simpson's rule quadrature subroutirie called 

by function BKIEF. 

Called from: ASIMP2, referred to through EXTERNAL statement in BKIEF 

Fi~nctions called: PCX, AKI, BYUN 

Commons required: INPUT, OUTPUT (see Appendix 11) 

Variable required: Y = v/v 
0 

Variable - - - . changed: BKIEF2 



m C T I @ N  AKI (V) 

Func t ion  A K I  r e t u r n s  t h e  v a l u e  o f  t h e  i n t e g r a l  

E AKI = Kie (v) = /" o v ' d v '  1 

v 

where 

T v r  m . < ~ >  v  3 
S 1 C 

B A A = 1 +  +- r cx (v') v13+vC3 mf[Z] v13+vc3 

C a l l e d  from: BKIEF2, BKEEF2 

Subrou t ines  c a l l e d :  GAUSS, AKIF ( th rough  a n  EXTERNAL r e f e r e n c e )  

Commons r e q u i r e d :  GA@RD, INPUT, @UTPUT ( s e e  Appendix 11)  

V a r i a b l e  r e q u i r e d :  V = v ( t )  

V a r i a b l e  changed : AKI 



F U N C T I ~ N  AKIF (Y) 

Funct ion  AKIF r e t u r n s  t h e  v a l u e  of t h e  in tegrand  . 

1 .  (v/vo> AKIF = - b(v)  (vlvo)  3 + (vc/vo)3 (3 - [ 1  + (35,'-l)b3 (v) ]*BAA} , 

where 

used by t h e  Gaussian quadra ture  sub rou t ine  c a l l e d  by func t ion  AKI. 
- 

Cal l ed  from: GAUSS, r e f e r r e d  t o  through.EXTERNAL s ta tement  i n  AKI 

Commons r equ i r ed :  INPUT, OUTPUT ( see  Appendix 11) 

V a r i a b l e  r equ i r ed :  Y = v / v  
0 

V a r i a b l e  changed : AKIF 



  unction BKEEF computes t h e  c o r r e c t i o n  t o  t h e  amount of momentum 

t r a n s f e r r e d  from t h e  i n j e c t e d  n e u t r a l  beam t o  t h e  plasma e l e c t r o n s  due 

t o  e l e c t r i c  f i e l d  e f f e c t s  according t o  t h e  equat ions  

. where 

E 
K i e  (v) = AKI (A)*BFUN(A) 

and #, = cos  O 0 ,  t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  angle .  

The remaining v a r i a b l e s  have been def ined  i n  t h e  d e s c r i p t i o n s  of FPM@ME 

and of t h e  f i r s t  few func t ions  c a l l e d  by FPM~ME. 

Cal led from: FPM@ME 

Subrout ines  c a l l e d :  ASIMP2, BKEEF1 (through a n  EXTERNAL r e f e r e n c e ) ,  
BKEEF 2 (through an  EXTERNAL re fe rence )  

Commons requi red :  INPUT, gUTPUT ( see  Appendix 11) 

Var iab le  r equ i r ed :  V = v ( t )  

Var iab le  changed: BKEEF 



Function BKEEFl returns the value of the integrand for the first 

of two integrals contributing to the expression evaluated by BKEEF. 

The integrand 

pcx (v) 
BKEEFl = [l + (35 2-l)b3.(v)] , 

350 O 

where 5 = cos 8 the cosine uf Lhe r~eu.tral beam injeation angl.r?, 1.s 
0 0 ' 

referrerl to by the twu-point Simpson'c rule quadrat.llre subrvutine called 

by function BKEEF. 

Called from: ASIMT2, referred to through EXTERNAL statement in BKEEF , 

Functions called: BFUN, PCX 

Commons required: INPUT, QUTPUT (see Appendix 11) 

Variable required 

Variable changed: BKEEFl 



FUNCTION BKEEF2 (Y) 

Function BKEEF2 r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  second 

of two i n t e g r a l s  c o n t r i b u t i n g  t o  t h e  express ion  eva lua ted  by BKEEF. 

The in tegrand  

where 

x b3  (v ' )  ]*BAA I 
with  

T v '  m . < ~ >  v 3  
S 1 C +-  BAA = ' + T (v ' )  v13+vC3 rnf[z] v13+vC3 

CX 

and E0 = cos 0 t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  ang le ,  i s  
0 ' 

r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  sub rou t ine  c a l l e d  

by func t ion  BKEEF. 

Cal led from: ASIMP2, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  BKEEF 

Funct ions c a l l e d :  PCX, BFUN, AKI 

Commons requi red :  INPUT, OUTPUT ( s ee  Appendix 11) 

Var iab le  requi red :  Y = v/vo 

Var iab le  changed: BKEEF2 



F U N C T I ~ ~ N  ENEF (V) 

Funct ion BNEF computes t h e  c o r r e c t i o n  t o  t h e  number of s t o r e d  f a s t  

i o n s  due t o  e l e c t r i c  f i e l d  e f f e c t s  according t o  

where 

T 

(v) = BMEF (v) = Cove 3 

( v ' ~ + v  3 ) 2  T (v ' )  SVO """"' 
b(v ' )  . 

C ex 
v ( t )  

The v a r i a b l e s  have been def ined  i n  t h e  d e s c r i p t i o n s  of sub rou t ine  I?PM@E 

and of t h e  f i r s t  few func t ions  c a l l e d  by,FPM@ME. 

Ca l l ed  from: FPM~ME 

Subrout ines  calJed : ASIMP2, BNEFUl (through an EX'l'El(NAL r e f  C L W I C ~ )  , 
BNEFU2 (through an EXTERNAL re fe rence )  

Commons r equ i r ed :  INPUT, @UTPUT ( s ee  Appendix PI) 

V a r i a b l e  r equ i r ed :  V = v ( t )  

Var i ab le  changed : BNEI' 



FUNCTI@N BNEFUl (Y)  

Function BNEFUl r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  f i r s t  

of two i n t e g r a l s  c o n t r i b u t i n g  t o  t h e  express ion  eva lua ted  by BNEF. The 

express ion  f o r  t h e  in tegrand  

where c0 = cos  0 t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  ang le ,  i s  
0 ' 

r e f e r r e d  t o . b y  t h e  two-point Simpson's r u l e  quadra ture  subrout ine  c a l l e d  

hy func t ion  BNEF. 

Cal led from: ASIMP2, r e f e r r e d  t o  through EXTERNAL s ta tement  i n  BNEF 

Funct ions c a l l e d :  PCX, BFUN 

Commons requi red :  INPUT, @UTPUT ( see  Appendix 11) 

Variab le  requi red :  Y = v /v  
0 

Var iab le  changed: BNEFUl 



FUNCTION BNEFU2 (Y) 

Funct ion BNEFU2 r e t u r n s  t h e  va lue  of t h e  in tegrand  f o r  t h e  second 

of two i n t e g r a l s  c o n t r i b u t i n g  t o  t h e  express ion  eva lua ted  by BNEF. The 

expres s ion  f o r  t h e  in t eg rand  

i s  r e f e r r e d  t o  by t h e  two-point Simpson's r u l e  quadra ture  subrout ine  

ca:l.:l.erl by function ENEF. . 

Cal l ed  from: ASIMP2, r e f e r r e d  t o  tliroug11 EXTERNAL otatement i.rl RNEF 

Funct ions  c a l l e d :  PCX, BMEF 

Commons r equ i r ed :  INPUT, OUTPUT ( see  Appendix 11) 

V a r i a b l e  r equ i r ed :  Y = v /v  
0 

Var i ab le  changed : .--. BNEFU:! 
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7. DESCRIPTION OF SURFACE MODULE ' 

7.1 PURPOSE AND STRUCTURE OF MODULE 

The s u r f a c e  module c a l c u l a t e s  t h e  plasma/wall  i n t e r a c t i o n .  It 

desc r ibes  t h e  n e u t r a l  gas  and impur i ty  i n f l u x  r e s u l t i n g  from t h e  i n t e r -  

a c t i o n  of t h e  e f f l u x  of n e u t r a l  atoms and charged p a r t i c l e s  w i t h  t h e  

l i m i t e r  and w a l l s .  

We d e s c r i b e  two d i f f e r e n t  v e r s i o n s  of t h i s  module i n  t h i s  s e c t i o n .  

T h e . f i r s t  v e r s i o n  i s  e s s e n t i a l l y  a  dummy r o u t i n e  which r e t u r n s  only t h e  

va lue  of t h e  edge n e u t r a l  d e n s i t y  t o  t h e  main program. Th i s  q u a n t i t y  i s  

pre-programmed a s  a  func t ion  of t ime, and uses  t h e  input  d a t a  v a r i a b l e s  

FCDEN, FCF, and TPQ. The second v e r s i o n  i s  more complete. The processes  

of charge-exchange desorp t ion  and s p u t t e r i n g ,  photon s t imu la t ed  desorp- 

t i o n ,  e l e c t r o n  impact deso rp t ion ,  and thermodesorption of t h e  l i m i t e r  a r e  

computed. However, t h e s e  processes  a r e  no t  t r e a t e d  i n  a s  d e t a i l e d  a  

f a sh ion  a s  p o s s i b l e ,  b u t  a r e  included h e r e  c h i e f l y  t o  i l l u s t r a t e  t h e  

func t ion  of t h e  module. 

1. Simple Model. The module c o n s i s t s  of t h e  s i n g l e  s ta tement  

FCDEX = FCDEN + (FCF-FCDEN) (1-EXP (-TIM/TP@)) 

where FCDEN, FCF, and TPQ a r e  descr ibed  i n  Sec t .  1.4.  FCDEX i s  t h e  

va lue  a t  t h e  e lapsed  s imula t ion  t ime TIM of t h e  edge n e u t r a l  d e n s i t y  

No (a)  

Cal led from: MAIN -..-- 
Commons r equ i r ed :  NEUTRL, TIME 

Var i ab le s  requi red :  

From l abe led  common ( see  Appendix I1 f o r  d e f i n i t i o n s )  

/NEUTRL/ - FCDEX, FCDEN, FCF 

I - TIM, Tl'Q 

Var i ab le s  changed : 

FCDEX - edge n e u t r a l  d e n s i t y  a t  t ime 'I'TM 



2. De ta i l ed  Model. The plasma/wall  i n t e r a c t i o n  i s  computed i n  t h e  more 

d e t a i l e d  model. The r o u t i n e  inc ludes  DATA s ta tements  desc r ib ing  t h e  

k i n d s  of w a l l l l i m i t e r  provided,  'so each d i f f e r e n t  m a t e r i a l  w i l l  r e q u i r e  

a d i f f e r e n t  module. The phys i ca l  processes  ca l cu la t ed  by t h e  module 

are : 

a )  Charge-exchange s p u t t e r i n g .  l n  some ve r s ions  of t h e  code, t h e  

n e u t r a l  gas  module i s  used t o  compute t h e  spectrum of emergent 

charge-exchange (hot )  n e u t r a l s ,  fh(v,O,a) .  This  spectrum i s  then  

i n t e g r a t e d  w i t h  exper imenta l  va lues  of t h e  energy and ang le  de- 

pendent s p u t t e r i n g  y i e l d  t o  c a l c u l a t e  the impurity flux which 

r e s u l t s :  

= Z n ~ ~ d v . v ~ k ' d 0  s i n  0.v cos 0 f (vy0,a)Y(v,0)  . 
0 h 

The geometry v ,0  i s  descr ibed  i n  t h e  i n t r o d u c t i o n  t o  Sec t .  4. For t h i s  

v e r s i o n ,  however, we w i l l  use r e s u l t s  from more d e t a i l e d  c a l c u l a t i o n s  t o  

n o t e  t h a t  t h e  number of i m p u r i t i e s  produced per  eV of charge-exchange 

energy i s  n e a r l y  c o n s t a n t ,  so  we w i l l  provide t h i s  q u a n t i t y  i n  DATA 

s t a t emen t s .  Thus, t h e  impur i ty  f l u x  is  

where PSCX i s  t h e  t o t a l  charge-exchange l o s s  ( i n  kW) from PIIL (calcu-  

l a t e d  i n  sub rou t ine  ORMPWR) and PBCX ( c a l c u l a t e d  i n  sub rou t ine  BEAM). 
- 
Y - number of i m p u r i t i e s  per  eV, given i n  a  DATA statement  

A'KFA. - t0ru.s  surface.  a r e a  

b)Charge-exchange desorp t ion .  For t h i s  q u a n t i t y  we add PHICX t o  

t h e  d a t a ,  r e p r e s e n t i n g  t h e  number of i m p u r i t i e s  desorbedlcharge- 

exchange n e u t r a l .  The r o u t i n e  f i r s t  f i n d s  an approximation t o  t h e  

mean energy of charge-exchange l o s s  by f i n d i n g  t h e  r a d i u s  wi th  

maximum charge-exchange emission. Then t h e  f l u x  of charge-exchange 

p a r t i c l e s  is: 

where 



PIIL i s  c a l c u l a t e d  i n  subrout ine  ORMPWR, 

TCX i s  t h e  mean n e u t r a l  energy, and 

PBCX, EBCX a r e  t h e  charge-exchange l o s s  from t h e  beam (kW), and 
mean energy of l o s t  p a r t i c l e  (eV), r e s p e c t i v e l y .  

The r e s u l t i n g  impuri ty  f l u x  is :  

c )  Photon-stimulated desorp t ion .  For t h i s  process  we u s e  t h e  mech- 

anism whereby pho toe l ec t rons ,  produced by photons i n  t h e  10-100 eV 

energy . range ,  bombard t h e  w a l l s .  We cons ider  two sources  of photon 

emission: photons from 0'' resonance l i n e  r a d i a t i o n  (1032 1) and 

from hydrogen Ly a lpha  emission. Thus we have t h e  sources  PLR, 

computed i n  sub rou t ine  ORMPWR from t h e  oxygen emission,  and PHY, 

computed i n  sub rou t ine  SURFAC. The photon f l u x e s  a r e  

where 

EQ)6 = 12 eV . 
The photon f l u x  f o r  Lya must be computed. The r a t e  c o e f f i c i e n t  i s  com- 

puted i n  FUNCTION SLYAD. The photon f l u x  emission i s  i n t e g r a t e d  over  

t h e  plasma volume t o  o b t a i n  

mrn = 2,iadr .r Ne No Sx[Te ( r )  J 

The impur i ty  s t i rni l la t ion r a t e  i s  cha rac t e r i zed  by t h e  b a s i c  quantum 

e f f i c i e n c y  QEFF def ined  i n  a  DATA s ta tement .  Thus t h e  impur i ty  f l u x  i s  

rm = QEFF* (PHI@ + PHILA) , (#/cm2/sec> . 
z  

d )  Charged-part ic le  desorp t ion .  The plasma ions  and e l e c t r o n s  which 

l eave  a l s o  produce deso rp t ion  cha rac t e r i zed  by t h e  e f f i c i e n c i e s  

QPR(LW) end QKT.E(;) [number of i m p u r i t i e s  produced per  pro ton  and 

pe r  e l e c t r o n ,  r e s p e c t i v e l y  ( f o r  w a l l  and l i m i t e r ) ] .  The emergent 

f l u x e s  of pro tons  and e l e c t r o n s  a r e  assumed t o  be  equa l ,  and a r e  

computed from t h e  q u a n t i t i e s  PCVE, PCVI i n  sub rou t ine  @RMPWR. The 

r e l a t i v e  f r a c t i o n  of t h i s  f l u x  going t o  t h e  w a l l  ( l i m i t e r )  i s  de- 

s c r i b e d  by t h e  cons tan t  i n  DATA PCTWAL (1-PCTWAL). Thus, t h e  par- 

t i c l e  deso rp t ion  c o n t r i b u t i o n  t o  t h e  impur i ty  f l u x  is :  



rP = (PCVE* ( (QELEW*PCTWAL + QELEL 
z  

* (1-PCTWAL) ) /TE .(N) + PCVI 

* (QPRW*PCTWAL + QPRL 

* (1-PCTWAL) ) /TI (N) ) 6.25 (10) . 
e )  T o t a l .  The t o t a l  impur i ty  product ion  i s  thus  

T h i s  f l u x  i s  t r e a t e d  i n  two ways, depending whether o r  n o t  a  d e t a i l e d  

impur i ty  model i s  be ing  used [IMP (1) = 1 o r  21. With IMP (1) = 1, t h e  

ZEFF va lue  i s  incremented uniformly by a d d i t i o n  of t h e  new impur i ty  

Ilux T Z .  The r u l e  i s  

where N a r e  t h e  t o t a l  numbers of e l e c t r o n s  and i m p u r i t i e s ,  Z (ZIMP) 
e , z  

i s  t h e  average Z of t h e  impur i ty  s p e c i e s  and N - 
z - rz x AREA. With t h e  

d e t a i l e d  model t h e  i m p u r i t i e s  a r e  added t o  t h e  s p e c i e s  being monitored. 

Thus one can d i s c u s s  heavy me ta l s  (from t h e  w a l l  o r  l i m i t e r ) ,  l i g h t  

i m p u r i t i e s  (from d e s o r p t i o n ) ,  o r  hydrogen. . F o r  t h i s  d i scuss ion  we w i l l  

t reat  only t h e  c a s e  of l i g h t  i m p u r i t i e s  produced by t h e  sum of a l l  t h e  

p roces ses  d i scussed  above. I n  f a c t ,  we w i l l  assume t h e  impur i ty  t o  be  

CARB@N, and t h e  impur i ty  i s  t o  b e  added t o  t h e  C A R B ~ N  a r r a y  i n  t h e  l a s t  

s p a t i a l  zone. Thus, t h e  increment of carbon atoms produced dur ing  t ime 

TDELC = A t * T  *AREA 
2 

and t h e  d e n s i t y  i n  t h e  o u t e r  s p a t i a l  zone i s  

7.2  BASIC INPUT~OUTPUT 

The r o u t i n e  r e q u i r e s  some of t h e  major energy and p a r t i c l e  f l u x e s  

from t h e  plasma which are c a l c u l a t e d  i n  sub rou t ine  @REIPWR., It c a l c u l a t e s  

e i t h e r  an increment i n  ZEFF [ i f  IMP(1) = 1 1 ,  o r  an  increment i n  t h e  

CARB@N(N) d e n s i t y  [ i f  IMP(1) = 21. 



7 . 3  S W Y  OF FUNCTION OF EACH SUBROUTINE 

SUBRgUTINE SURFAC 

Subrout ine SURFAC i s  c u r r e n t l y  t h e  only  sub rou t ine  i n  t h i s  module. 

Cal led from: MAIN 

Commons requi red :  IMPURT, INDEX, NEUTRL, TIME, SURF, P@WER, @UTPT, 
RATI@S, GE@M, I@NS 

Var iab les  requi red :  

From l abe led  common blocks (descr ibed i n  Appendix 11) :  

/IMPURT/ - CARB@N, ZEFF, Z I M P ,  DENP 

/INDEX/ - N 

/TIME/ -TIME, TP@ 

/NEUTU/ - FCF, FCDEX, YCDEN 

/SURF/ - CARN 

/POWER/ - PED, PID, PIIL 

/@UTPT/ - PLR 

/RATIQS/ - PCVE, PCVI 

/CE@M/ - AREA 

/I@NS/ - DEN 

I n  a DATA s ta tement :  

Y BAR - number of i m p u r i t i e s  pe r  eV 

YBARC - number of i m p u r i t i e s  of carbon per  eV 

QEFF - b a s i c  quantum e f f i c i e n c y  

Q E L E ( ~ )  - e l e c t r o n  deso rp t ion  e f f i c i e n c i e s  f o r  w a l l  (w) and l i m i t e r  (L) 

Q P R ( ~ )  - i on  deso rp t ion  e f f i c i e n c i e s  f o r  w a l l  (W) and l imiter  (L) 

,YBARD -number of i m p u r i t i e s  from charge-exchange deso rp t ion  per  eV 

Var i ab le s  changed: 

ZEFF - e f f e c t i v e  charge Z of plasma ions  
e f f  

CARN - edge d e n s i t y  of carbon atoms, 
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8. DESCRIPTION OF DIAGNOSTIC MODULE 

8 .1  PURPOSE AND STRUCTURE OF MODULE 

Development of t h i s  module has  j u s t  begun. It w i l l  c o n t a i n ' a l l  t h e  

d i agnos t i c  procedures ,  checks on numerical  accuracy,  e r r o r  messages, and 

d i a g n o s t i c  p r i n t o u t  of v a r i a b l e s  and a r r a y s  t o  h e l p  l o c a t e  where problems 

a r e  occurr ing  dur ing  a s imula t ion  run .  Three l e v e l s  of d i a g n o s t i c s  w i l l  

be considered i n  o rde r  of i nc reas ing  s e v e r i t y  of problems encountered. 

Level  one d i a g n o s t i c s .  This  l e v e l  inc ludes  checks on numerical 

accuracy,  some cons is tency  checks and a s s o c i a t e d  e r r o r  messages. E r r o r s  

occu r r ing  a t  t h i s  l e v e l  w i l l  n o t  s t o p  a s imula t ion  run un le s s  t h e  use r  

s p e c i f i e s  t h a t  t h i s  be  done by h i s  choice  of i npu t  d a t a  f o r  s e t t i n g  

va r ious  swi tch  v a r i a b l e s .  The fo l lowing  numerical  accuracy checks a r e  

au toma t i ca l ly  made: 

a )  The computed c u r r e n t  

I = 2? d r  r j ( r )  J 
is  compared t o  t h e  program c u r r e n t .  

b) The q u a n t i t y  n ( j  - jgEAM ) is compared t o  t h e  e l e c t r i c  f i e l d  E. 

c )  The q u a n t i t y  

aNe - (NV) 1 (-1 

should be u n i t y .  

Level two d i agnos t i c s .  This  l e v e l  w i l l  con ta in  d i a g n o s t i c  procedures  

and a s soc i a t ed  e r r o r  messages t h a t  can be used t o  a t tempt  t o  recover  i f  

t h e  s imula t ion  i s  going badly. Problems encountered a t  t h i s  l e v e l  w i l l  

be  more s e r i o u s .  An op t ion  w i l l  e x i s t  f o r  s topping  t h e  program by t h e  

choice of i npu t  d a t a  f o r  va r ious  switch v a r i a b l e s .  

Level  t h r e e  d i a g n o s t i c s .  This  w i l l  b e  t h e  l e v e l  of d i a g n o s t i c s  f o r  

t h e  most s e r i o u s  problems. This  l e v e l  w i l l  be  used when ex tens ive  diag- 

n o s t i c  information is requi red  i n  o rde r  t o  l o c a t e  t h e  source of a problem. 

It must be requested d e l i b e r a t e l y  by t h e  use r  s i n c e  i t  w i l l  u s u a l l y  gen- 

e r a t e  a l a r g e  amount of ou tpu t .  



8.2  SUMMARY OF FUNCTION OF EACH SUBROUTINE 

The only  sub rou t ine  a t  p r e s e n t  i s  DIAGN@. It provides  a  few l e v e l  

one and one i e v e l  t h r e e  d i a g n o s t i c  a i d s .  

Subrout ine  DIAGNO con ta ins  t h e  t h r e e  l e v e l  one d i a g n o s t i c s  mentioned 

above. A l e v e l  t h r e e  d i a g n o s t i c  was added when some problems occurred i n  

sub rou t ine  IBTM i n  t h e  plasma module, and checks f o r  vanish ing  ma t r ix  

elements  i n  t h e  c o e f f i c i e n t  ma t r ix  A of t h e  s e t  of f i n i t e - d i f f e r e n c e d  

coupled p a r t i a l  d i t t e r e n f l a l  eqilaeions describing the  p l a s ~ u a  e v u l u l i u l ~ .  

I f  a  van i sh ing  m a t r i x  element i s  found, i t  i s  given t h e  va lue  1.0 and t h e  

l o c a t i o n  of t h a t  element i s  p r l n t e d  ou t  ii$iflg alcernace ENTRY DBRT. This  

a l l ows  t h e  program t o  cont inue  even though t h e  s imu la t ion  i s  i n  e r r o r ,  s o  

t h a t  f u r t h e r  degenera t ion  of t h e  computation can occur  and perhaps y i e l d  

more h e l p f u l  d i a g n o s t i c  information.  A l t e r n a t e  ENTRY DAPRT examines t h e  

c o e f f i c i e n t  a r r a y  f o r  e lements  and p r i n t s  any t h a t  a r e  found. 

C a l l e d  from: MAIN,  IBTM [ a l t e r n a t e  ENTRY DAPRT] 

Commons r equ i r ed  : BEAMC, CDCLBX, FIELDS, GE@M, INDEX, I@NS, LBMIBT , 
SUMS, TEMP, THRMDF 

V a r i a b l e s  r e a u i r e d :  

For  ENTRY DPRT (KDUMy UNM, L@@P , VALUE) 

KDUM - a  v a r i a b l e  used t o  i s o l a t e  which group of s ta tements  was 
be ing  executed when t r o u b l e  occurred.  The v a l u e  of t h i s  
v a r i a b l e  i s  p r i n t e d  dur ing  program execut ion  and i s  a l s o  a  
i i s e fu l  a i d  when examining t h e  con ten t s  o f . a  core  dump when 
execut ion  f a i l s .  

IDUM - t h e  product  of t h e  D@ loop i n d i c e s  I l k12  i n  subrout ine  IBTM. 
Thc v a l u c  of IDUM i s  pr inted  d ~ i r i n e  program execut ion  i f  t h e  
v a l u e  of c e r t a i n  elements  of t h e  c o e f f i c i e n t  ma t r ix  A a r e  
<10-'+0, 

L ~ @ P  - index v a l u e  of t h e  A-array element causing di f f i r .11 l ty .  

VALUE - v a l u e  of t h e  q u a n t i t y  1. /A (L@@P) . 
From l a b e l e d  common b locks  (See Appendix I1 f o r  d e f i n i t i o n s )  



/GE@M/ - AM 

/INDEX/ - N 

/I@NS/ - DEN (101) 

/LBMIBT/ - A(8008) 

/SUMS/ -sUMc 

/TEMP/ - VEL (101) 

/THRMDF/ - TDE (101) 

Variables changed : 

RCUR - ratio of computed current to program current (should be unity). 

SIGV - ratio of plasma ion flux computed from drift velocity to flux 
computed with thermal diffusion coefficient (should be unity). 





Appendix I c o n t a i n s  a l i s t i n g  of t h e  inpu t  d a t a  s e t  used by the 

t r a n s p o r t  code. T h i s  l i s t i n g  con ta ins  two parameters ,  SCAIJ and SCAEP1, 

which a r e  n o t  desc r ibed  i n  t h e  User ' s  Manual. They appear wi th  t h e  

parameters  l i s t e d  under t h e  heading NEUTRAL GAS DATA and a r e  included i n  

t h e  NAMELIST l i s t  INEGADA I i n  sub rou t ine  GETSET. They a r e  no t  used i n  

t h e  v e r s i o n  of t h e  t r a n s p o r t  code descr ibed  i n  t h i s  manual. Except f o r  

t h e s e  two parameters ,  t h e  r e s t  of t h e  l i s t i n g  should agree  wi th  t h e  

d e s c r i p t i o n  i n  t h e . U s e r l s  Manual t e x t .  



T H I S  I S  THE O P P I C I A L  I N P U T  DATA SET POR THE VERSION OF THE OAR 
RIDGE TOKABAK TKANSPOBI CODE AS DESCRIBED II THE USEB'S IANUAL. 
I N P U T  C d T A  A N D  S U I I C H  S E T T I  N G S  

THE POLMWIB'G I N P U T  DATA S E T  I S  COMPLETELY INTERNALLY DOCUBENTED S O  
THAT THE CASUAL USEB SHOULD BE ABLE TG 6UN TBE PLASIA S I I U L A T I O N  CODE 
WITHOUT RAVING TO CONSULT A S E R I E S  O P  MEIOS, CHANGES TO THE I N P U T  DATA 
ARE BADE BY EDITING T H I S  P I L E ,  1.B. THE N A B E L I S I  L I S T S .  

THE VARIABLES APPKOPFUATE FOR EACH I A B E I I S T  L I S T  GROUPING ABE 
DESCBIBED IHIEDlATELY PBECEEDING THE NAlJELIST DATA SET. DEFAULT VALUES 
FOR THE I N P U T  DATA ARE GIVEN I N  PABENIHESES POLLOPING THE 
D E P I N I T I O N S  OF THE VABIABLES. THE DEPAULT VALUES GIVBN ARE TBOSE 
APPROPRIATE POK TBE OBBAK DEVICE. 

n A c H I t . i E  C O N P I G U R A T I O N  
A M M I N O R  R A D I U S  OF TORUS,  cn ( 2 3 . 0 ~ 1 )  
B 0 I A J O B  R A D I U S  U P  TORUS, CI (79.8CH) 
BT TOBOIGAL MAGNETIC P I E L D ,  GAUSS (18KG) 
R 9 I I J I P I A L  PLASNA RADIOS , C I  (23. O C l )  
N NOIBBB OF SPATIAL GRID (RADIAL) P O I B T S  ( 5 1 )  

G I A C H I  N 
AI=23,0,R0=79.5,BT=l8.E3,B9=23.O,I=51 
&END 

C 
T I I I I G  I N T L B V A L S  

THAX I A X I I U I  DURATION OP CUBREliT FULSE, l S E C  (65.  01s EC) 
4 C  R I S E  T I H E  OF THE CUBRENT, I S E C  ( l o ,  O I S E C )  
T PO PALLOFP T l l E  O F  EXTERNAL NEUTRAL DENSITY, HSEC ( 4  - 0  ISEC)  
TSTAR S I l U L A T I  CN PROBLEI STARTING TIME, BSEC (0. On SEC) 
NT TOTAL NUBBER OP TIME INTEEVALS FOB CURRENT PULSE AND PLASIA 

S I I O L A T I O B  ( 1 0 0 0 )  
G T I I I N T  
TIAX=65.O,TC= IO,O,TPO=4.0,TSTAR=O. O,Y1=lOOO 
SEND 

C 
P L A S I A  D A T A  

T EO EOUNEARY TEIPEEATURE F O R  LLEClBONS @ O t i s ) ,  EV ( lO.EV) 
T I 0  BOUIDABY AND I N I T I A L  TEIPBRATURE OF IONS,  EV ( 1  0. EV) 
I E B  I b l I T I A L  CEBTBAL VALUE OF ELECTBCN TEIPERATURE. BV (20,OEV) 
T I E  I N I T I A L  CENTRAL VALUE O P  ION IEIPEBATURE,  EV ( 2 0 .  EV) 
VOLT TOBOIDAL VOLTAGE, B ( 3 - 0 1 )  
DEN0 I N I T I A L  VALUE FOB DENSITY AT ELASIA CEITHB, a * * - 3  (6.E12) 
DEUB EOUBfABY ELECTRON DEUSITY, CB**-3 ( 5 , ~  IZCI**-3) 
Z PC I N I T I A L  VALUE O P  TEE TOTAL CUBREIT,  A I P S  ( 1  5.OKA) 
Z P I  ADDITIONAL AIOUNT OP TOTAL CURBHNT APTEB T I M E  T C ,  AHPS (85.OKA) 
AIU S A S S  O F  PLASIA IONS (SEE TABLE PCLLOYING). AHU (1,OAIU) 

*** N 0 T B AS O P  25 P E B  7 5 ,  CONSPAIT AH DOES NOT APPEAB *** I N  ALL EXPRESSIONS UHBRE I T  IS BEQUIRED. UNTIL 
+*+ T H I S  D E P P I C I B I C Y  IS BEIBDIED. AIU=1.0 A L U A Y S --------------------------------- - -----------A ------ - ----------------w=----------r -nrmmmmmlaea----,----------------- 

F I L L I N G  GAS AlU ---------------------------------------------------------- 
1 0 0 %  EXDBOGEU 1.0 
75% BY DBOGEB, 25% D E U I E B I U I  1. 2 5  
5 0 %  BYDB06BI, 5 0 %  DEUTERIUN 1.50 

E'PC. 

X I ( 1 )  EXPONENT FOR I U I T I A L  P B O P I L E  C P  CORBBNT DENSITY (2.0) 
( 2 )  ELBCTROU TEIP.  (2.0) 

X I  (3) ION T E I P -  ( 2 - 0 )  
XI ( '4 ELECTRON DENSITY (2.0)  
I I I T  ( I )  S T  ABTING MODE POX I N I T I A L  P L A S I A  VABIABLE PROP1 L I S  ( 0 )  

=O, ANALYTXC FUICTION GEBERAlED P B Q P I L B S  
= I ,  PBOPILES READ P B O l  DdTA CABCS 

r r x ~ ( 2 )  NOT CURBEMPLY USED 
I U I T ( 3 )  SWITCH POB E X A l l I Y I 8 6  IHD S T A B I L I 1 P  CHARACTBRISTICS OF T E g  (1) 

PLASLlA 
= O n  D E P H i l B I l B S  LOCATIOU O P  SXliGOLAR SURFACE FOB 1=3,5 
=I ,  CALCOLATXS RADIAL KIGEBPOBCTICUS dND P B A R I A 6  MODE GROWTH 

BAF8 ACCOQDII O TO t08XH. BOPtlStlYU#Dn AID SELBEBG, FOB 
l -3.5.  CAE BB U S I D  TO BVALIIATk? TIIAISPORT OOEPPICIBU'PS KH 
SUBROOTIlSE CDC- 



D l 1  ( 1 )  ELECPRON THERMAL TRANSPORT COEPEICIENT, POR S C A L M G  DIPPUSION 
COEFEICIENT = D l 1  ( 1 )  PSEUDO-CLASSICAL (0 .350)  

D l  1 ( 2 )  I O N  THERHAL TRANSPORT C O E P F I C I E N P ,  FOR SCALING D I P P  USION 
C O E P P I C I E N T  = D l  1 ( 2 )  * BEO-CLASSICAL ( 0 . 3 0 0 )  

D l 1  (3) PARTICLE DIFFUSION COEPPICIENT = 1.00 * PSEUUO-CLASSICAL 
D l  1 ( 4 )  R E S I S T I V I T Y  = D l  l ( U )  * NEO-CLASSICAL ( 1 . 0 0 )  
D l 1  ( 5 )  THRESHOLD (HUE*) OF TRAPPED ELECTEON SCALING (0 .0)  
D l 1  (6) TBBESROLD (NOI*) OP TRAPPED I G I  SCALING (0 .0)  

E P L  ADAIP 
TEO=IO.O,TIO=l 0.08TEB=20. 0 ,TIB=20.  08VOLT=3.0 ,DEIO=6. E12 ,  DENB=5.E12, 
ZPC=1.SEU,ZPI=8.5E48AMU=1.O.XI=2.O82.O82~O.2.O8O.O8O~O8O~O.O.O8O.O8O.O8 
I N I ~ O ~ 0 ~ 1 ~ 0 ~ 0 ~ 0 , 0 . 0 , 0 ~ 0 ,  
D l l = 0 . 3 5 0 ,  0.300. 1 .0 ,  1.0. 0.0, 0 .0 
&END 

C 
N E U T R A L  G A S  D A T A  

PCDEX (TIM) = (PCDEN-PCP) EXP ( - T I W T P O )  +PCP 
PCDEg FBABCK-COBDON BOUNDARY DEBSITY OF BBUTRALS AT T I ( I B = T I I  
FCDBN PBABCK-COBDOB BOONDMLBP D E N S I l O  FCDEB ( 0 )  , CH**-3 (18.OE03CB*L-3) 
PCP PIPAT. ROUNDARY DENSITY OP BBUTBALS PCDBX ( I B B )  , CU**-3 (9.OE09CI**-3) 
NU x N U R B E R  OF POINTS IN j0.1 1 AT wnxcn T O  a ~ ~ a o x a n r ~ e  

BOT BEOTRAL GAS DENSITY ( 2 1 )  
I O Z  NUIBEB OF O I I P O R H L P  DISPRIBUTED P O I I P S  I B  [ - I  ,1 ] USED TO 

APPROXIMATE HOT NEUTRAL GAS EENSITY ( 1 0  1) 
B S I I P  NUMBER O P  SIHPSON-IODBS USED TO APPBOXIIATE AN IB'PEGBAL HEAR 

A LOGABITBMIC SINGOLABITY IU G ( Q )  (9 
BONIP SWITCH POR THE NODAL P O I N T S  I N  [ O , 1 ]  ( 0 )  

= 0, P O I N T S  M E  DEPIBBD 111 lgBUOIO SOBBOO'PIBE PO BE 
(1-1 ) /  (mox-I) 

> 0, P O I N T S  SHOULD B E  PLACED AT TEE B E G I I E I U G  O P  THE 
ABBAY a I uu coaaoN /BUTELP/ 

QP, QC DETERHINE AN INTEGRATIOIS INTERVAL ON EACH S I D E  O P  T B E  LOGA- 
R I T H B I C  SINGULARITY O F  G ( Q )  AT EACH NODAL P O I N T  I N  [ 0 , 1 ] .  
REQUIRE 0 < OR = Q P  < QC, U B E l E l E R  QP > QC, BEUTIO 
S E T S  QP=O-1 *QC- ( 0 - 0 0 l 8 O - 1 1 )  

B P S I I  CONVBRGBNCB CBITBEION FOB HOT N E O l B I L  GAS DENSITY SOLUTION 
TO THE DISCRETE I I T E G R A L  BCUNTIOB ( 0 . 0 0 1 )  

I U T B P S  = I ,  2 ,  3 S E L E C T S  BESPECTIVELY LXBEAB, QUADRATIC, OR CUBIC 
IBTERPOLATION FOB APPBOXIIAPING 11. T I 8  AND EAPN ( 2 )  

BSMO =NUHBER O F  D I B I S I O I  POIKCS I B  T B B  2 PABPXPIOI  I l l E B V A L S  
'IRAT COBTAI 8 THE P O I  I T  OF T E E  LOGABITBMIC S I I 6 U L  ARITY (3) 

IDBDOG 10  POB 80 I l iPOBIATIOB ( 1) 
= I ,  P B I U T S  A = P I ,  B=P2. C=APC, L I P S H I T 2  COISTABT. E S X I M T E D  

BUMBEE OF I T E R A T I O l l S  
= 2 ,  P R I N T S  SAME AS =1 PLUS ARBAPS BI ,  T I  (OR AX). ABD E A T 8  

EO ENEEGY OF IBOTRALS OPP TBB HALL, BI. (10.) 
EPSNO I F  THE MAGNITUDE OP T E E  BELATIVE ERROR fiBTUEBI CORRERT ( - 5 )  

A*NI/AI A I D  OBE OSED AT PRBVIOOS TIME TO GE'P LBST B A S I C  
BEUZBAL P R O F I L E  I S  .GT, EESBO, 4 8 B 8  A BBU SLAB C I L C O L A T I O I  
R I L L  BB BADE 

I P I O  AFPLICABLB OBLY I F  N 8 P  SLAB CALCOATION I S  TO BB dAbE (l) 
= O  PQB 8 0  PRINT 
= I ,  P R I B 2 S  B A l G E  OP RELATIVE BBROII d B V &  (CP. &PS$IO) 
= 2 ,  P B I B T S  SAME AS =I  P L U S  OLD AND NEW BI /AI  ABD NEIJTBALS 

NUDPl PUHBUR OP WQWDS T U  & P R A Y  U1 QP CORBOB /UUTBLP/ 

NUDUSC UUIBBR O P  WORDS I N  ARRAYS I B  COHIOB /SPACE/ 
l U T E  ( 1 )  SWITCH FOB HODBL O P  BBUTBAL GAS CALCOLPTION 

= I  FOR ABALYfIC MODEL 
(2 

=2 W E  S L A B  MODEL (JOBS HOGAN) 110 BZPLBCrLOB 
lsUDP1 -68. (5U+(1BOX+31308) 
B H D I i S C  -6B. UOX (U(1Zt10 llSIO+S) + B S I B P ( 8  BOX* 1) +4 ( 8 O Z + % S I  0 )  

- 2  
=3 FOB S L A B  BODBL P I T H  LI. BOBIISOB*S PALL B B n B C T I O U  

( D I m E R  SIGIIAR, NOT AVAILABLE YE?) 
UUDPl .6B. (58+5NOX+3B08)  
NUDOSC .GB. (15 BOX+8BCZ+BOX*IiO2) 

=4 FOB XCDBB VEBSDDB O F  Al l ISB P a 0 6 R A H  (BOP IBCLODBD PET) 



S C A I J  SCALING FACTOR FOR THE I (AND J )  PUNCTION APPEARING I N  THE (1 . )  
R E F L E C T I O N  PART O F  THE KEENEL. A P P L I E S  I F  N U T E ( 1 ) = 3 .  

S C A E P l  S C A L I N G  PACTOR FOR THE PUNCTION E P S I L O N  SUB 1 THAT APPEARS (1 . )  
I N  T 6 E  REFLECTION PART O F  TBE KERNEL, A P P L I C A B L E  ONLY 
I P  N U T E ( 1 ) = 3 .  

N U T E ( 2 )  EXEONENT IN POWER LAW FOR NEUTRAL GAS ANALYTIC HODEL ( 4)  
N.B.***IF NO S L A B  CALCULATION, THEN LAEELLEL CO#MONS /NUTRLP/, /SLAB/, 

/ I N T R P S / ,  / P R N l /  ARE NOT USED AND THE ABRAY Y 1  I N  /NUTRLP/ SHOULD 
HAVE EXACTLY 1 ELEIENT. *** E X I T ,  I P R I l ,  E G G T I ,  AND B I T  SHCULD BE S P E C I F I E D  WHENEVER JOHN 
HOGAN'S SLAB HODEL I S  REQUESTED. I P E I T .  NC, EGGTI,  AND BNT 
APPLY CNLY I F  GANtlA ( = L I P S C H I T Z  C O N S l A N l )  .GE. 1  OR I P  THE 
ESTINATED BUNBER OF PUBICTICNAL I T E S A T I O N S  JZCEEDS EXIT.  
NEUTC S E T S  NC TO 1 ( 0 )  I F  P A I L U R E  (SUCCESS) .  IT'=NOI'P I S  THE 
NUHBER OP PUNCTIONAL I T E R A T I O N S  PERFORMED I N  NEUTC. 
P R I N T  ROY O F  I I P O R I A T I O N  ON I T E B B T I O N S = I +  ( J -  1 )  * I P R I T .  J= 1, .. . 
U N T I L  CONVERGENCE OR PAILURE I S  DECLARED, N I  DENOTES THE 
HOT NEUTRAL DENSITY PUNCTION. CONVERGENCE I S  DECLARED UEEN- 
EVER S U I  FOB I=l.... ,#OX OF ABS (N1CUE ( I ) - N I L S T  (I)) .LE. (SUM 
OF N l C U R ( I ) ) * E G G T I .  I P  I l A X ( N l C U R ( 1 ) )  .GE, BNT, THEN F A I L U R E  
I S  DECLAEED. 

SNEGADA 
PCDEN= 18. E9, FCE=9. E 9 8 N 0 X = 2 1 8 Y 0 Z = 1 0  1 0 N S I M P = 9 ,  NUNIP=O,QP=O.OOl, 
QC=0, 1 1 . E P S N I = 0 . 0 0  1, lJUTE=lOU,O,O,O, 0 8 G 8  O,O,O,INTRPS=2,NSHO=3,IDEBUG=1, 
N Y D Y l = 6 ( 1 2 8 N W D U S C = 8 0 0 8 , E 0 = 1 0 ,  ,EPSW)=.5,  LXIT=2OO . I P R I T = 5 ,  EGGT I=, 0 0  1, 
BNT=1O.,SCAIJ=I.,SCAPP1=1., 
&END 

C 
I N P U R I T Y  I O N  D A T A  

E C I I P  PERCENTAGE O F  ELECTRON D E N S I T Y  DUE 10 A HIGH-Z I H P U R I T Y .  ( 0 . 1 )  
T H I S  PARAMETER HAS TWO D I P P E R E N P  HEANINGS ACCORDING T O  THE 
I B P U R I T P  D I P F U S I O N  BODEL O P T I C l  DPT EBHINED BY T H E  VALUE 
O F  I I P ( 2 ) .  PDR I N P  ( 2 ) =  1 OR 3, VALUE I S  DUE 'PO SOME EVEBAGE 
E F F E C T I V E  HIGH-Z I H P U R I T X ;  FOR I M P  ( 2 )  =2 OR U, I T  I S  DUE TO 
I R C N  I B P U B I T I E S .  

Z E F P  E F E E C T I V E  CHARGE O F  I O N S  ((4. 0 )  
Z I # P  t4AXIflUH CHARGE OP THE HIGH-Z I H P U O I l Y  I O N  ( 2 5 . 0 )  
XCAR PERCENTAGE OF ELECTRON DENSITY DUE T O  CAGBON I N P U R I T I E S  

(APEEOX. 2%) 
XO X PERCENTAGE OF ELECTRON DENSITY DUE 10 OXYGEN I M P U R I T I E S  

(APPEOX. 2 % )  
I n P  ( 1 )  SAITCH POR INITIAL X H P U R I ~ Y  STRIPPING C A L C O L A T I C U  (1 )  

= I  COBCNA E C U I L I B B I U H  TABLE PCR CARBON, OXYGEN 
=2 DYUAHIC R&T8 CBLCULATICbl FOB CAREOW, OXYGEN (NOT 

AN OPTION I N  CURBENT VERSION OF THE PROGRAH) 
IMP ( 2 )  SWITCH FOR D I F F U S I O N  OF I H P U R X T I E S  (1 

= I  A CORONA E Q U I L I B R I U B  TABLE TOGETBEB WITH RADIAL 
D I S T R I B U T I O N  PORMUIAE ARE USED FOR CARBON AND OXYGEN. 
I I I G E Z  I M P U R I T I E S  ARE I R E A I E D  USING A CRUDE E S T I  HATE 

-2 COEONA ECUILBRIUM TABLES USED FOR CARBON. OXYGEN, AND A 
H I G H - Z  I f l P U R I T Y  ( P E )  ATOH CBARGE STATES, RADIAL D I S T R I -  
BUTIONS M E  ASSIGNED P S I N G  POBHOLAE. 

=3 A CORONA E Q U I L I B R I U M  T A B I E  TCGEl'HBR WITH RADIAL D I S T R I -  
BUTIONS GEN ERATED BY PPIRSCE-SCELUTEB D I F F U S I O N  I S  USED 
F O B  CARDCN AND OXYGEN. HIGH-Z I M P U R I T I E S  ARE TREATED USING 
A CRUDE ESTIHATE. 

=4 COBONA E C U I L I B B I U I  T A E L E S  ARE USED FOR CARBON, OXYGEN, 
AND A HIGH-Z I I Y U U L T Y  ( P E )  A l U I  CHANGE STATES.  RADIAL 
D I S T R I B U T I O N S  ARE GENEBATED EP A P P I R S C B - X B L U T E R  D I P P U S I O N  
HODEL. 

I H P  (3) SWITCH FOB IMPURITY MODEL C A L C U L A 1 1 0 1  (1) 
=1 USE P I X E D  VALUES 
= 2  USE MODEL CALCULATION DETERMINED BY CHOICE OF S U T C H  V A L U E  

F o a  1 n ~ ( 2 ) .  
I B P ( U )  SWITCH FOR DBTAILBD IODEL FOB I P O N  (1) 

=O INCLUDE I R O N  CORONAL B C U I L I E B I A  
= I  O U T  D E T A I L E D  D E S C B I F T I C N  

( i I I P I D A  
PC1 W = O .  I O ~ L B Y P = ~ . ~ ~ Z I ~ P = ~ S , .  O.XCAR=~.O.XCX=~-O.I~P=I. 1, 1, 
EEBD 



C 
N E U T R . A L  B E A N  I N J E C T I O N  D A T A  

CURBH 3 X 2  ARRAY OF NEUTRAL BEAM CU66BNTS ( S E E  TABLE BELOW), AHPS 
ENGP(1)  H I G E I S T  NEUTRAL BEAM ENEBGP, EV (3.OX4 EB) 

TAELE OF NEUTBAL EEAM CUBRENT ARRAY, CUBEI(COLUUN.BOH), DEPAULT VALUES 

E N G P ( l ) = E O  ENCY(2)=EO/Z E N G Y ( 3 ) = E 0 / 3  
CO-INJECTION 1.2 1.2 1 .2 ,  
COUNTER-INJECTION 1.2 1.2 1.2 

DTCH 
DTCGL 
RC 
R B 
BHL P  
T W C T  
DTB J C  lP 
Y 1 
B3 
PQE 

TIME INCREMENT FOR CALCULATICB OF 8 ( 8 ) .  I S E C  (1 0. OM SBC) 
TIME INCREMENT FOR CALCULATICI OP GI, G I ,  AND KE, I S E C  (2.0MSEC) 
I A J O B  RADIUS O P  B E A I L I N E  P O I N l  OF TAIGEICY,  CM (75.  OCH) 
NEUTRA2 BEAB RADIUS. CH ( 1 5 - O C M )  

HALF-YIDTR ( A S S O I I L G  GAUSSIAB PROPILX) ,CM ( 7 - 5 C I )  
STABTING T I M E  POR I N J E C T I O N ,  MSXC ( 2 0 1 s ~ ~ )  
lBDXRAL BEAM I N J E C T I O N  CUBBXNT E I S E  T I R E ,  MSEC (6 - 0  BSEC) 
I U I B E R  OF P O I N T S  I1 CURREBT E I S E  INTEBV AL ( 5 0 0 )  
B U I E E R  02 POINTS IN INJECTED N E U X R A L  BEAM axsE TIME INTERVAL ( 2 0 0 )  
FRACTION OF I N J E C T E D  NEUTKAL EEAU POHER TRANSFERRED (0.95) 
TO ELECTRONS (USED FOR QUICK BED CI6TY I N J E C T I O N  CALCULATIONS) 
WEnTRAl R i A M  TNalRCTTnN CALCnLATTnN SUTPCA ( 1) 

'= 0 ,  t i0  I N J E C T I O N  
= 1, M C l E l T S  CALCULATICB 
5 2. DEEUG CALCULATION 

SWITCH FOR NUMBER AND T Y P g  OP NEUTRAL BEAM INJECTORS USXD 
= 1, CO-IUJECTION ONLY 

(3) 

= 2, COUNTER-INJECTION ONLY 
= 3, T P O  IOJBCTOBS ONLY, CBB CO-  AND ONE COUNTER- 
= 4, POUR INJECTORS,  THO CO- A I D  'XU0 COUNTZR- 

POR THB POLLOYING SWITCEBS. 1 = 01 AND 0  = OPP 
I N J ( 3 )  SRI'I 'CH FOR CURRENT PEBPUREATICN P I 0 8  PAST IONS (1) 
115 (1)) ELBCTRIC P I E L D  BPPBCTS ON PAST I O N S  ( 0) 
INJ (5) LOSS CODE CORRBCTIOI TO PAST I O N S  TBEBlALIZATIOB ( 0 )  
I N J  ( 6 )  SOITCH FOR TYPE OP I N J E C T E D  GAS 

= O  8PDROGBN 
( 0 )  

= 1  Dti[lPhRIUM 
CblBAXPA 
EBGY (1)=30000~O,DTCE=lO.O,DTCGI~2.0,6C=75.0,B0=15.0, 
BHLP=7-5.TIJJCT=20.0, DTNJCIP=6.O.N 1=500.B3=200.1BJ=1.3.1,0.0,0. 

C 
1 / 0  DATA A N D  C O B T B O L  S I X T C B E S  

B R BUlBER OP P B I B T  OUT S E T S  DURIBG S I I U L A 2 I O B  OF P L A S I A  MSCEABGE 



APPENDIX I1 

A. Names and Primary Functions of Labeled Common Blocks 

B. I d e n t i f i c a t i o n  of Var iab les  and Arrays i n  Labeled Common Blocks 



A .  Names and Primary. Funct ions of Labeled Common Blocks 

/BDYCQN/ - parameters  a s s o c i a t e d  wi th  boundary condi t ions  i n  i n i t i a l  
va lues  f o r  t h e  plasma. 

/BEAMC/ - parameters  a s s o c i a t e d  wi th  i n j e c t e d  n e u t r a l  beams, n e u t r a l  
beam c u r r e n t .  

/BEAMP/ - q u a n t i t i e s  a s s o c i a t e d  wi th  n e u t r a l  beam i n j e c t i o n  and slowing 
down i n  t h e  plasma. 

ICDCLBMI - p r o f i l e s  of d i f f u s i o n  c o e f f i c i e n t s .  

/CUCLBX/ - a r r a y s  generated by sub rou t ine  CDC f o r  primary use i n  sub- 
r o u t i n e  LBM. 

/CN/ - i t ems  used' f o r  Gauss-Chebyshev i n t e g r a t i o n .  

/CURENT/ - parameters  a s s o c i a t e d  wi th  t h e  plasma c u r r e n t .  

/D/  - n e u t r a l  beam in j ec t5on  geometry f o r  p e n c i l  beam c a l c u l a t i o n s .  

/E /  - i n j e c t e d  n e u t r a l  beam p r o f i l e  geometry da t a .  

/ELCTRN/ - parameters  and p r o f i l e s  a s s o c i a t e d  w i t h  t h e  plasma e l e c t r o n s .  

/ERGBAY.,/ - p r o f i l e s  due t o  va r ious  processes  c o n t r i b u t i n g  t o  t h e  plasma 
energy ba lance .  

/FIELDS/ - parameters  and p r o f i l e s  a s s o c i a t e d  w i t h  t h e  e l e c t r i c  and 
magnetic f i e l d s  p r e s e n t  i n  t h e  plasma. 

/FPPP/ - v a r i o u s  mean f r e e  pa ths  a s s o c i a t e d  w i t h  n e u t r a l  beam i n j e c t i o n .  

/FUDGE/ - n e u t r a l  beam i n j e c t i o n  l o s s  cone c o r r e c t i o n  a r r a y s .  

/GA@RD/ - arguments used i n  list of c a l l i n g  parameters  f o r  Gauss- 
Legendre i n t e g r a t i o n  i n  n e u t r a l  beam i n j e c t i o n  module. 

/ G E ~ M /  - parameters  a s s o c i a t e d  wi th  t h e  tokamak geometry. 

/HIST/ - t ime h i s t o r i e s  of c o n t r i b u t i o n s  t o  plasma power ba lance .  

/HISTI/ - time i n t e g r a l s  of components of  plasma power f o r  some s e l e c t e d  
p roces ses  and energy f l u x e s  through t h e  plasma s u r f a c e  f o r  
e l e c t r o l ~ s  and i u ~ i s  a r i s i n g  from thermal condclceioil and convec- 
t i o n .  

/HZ/ - i n t e rmed ia t e  va lues  used i n  p e n c i l  beam geometry c a l c u l a t i o n s .  



/IBTMN/ - t h e  s o l u t i o n  vec to r  f o r  t h e  set of d i f f e r enced  equat ions  
desc r ib ing  t h e  model of t h e  b a s i c  plasma. 

/IMPURT/ - parameters  and p r o f i l e s  a s soc i a t ed  wi th  the  i m p u r i t i e s  module. 

- switch a r r a y s ,  number of s p a t i a l ,  t ime,  and p r i n t o u t  i n t e r v a l s  
i n  a  s imu la t ion  run.  

- i n p u t  v a r i a b l e s  f o r  Fokker-Planck moments c a l c u l a t i o n s .  

- s e t  of v a r i a b l e s  and a r r a y s  used f o r  l i n e a r  i n t e r p o l a t i o n  i n  
t h e  n e u t r a l  beam i n j e c t i o n  module. 

- parameters and switch governing type of i n t e r p o l a t i o n  used and 
swi tch  f o r  l e v e l  of d i agnos t i c  p r i n t o u t  f o r  t h e  n e u t r a l  gas 
d e t a i l e d  s l a b  model c a l c u l a t i o n .  

- p r o f i l e s , a s s o c i a t e d  wi th  i o n i z a t i o n  l o s s  mechanisms. 

- parameters  and p r o f i l e s  of q u a n t i t i e s  a s soc i a t ed  wi th  dominant 
i ons  i n  t h e  plasma (pro tons) .  

- t o t a l  n e u t r a l  gas a t t e n u a t i o n  c o e f f i c i e n t  p r o f i l e  a r r a y ,  
EATN (101) . 

- c o e f f i c i e n t  ma t r ix  s t o r a g e  a r r a y  which is  loaded i n  LBM and 
used by IBTM t o  genera te  t h e  s o l u t i o n  v e c t o r s  f o r  t h e  s e t  of 
f i n i t e  d i f f e r enced ,  coupled p a r t i a l  d i f f e r e n t i a l  equat ions  
desc r ib ing  t h e  b a s i c  plasma. 

- q u a n t i t i e s  ca l cu la t ed  s p e c i f i c a l l y  f o r  making comparisons wi th  
measurements using microwave in t e r f e rome te r  and any o t h e r  
device  f o r  which a  s p e c i a l  c a l c u l a t i o n  must be made. 

- p o i n t e r s  used t o  p a r t i t i o n  the  a r r a y  WSC. 

- parameters  and p r o f i l e s  a s soc i a t ed  wi th  t h e  n e u t r a l  gas model 
module. 

- summary of s e l e c t e d  information about t h e  evo lu t ion  of t he  
plasma throughout t h e  s imula t ion .  

- parameters ,  p r o f i l e s ,  and switckles used i n  t h e  n e u t r a l  gas s l a b  
model c a l c u l a t i o n s .  

- v a r i a b l e s  and p r o f i l e s  used p r i m a r i l y  f o r  purposes of provid ing  
output .  

- output  v a r i a b l e s  f o r  Fokker-Planck moments c a l c u l a t i o n s .  



- p r o f i l e s  of power con t r ibu t ions  due t o  t h e  dominant modes 
involved  i n  t h e  power balance.  These p r o f i l e s  a r e  i n t e g r a l s  
from t h e  plasma c e n t e r  ou t  t o  t h e  success ive  r a d i a l  p o i n t s  i n  
t h e  s p a t i a l  mesh. 

- p r o f i l e s  due t o  va r ious  processes  c o n t r i b u t i n g  t o  t h e  plasma 
power ba l ance .  

- p r i n t  c o n t r o l  switches a s soc i a t ed  wi th  t h e  n e u t r a l  gas module. 

- sou rce  term a r r a y s  f o r  b a s i c  two-fluid model of the  plasma. 

- p r o f i l e s  of power l o s s  through e lec t romagnet ic  r a d i a t i o n .  

- r a t i o s  of t h e  va r ious  plasma power c o n t r i b u t i o n s  t o  t he  ohmic 
hea r ing  power or  t o t a l  (ohmlc 9 n e u t r a l  bean1 injec'Lion) ixl.pu.t 
power t o  t h e  plasma and o t h e r  a s s o r t e d  q u a n t i t i e s .  

- r a t i o s  of t h e  dominant plasma power c o n t r i b u t i o n s  t o  t h e  t o t a l  
(ohmic + n e u t r a l  beam i n j e c t i o n )  i npu t  power t o  t he  plasma. 

- some v a r i a b l e s  used i n  t h e  s l a b  model t rea tment  of n e u t r a l  gas 
e f f e c t s .  

- va lues  of i n t e g r a l s  ob ta ined  i n  t h e  process  of determining the  
plasma power balance.  

- d e n s i t i e s  of va r ious  chemical elements a t  t h e  plasma boundary. 

- i n j e c t e d  n e u t r a l  beam p r o f i l e s  and i n t e g r a t i o n  mesh s i z e  values.  

- i o n ,  e l e c t r o n ,  and n e u t r a l  gas temperature p r o f i l e s ,  plasma 
i o n  v e l o c i t y .  

- p r o f i l e s  of thermal  d i f f u s i o n  c o e f f i c i e n t s .  

- t ime informat ion  f o r  t h e  s imu la t ion  run exc lus ive  of t iming 
informat ion  r equ i r ed  by t h e  n e u t r a l  beam i n j e c t i o n  module and 
t h e  i m p u r i t i e s  module. 

- t iming informat ion  r equ i r ed  by n e u t r a l  beam i n j e c t i o n  module. 

- i o n  and e l e c t r o n  temperature p r o f i l e s  s t o r e d  from t h e  previous 
t ime s t e p .  

- parameters  and p r o f i l e s  r e l a t e d  t o  d i f f u s i o n  and thermal  t rans-  
p o r t  p r o p e r t i e s  of t h e  plasma. 

- some miscel laneous p r o f i l e s  needed i n  s e v e r a l  sub rou t ines .  

- d i f f u s i o n  c o e f f i c i e n t s  f o r  impuri ty  d i f f u s i o n  c a l c u l a t i o n s  f o r  
t h e  Pfirsch-ScWiiter  regime. 



/ZRAD/ - high- and l ow-Z .p ro f i l e s  of r a d i a t i o n  l o s s  due t o  i m p u r i t i e s .  



B. I d e n t i f i c a t i o n  of Var i ab le s  and Arrays i n  Labeled Common Blocks 

DENB - e l e c t r o n  d e n s i t y  a t  t h e  plasma boundary, ~ m - ~ .  

DEN@ - i n i t i a l  v a l u e  of e l e c t r o n  d e n s i t y  a t  t h e  plasma c e n t e r ,  

D M  - a t  one t ime,  dens i ty  of p a r t i c l e s  added by t h e  n e u t r a l  beam, 
~ m - ~ .  No longer  used. 

TEB - i n i t i a l  va lue  of e l e c t r o n  temperature at plasma c e ~ ~ L e r ,  eV. 

TT F - initial va lue  of i o n  temperature at  p l ~ s W  cencer, eV. 

TEa - t eupe ra tu re  f o r  e l e c t r o n s  a t  t h e  plasma boundary, eV. 

TI@ - boundary and i n i t i a l  temperature of i ons .  

XI(10) - a r r a y  of exponents f o r  i n i t i a l  plasma p r o f i l e s .  
X I ( l ) ,  of c u r r e n t  d e n s i t y  
XI (2 ) ,  of e l e c t r o n  temperature 
XI(3) ,  of i o n  temperature 
XI(4) ,  of e l e c t r o n  d e n s i t y  



CURBM(3,2) - a r r a y  of va lues  of i n j e c t e d  n e u t r a l  beam.curren ts  f o r  the  
t h r e e  energy components f o r  co- and coun te r - in j ec t ion ,  A .  

ENGY (3) - a r r a y  of energy va lues  f o r  t h e  t h r e e  beam components, eV. 
The va lue  f o r  t h e  h ighes t  energy component is  an i n p u t  
va lue .  The h a l f  and t h i r d  ene rg i e s  a r e  c a l c u l a t e d  by 
a l t e r n a t e  ENTRY BMSTRT. 

DT CH - t ime increment f o r  c a l c u l a t i o n  of H(r)  p r o f i l e ,  msec. 

DTCGL - time increment f o r  c a l c u l a t i o n  of GE, G I ,  and KEY msec. 

RC [R7] - r a d i a l  d i s t a n c e  from . to rus  major a x i s  t o  p o i n t  a t  which 
i n j e c t e d  n e u t r a l  beam a x i s  is  tangent  t o  t o r u s ,  cm. 

lU [RBI - i n j e c t e d  n e u t r a l  beam cut-off r a d i u s  rg, cm. 

BHLF [HALF] - n e u t r a l  beam c u r r e n t  half-width,  assuming Gaussian p r o f i l e ,  
cm . 

DJT (101) - cu r ren t  p e r t u r b a t i o n  p r o f i l e .  

TNJCT - s t a r t i n g  time f o r  n e u t r a l  beam i n j e c t i o n ,  msec. 

INJ (~O)  - n e u t r a l  beam i n j e c t i o n  switch a r r a y .  

INJ(1) [NJCT] - n e u t r a l  beam i n j e c t i o n  c a l c u l a t i o n  switch:  
=0, no i n j e c t i o n  
=1, moments c a l c u l a t i o n  
=2, debug (quick and d i r t y )  c a l c u l a t i o n  

INJ(2) [LJCT] - switch f o r  number and type of n e u t r a l  beam 
i n j e c t o r s  used: 
=1, co- in jec t ion  only 
= 2 ,  counter - in jec t ion  only 
=3, two i n j e c t o r s  on ly ,  one co- and one 

counter- 
= 4 ,  f o u r  i n j e c t o r s ,  two co- and two counter- 

I N J  (3) 

INJ(4) 

I N J  (5 ) 

'INJ(6) 

- switch f o r  curr.ent p e r t u r b a t i o n  from f a s t  
i o n s  

- swi tch  f o r  e l e c t r i c  f i e l d  e f f e c t s  on f a s t  
i o n s  

- switch f o r  l o s s  cone c o r r e c t i o n  t o  f a s t  ions 
the rma l i za t ion  

. -  swi tch  f o r  type  of i n j e c t e d  gas: 
=€I, hydrogen 
=1, deuter ium 



Used p r i m a r i l y  w i t h  t h e  n e u t r a l  beam i n j e c t i o n  module. The fol lowing four  
a r r a y s  con ta in  p r o f i l e s  f o r  t h e  t h r e e  energy components of t h e  n e u t r a l  
beam and t h e  two i n j e c t i o n  d i r e c t i o n s ,  co- and counter-.  

HTMP(11,3,2) - H(r) p r o f i l e s .  

GETMP(11,3,2) - p r o f i l e s  of t h e  f r a c t i o n  of beam power t r a n s f e r r e d  t o  
plasma e l e c t r o n s .  

~ 1 ~ p p ( 1 1 , 3 , 2 )  - p r o f i l e s  of t h e  f r a c t i o n  of beam power t r a n s f e r r e d  t o  
plasma i o n s .  

DJTl@(11,3,2) - c u r r e n t  p e r t u r b a t i o n  p r o f i l e s .  

The fo l lowing  t h r e e  a r r a y s  con ta in  temporary p r o f i l e s .  

QETMP (11) - i n j e c t e d  n e u t r a l  beam h e a t  i npu t  t o  e l e c t r o n s .  

QIm (11) - i n j e c t e d  n e u t r a l  beam h e a t  i n p u t  t o  i o n s .  

DJTTMP(11) - c u r r e n t  p e r t u r b a t i o n  p r o f i l e .  

PATH (3)  - no longe r  used.. O r i g i n a l l y  had mean f r e e  pa th  va lues  f o r  
u se  i n  moments c a l c u l a t i o n .  

TCGS (2) - p a i r  of time va lues  de f in ing  time i n t e r v a l  over which H(r) 
p r o f i l e s  and r e s u l t 8  of moments c a l c u l a t i o n  a r c  i n t c r -  
po la t ed .  Array element TCGS (1) contains the larger t iult !  
vaf  uc . 

SDT (3 ,4)  - a r r a y  of slowing-down t imes computed from t h e  moments ca l -  
c u l a t i o n  f o r  each beam energy component. 

SDT(J,l) = TAVE, average l i f e t i m e  f o r  slowing down of f a s t  i on  

SDT(J,2) = TCXV@P, average charge-exchange l i f e t i m e  

SDT(J.3) = TS@PP, i n i t i a l  slowing-down time of f a s t  i o n s  , 

SDT(J,4) = TF@PP, time f o r  complete t he rma l i za t ion  of f a s t  i ons  

ECRS (3) = Ecy t h e  c r i t i c a l  energy,  above which power is  t r a n s f e r r e d  
from n e u t r a l  beam t o  e l e c t r o n s  and below which power is  
t r a n s f e r r e d  predominantly t o  t h e  i o n s .  



C Q M M ~ N  /BEAMP/ (continued) 

The fol lowing seven a r r a y s  con ta in  va lues  of q u a n t i t i e s  f o r  t h e  t h r e e  
energy components of t h e  n e u t r a l  beam and the two i n j e c t i o n  d i r e c t i o n s ,  
co- and counter-. 

FNBA(3,2) - f r a c t i o n  of i n j e c t e d  n e u t r a l  beam depos i ted  i n  t h e  plasma 
( n e u t r a l  beam absorp t ion  f a c t o r ) .  

QEB(3,2) - power depos i ted  i n  t he  e l e c t r o n s .  

Q I B  (3,2) - power depos i ted  i n  t h e  pro tons .  

Qcx (3,2) - power l o s t  Lo charge exchange. 

QTB(3,2) - power out  of i n j e c t o r .  

QTD (3,2) - power deposi ted i n  plasma. 

QBL (3,2) - power deposi ted d i r e c t l y  i n t o  t h e  l i n e r .  

DIT (3,2) - i n j e c t e d  cu r r en t .  

The fo l lowing  seven a r r a y s  con ta in  va lues  of q u a n t i t i e s  f o r  t h e  t h r e e  
energy components of t h e  n e u t r a l  beam f o r  t h e  sum of t h e  two i n j e c t i o n  
d i r e c t i o n s .  

QTBT(3) - power out  of t he  i n j e c t o r .  

QTDT(3) - power depos i ted  i n  t h e  plasma. 

QEET(3) - power depos i ted  i n  t h e  e l e c t r o n s .  

QIIT(3)  - power depos i ted  i n  t h e  pro tons .  

qcxT (3) - power l o s t  t o  charge exchange. 

QBLT(3) - power depos i ted  d i r e c t l y  i n t o  t h e  l i n e r .  

DITT (3)  - i n j e c t e d  cu r r en t .  

FPRT(5,3) - f r ac t i . ons  of t o t a l  i n j e c t e d  n e u t r a l  beam power depos i t ed ,  
for  each energy component, i n t o  t h e  fol lowing:  

FPRT(1,J) - plasma 

FPRT (2 ,  J )  - e l e c t r o n s  

FPRT(3, J) - ions 



c@MM@N /BEAMP/ (cont inued)  

FPRT(4,J) - l o s t  t o  charge exchange 

FPRT(5 , J )  - depos i t ed  d i r e c t l y  i n t o  t h e  l i n e r  

~JSuM(11;2) - c u r r e n t  d e n s i t y  p r o f i l e s ,  t h e  sums of t h e  p r o f i l e s  of t h e  
t h r e e  energy components, f o r  the co- and counter- injected 
beams. 

PNUM - f a c t o r  f o r  doubling t h e  number of i n j e c t o r s  when compu~ing 
rhe v a r i o u s  contr ibutLuns LU L [ l r  puwei  Lalaace.  

TCHS - time a t  which H(r) p r o f i l e  is  c a l c u l a t e d ;  used f o r  p r i n t -  
uuL. 

XPRT (3)  - s t a g n a t i o n  d i s t a n c e s  xs used i n  t h e  H(r)  c a l c u l a t i o n  f o r  
t h e  t h r e e  beam energy components. 

MM - s u b s c r i p t  v a r i a b l e  used wi th  l o s s  cone ma t r i ce s  t o  d i s -  
t i n g u i s h  high- and low-Z impur i ty  cases .  
= 1 f o r  low-Z 
= 2 f o r  high-2, Dl(1)  > 10.0 



EE (101) = (B/xe) (axe/aB), where xe i s  t h e  e l e c t r o n  thermal  codduc- 
t i v i  t y  . 

E I  (101) = (BIXi) (axi/aB), where xi is  t h e  i o n  thermal  conduct iv i ty .  

D I V  (10 1 )  - no longer  used. 

The fol lowing seven a r r a y s  a r e  r e c i p r o c a l s  of t h e  va lues  of t h e  p r o f i l e s  
l i s t e d .  

RB (10 1)  = B-I,  B i s  the p o l o i d a l  magnetic f i e l d .  

R J  (101) = j'l, j is  t h e  c u r r e n t  dens i ty .  

RTE (10 1 )  = T,', Te i s  t h e  plasma e l e c t r o n  temperature.  

RTI(101) = ~ j l ,  T i  i s  t h e  plasma i o n  temperature.  

RTE12(101) = T$. 

TDP (101) = D ,  t h e  p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t .  



WPT (101) = (Te/D) (aD/aTe), where D i s  t h e  p a r t i c l e  d i f f u s i o n  co- 
e f f i c i e n t .  

WPB (10 1 )  = (BID) (aD/aB), where B i s  t h e  p o l o i d a l  magnetic f i e l d .  

WPN (10 1 )  = (N/D) (aD/aN), where N is  the p a r t i c l e  d e n s i t y .  

ETA(101) = Q, t h e  plasma r e s i s t i v i t y .  

WGE (101) = (N,lXe) (axe/aN,), where N, i s  the e l e c t r o n  densicy and 
xe t h e  e l e c t r o n  thermal  conduc t iv i ty .  

WGI (10 1 )  = (Np/xi) (axi /aNp),  where Np i s  t h e  pro ton  d e n s i t y  and x i  
thc ion thermal- canducti.ui ~y . 



- a r r a y  of zeros  of t h e  Chebyshev polynomials of degree NP. 

- Chris tof  f  e l  numbers B j  f o r  t h e  Gauss-Chebyshev formula, 
t h e  c o e f f i c i e n t  *r /n f o r  t h e  sum on t h e  right-hand s i d e  
( see  d e s c r i p t i o n  of sub rou t ine  RPT3XY i n  t h e  n e u t r a l  beam 
I n j  e c  t i o n  module) . 

- t h e  number of p o i n t s  used by t h e  quadra ture  formula. 



ZF I - additional amount of total current (A) which is added 
with a characteristic rise time of TC msec. 

ZPC - initial amount of total current (A). This component 
remains constant throughout the simulated plasma discharge. 



QCx(l0l) - p r o f i l e  of energy l o s s  t o  i o n s  due t o  charge exchange. 

PCX(101) '- p r o f i l e  of power l o s s  t o  i ons  due t o  charge exchange. 



A - minor r a d i u s  of t o r u s ,  cm. 

XS - displacement  of s t a g n a t i o n  p o i n t  from t h e  t o r u s  minor a x i s ,  cm. 

RB - i n j e c t e d  n e u t r a l  b.eam r a d i u s  rg, a. 

RH@ - r a d i a l  d i s t a n c e  t o  a p o i n t  i n  t h e  plasma measured from t h e  s t ag -  
n a t i o n  p o i n t  xs, cm. 

RO - maior r ad ius  of the torus R,, rm. 

KC - r a d i a l  d i s t a n c e  from t o r u s  major a x i s  t o  p o i n t  a t  which i n j e c t e d  
n e u t r a l  beam a x i s  i s  tangent  t o  the t o r u s ,  cm. 

@FP - r e c i p r o c a l  of t h e  charge-exchange mean f r e e  pa th ,  cm-l . 

A I  - does n o t  appear t o  b e  used allywhere. 

NZ - swi t ch  t o  determine which i n t e g r a l  i n  t h e  express ion  f o r  H ( p , O )  i s  
t o  b e  eva lua ted .  



CRB - cu r ren t  va lue  of RB, r equ i r ed  by a  nes t ed  i n t e g r a l ,  cm. 

A5 (A6)  - n o t  c u r r e n t l y  used. 

XUPl  - a  v a r i a b l e  conta in ing  one of t h e  l i m i t s  f o r  t h e  i n t e g r a l s  i n  
t h e  penc f l  beam c a l c u l a t i o n s  f o r  n e u t r a l  beam i n j e c t i o n .  It 
has  one of t h e  va lues  Ro + xs 2 4p' - z$ according t o  whether 
NZ = 1, 2. 

BEAM - squa re  of t h e  h a l f  w id th  of t h e  assumed Gaussian p r o f i l e  shape 
of t h e  i n j e c t e d  n e u t r a l  beam. 

BSHAPE - p r o f i l e  f a c t o r  f o r  i n j e c t e d  n e u t r a l  beam, 

DXX - spacing i n t e r v a l  f o r  t h e  XXX a r r a y .  



FQE - f r a c t i o n  of i n j e c t e d  n e u t r a l  beam power t r a n s f e r r e d  t o  
e l e c t r o n s .  Used only  f o r  debug (quick and d i r t y )  ca l -  
c u l a t i o n  i n  sub rou t ine  BEAM. 



EB(101) - power d e n s i t y  p r o f i l e  due t o  e l e c t r o n  convect ion.  

~ ~ @ ( 1 0 1 )  - power d e n s i t y  p r o f i l e  of e l e c t r o n s  due t o  n e u t r a l  beam 
i n j e c t i o n .  

EI@(101) - power d e n s i t y  p r o f i l e  of i ons  due t o  e lec t ron- ion  t r a n s f e r .  

ETE(101) - power dens i ty  p r o f i l e  due t o  e l e c t r o n  thermal  conduction. 

ETI(101) - power dens i ty  p r o f i l e  due t o  i o n  thermal  conduction. 



B(101) - p o l o i d a l  magnetic f i e l d  p r o f i l e .  

E (101) - t o r o i d a l  e l e c t r i c  f i e l d  p r o f i l e .  

BZ (101) - e l e c t r o n  dens i ty  p r o f i l e  from t h e  previous time s t e p ,  ~ m - ~ .  

EZ(101) - does n o t  appear t o  be  used anywhere. 

QS (101) - q ,  s a f e t y  f a c t o r  p r o f i l e .  

ZJ(101) - c u r r e n t  d e n s i t y  p r o f i l e ,  ~ / c r n ~ .  

ZJE(101) - does n o t  appear t o  b e  used anywhere, 

BT - t o r o i d a l  magnetic f i e l d ,  G. 

BTHE - B p ,  p o l o i d a l  b e t a .  

ELI - t o r o i d a l  plasma inductance ,  H. 

VAX - a x i a l  emf a t  t h e  s u r f a c e  of the ~ u r u s .  

z ~8 - i n i t i a l  va lue  of c u r r e n t  d e n s i t y  a t  plasma c e n t e r ,  ~ / c m ~ .  



FP CX - mean f r e e  p a t h  f o r  charge exchange f o r  each  n e u t r a l  beam 
energy component, cm-I . 

FP I - mean f r e e  p a t h  f o r  impact i o n i z a t i o n  f o r  p ro tons  f o r  each 
beam energy component, cm-l . 

FP E - mean f r e e  pa th  f o r  impact i o n i z a t i o n  f o r  e l e c t r o n s  f o r  each 
beam energy component, cm-l . 

FP - t h i s  a r r a y  is  genera ted  i n  sub rou t ine  SUBH, bu t  appears  t o  
s e r v e  no purpose. 

F'P IMP - t h i s  a r r a y  a l s o  appears  t o  s e r v e  no u s e f u l  purpose. 

NCGLM - number of computat ional  ( s p a t i a l )  g r i d  e lements .  



Neutral beam injection loss cone correction arrays. 

ST1(10,4,2,2) - for power transferred to plasma electrons, no correction. 

ST2(10,4,2,2) - for power transferred.to plasma ions, no correction. 

ST3(10,4,2,2) - for KE, no corrections. 

ST4(10,4,2,2) - for power transferred to plasma electrons, with correc- 
tions. 

ST5 (10 ,4,2,2) - for power transferred to plasma ions, with corrections. 

ST6 (1U ,4,2,2) - for IUI, with corrections. 



NN - t h e  number of equal  s u b i n t e r v a l s  t h a t  [XL,XU] i s  t o  be  
d iv ided  i n t o .  The lower l i m i t  of i n t e g r a t i o n  i s  XL, t h e  
upper l i m i t  XU. 

- t h e  number of p o i n t s  (order )  a t  which t h e  in t eg rand  i s  t o  
b e  eva lua ted  i n  each s u b i n t e r v a l ,  i . e .  t o t a l  number of evalua-  
t i o n s  = NN * MM.. Pe rmis s ib l e  va lues  of MM a r e  2 ,  3 ,  4 ,  5 ,  6 ,  
7 ,  8 ,  9 ,  10,  12 ,  16 ,  20, 24, 32,  40, 48, 64,  80, and 96. I f  
MM < 2 ,  2  p o i n t s  a r e  used. Within t h e  range of 2-96, i f  MM 
i s  no t  one of t h e  permiss ib le  v a l u e s ,  t h e  next  h ighe r  per- 
mi s s ib l e  va lue  i s  used. 



AM - t o r u s  minor r a d i u s ,  cm. 

AREA - t o t a l  s u r f a c e  a r e a  of t o r u s ,  cm2. 

HR - r a d i a l  element of l e n g t h ,  cm. 

R@ , - t o r u s  major r a d i u s ,  cm. 

R9 - . plasma. minor r a d i u s ,  cm. 

VQ(L - pl asma (torus) volume, em3. 

ZB - no longer  used .  



Bl(101) - time h i s t o r y  of energy added t o  plasma through ohmic hea t ing .  

B2(101) - time h i s t o r y  of energy l o s s  from plasma by e l e c t r o n  d i f f u s i o n  
( p a r t i c l e  p lus  h e a t ) .  

B3 (101) - time h i s t o r y  of energy l o s s  from plasma by i o n  d i f f u s i o n  
( p a r t i c l e  p lus  h e a t ) .  

B4(101) - time h i s t o r y  of energy l o s s  from plasma by l i n e  r a d i a t i o n .  

B5(101) - t ime h i s t o r y  of energy l o s s  from plasma by charge exchange. 

B6(101) - t ime h i s t o r y  of energy s t o r e d  i n  t h e  e l e c t r o n s .  

B7(101) - time h i s t o r y  of energy s t o r e d  i n  t h e  i o n s .  

B8(101) - time h i s t o r y  of energy added t o  e l e c t r o n s  from n e u t r a l  beam 
i n j e c t i o n .  

B9(101) - time h i s t o r y  of energy added t o  i ons  from n e u t r a l  beam 
i n j  ec t ion .  



P@X - t o t a l  amount of energy added t o  plasma by o m c  hea t ing .  

PEX - energy l o s s  from plasma due t o  e l e c t r o n  thermal  conduction 
and convect ion.  

PIX - energy l o s s  from plasma due t o  i o n  thermal  conduction and 
convect ion.  

PLRX - energy l o s s  from plasma due t o  l i n e  r a d i a t i o n .  

P CXX - energy l o s s  from plasma due t o  charge exchange. 

SUMEX - plasma energy s t o r e d  i n  t h e  e l e c t r o n s .  

SUMIX - plasma energy s t o r e d  i n  t h e  ions .  

ICM - index  v a r i a b l e  t h a t  i s  incremented f o r  each new va lue  of t ime 
f o r  w'hich a record  of t h e  plasma energy ba l ance  i s  d e s i r e d ,  
used t o  gene ra t e  t h e  t ime h i s t o r y  a r r a y s  B1-B9. 

P'HE 

P H I  

- energy added t o  plasma e l e c t r o n s  from n e u t r a l  beam i n j e c t i o n .  

- energy added t o  plasma ions  from n e u t r a l  beam i n j e c t i o n .  



XZB,(ZB) - a particular value of zB, used in a nested integration, cm. 



X(360) - t h e  s o l u t i o n  v e c t o r  of the plasma profiles, determined by 
t h e  system of d i f f e r enced  p a r t r a l  d f f f e r e n t T a 1  equat ions  
appearzng f n  the plasma module. 



cARB0~(101) - t o t a l  d e n s i t y  p r o f i l e  of carbon lhpurl ' ty s p e c l e s .  

@XYGEN(101) - t o t a l  densi . ty  prof ?le of oxygen l h p u r f t y  s p e c i e s .  

CC(7,lOl) - CC(.K,I) i s  the d e n s i t y  of tbe (K-1) th cELarge s t a t e  of 
carbon a t  the I t h  g r i d  po fn t .  

C@(9,101) - C@(K,I) i s  t h e  dens f ty  of t h e  (K-1) t h  charge s t a t e  of 
oxygen a t  t h e  I t h  g r l d  p o i n t .  

PCIMP - percentage  of e l e c t r o n  d e n s i t y  due t o  a high-Z impur i t y .  
For IMP(2) = 1 o r  3 ,  PCIMP is  due t o  some average e f f e c t i v e  
high-Z impur i ty ;  f o r  IMP(2) = 2 o r  4 ,  i t  is due t o  i r o n  
i m p u r i t i e s .  

X8X - percentage  of e l e c t r o n  d e n s i t y  due t o  oxygen i m p u r i t i e s .  

XCAR - percentage  of e l e c t r o n  d e n s i t y  due t o  carbon i m p u r i t i e s .  

ZEFF - e f f e c t i v e  charge of i o n s .  

Z IMP - maximum charge of t h e  high-Z impur l t y  i o n .  

R M 1  - no longer  used. 

RM2 - no longer  used. 

D E N P ( ~ ~ ~ )  - plasma pro ton  ( ion)  d e n s i t y  p r o f l l e ,  

ZBR (101) - p r o f i l e  of t h e  q u a n t i t y  [Z] def ined  t o  be  
2 

C m p r o t o n  mk nkZk 
sppcies ,k 

[ z l  = 1 
s p e c i e s ,  k "kZk 

EIMP(101) - power l o s s  p r o f i l e  due t o  presence  of carbon and oxygen 
impur i t i e s .  



TIC - b a s i c  t ime i n t e r v a l  used f o r  genera t fng  h i s t o r y  a r r a y s  i n  
C@MM@N /HIST/. 

- number of s p a t i a l  g r r d  poznts  used f o r  r a d i a l  d i r e c t i o n  
throughout  tFLe sijnulat2.0~1 code. 

- t o t a l  number of t i m e  i n t e r v a l s  f o r  c u r r e n t  pu l se  and plasma 
s imu la t ion .  

- number of t imes sets of s imulated q u a n t i t f r s  u b L a i l l d  
d u ~ l a g  executisn of t h c  prograni a r e  p r i n t e d .  

NM1 = N - 1, t h e  number of s p a t i a l  g r i d  i n t e r v a l s  i n  t h e  r a d i a l  
d i r e c t i o n .  

NUTE (10) - swi tches  used t o  s e l e c t  a  s imu la t ion  pa th  f o r  t h e  n e u t r a l  
gas  e f f e c t s  modeling. 

NUTE(l), sw i t ch  f o r  type  of computation t o  be used f o r  t h e  
n e u t r a l  gas  s imula t ion :  

1, a n a l y t i c  model 
2 ,  s l a b  model (Hogan's model, without  r e f l e c t i o n )  
3 ,  f o r  s l a b  model wi th  w a l l  r e f l e c t i o n s  (not  y e t  

included)  
= 4 ,  Monte Carlo t r a n s p o r t  (NUTRLSN, n o t  y e t  

iac luded)  

NUTE(2), exponent i n  power law f o r  a n a l y t i c  model 

IMP (10) - swi tches  used t o  s e l e c t  a  s imu la t ion  pa th  f o r  modeling 
impur i ty  atom e f f e c t s .  

'LMP(l), swi.tc.h f o r  i n i t i a l  iilipurity s t r i p p i n g  c a l c u l a t i o n :  

1, corona equil ibtSum table  f o r  c a r h n n ,  oxygen 
= 2 ,  dynamic r a t e  c a l c u l a t i o n  f o r  carbon, oxygen 

(not  a n  op t ion  i n  current. v e r s i o n  of t h e  
prngram) 

IMP(2), swi t ch  f o r  d i f f u s i o n  of i m p u r i t i e s :  

= 1, a  corona equ i l i b r ium t a b l e  and r a d i a l  d i s -  
t r i b u t i o n  formulae are used f o r  carbon and 
oxygen. High-Z i m p u r i t i e s  a r e  t r e a t e d  us ing  
a  c rude  e s t i m a t e  

= 2 ,  corona equ i l i b r ium t a b l e s  a r e  used f o r  carbon,  
oxygen, and high-Z impur i ty  (Fe) atom charge 
s t a t e s .  Rad ia l  d i s t r i b u t i o n s  a r e  assigned 
us ing  formulae 



c~MM~IN !INDEX/ Ccont inued) 

= 3, a corona equ2lfirfum ta6le together with 
radi?l d?stri'6ut2ons generated by Pfirsch- 
Schluter diffusion is used for carbon and 
oxygen. High-Z impurities are 'treated using 
a crude estimate 

= 4, corona equilibrium tables are used for 
carbon, oxygen, and high-Z impurity (Fe) 
atom charge states. Radfal distributions are 
generated by a ~firsch-~chluter diffusion 
model 

IMP(3), switch for impurity model: 

= 1, use fixed values 
= 2, use model calculation determined by choice 

of switch value for IMP(2) 

IMP(4) ,  switch for detailed model for iron: 

= 0, include iron coronal equilibria 
= 1, omit detailed description 

INIT (10) - switches for initiating various options available in the 
program. 

INIT(l), switch for starting mode for initial plasma 
variable profiles : 

= 0, for profiles generated by analytic functions 
= 1, for profiles read from data cards 

W I T  C2) , not currently used 

INIT(3), switch for examining MHD stability characteristics 
of the plasma: 

= 0, determines the location of the singular 
surface for m = 3,5 

= 1, calculates the radial eigenfunctions and 
tearing mode growth rate according to Furth, 
Rutherford, and Selberg, for m = 3.5. Can 
be used to evaluate transport coefficients 
2n subroutine CDC 



/INPUT/ is  used f o r  t h e  moments c a l c u l a t i o n .  

T  - e l apsed  time measured from t h e  tlme of n e u t r a l  beam turn-on t o  
t h e  t imes when the  quant i t l ' e s  G,, GI, and A J  a r e  computed. 

E 0 - v a r i a b l e  used f o r  temporary s t o r a g e  of one of t h e  th ree  n e u t r a l  
beam energy components. Used i n  t h e  moments c a l c u l a t i o n .  

AMF - atomic mass of i n j e c t e d  f a s t  i o n s .  

AML - atomic mass of p l a s m  i o n s .  

The fo l lowing  s i x  v a r i a b l e s  a r e  used f o r  temporary s t o r a g e  of q u a n t i t i e s  
a t  each of t h e  11 p o i n t s  of t h e  c a l c u l a t i o n a l  g r i d  elements of the  moments 
c a l c u l a t i o n .  

TEE - e l e c t r o n  temperature,  eV. 

T I  I - i o n  tempera ture ,  eV. 

DNE - e l e c t r o n  d e n s i t y ,  normalized t o  l o 1  ~ m - ~ .  

DNO - t o t a l  n e u t r a l  d e n s i t y ,  normalized t o  l o 8  ~ m - ~ .  

DRAZ = <Z> o r  Z 
e f f '  

SQDnZ - [ Z J  , 

Z F - f a s t  i o n  charge. 

ETO = cos  0, t h e  cos ine  of t h e  n e u t r a l  beam i n j e c t i o n  angle .  

The fo l lowing  t h r e e  v a r i a b l e s  contain va lues  of the upper bounds on e r r o r  
t o l e r a n c e  r equ i r ed  by t h e  S impson ' s . ru l e  i n t e g r a t i o n  subrout ines  used i n  
t h e  moments c a l c u l a t i o n .  

EPA3 - upper bound f o r  ASIMP1. 

EPA4 - upper bound f o r  ASIMP2. 

EPA5 - upper bound f o r  ASIM.3. 



C@MMQN /INPUT/ (continued) 

The fol lowing t h r e e  v a r i a b l e s  con ta in  va lues  of t h e  convergence t e s t  
s e l e c t o r  requt red  by t h e  Simpson's r u l e ' i n t e g r a t r o n  subrout fnes .  

~3 - convergence test s e l e c t o r  f o r  ASlNP1. 

M4 - convergence t e s t  s e l e c t o r  f o r  A S D P 2 .  

M 5  - convergence t e s t ' s e l e c t o r  f o r  ASZMP3. 

ICTX - switch v a r i a b l e ,  used t o  choose between a n a l y t i c  express ion  o r  
numerical eva lua t ion  of an  i n t e g r a l ;  0, i f  T,, I s  cons t an t .  

LNO - switch v a r i a b l e ,  used t o  s k i p  e l e c t r i c  f i e l d  pe r tu rba t ion  
co r rec t ions  (= 1 ) .  



XXX(101) - independent  v a r i a b l e  a r r a y  correspondfng t o  t h e  normalized 
densi ' ty  p r o f f l e .  

PI DEN(^^^) - plasma d e n s i t y  p r o f i l e  array., normalrzed t o  the c e n t r a l  
d e n s i t y  Csee d e s c r f p t i o n  of su6 rou t lhe  SUBHI. 

T@L - t o l e r a n c e  f a c t o r  f o r  test of e r r o r  s i z e  f o r  i n t e r p o l a t i o n  
procedure.  

RTMP(15) - a r r a y  of normalized ( t o  the maximum r a d i a l  v a l u e  a s s o c i a t e d  
wl Lh Lhe col~lpuLa L l u l ~ a l  grfd eleuiezlts ol: the H ( r )  c a l c u l a t i o n  
bn the neu t ra l  beam injection module) radial coordinate 
v a l u e s .  



INTRPS - switch for selecting type of interpolation for approximating NI, 
TI, and EATN. 

= 1, for linear 
= 2, for quadratic 
= 3, for cubic 

NSMO - number of division points in the two partition intervals which 
contain the point of the logarithmic singularity. 

IDEBUG - diagnostic print switch. 

= 0, for no information 
= 1, prints A  = PI, B = P2, C = AFC, Lipschitz constant, 
estimate of the number of iterations 

= 2, prints everything listed above plus the profiles NI, TI 
(or A I )  , and EATN 



QEE(101) - e l e c t r o n  power l o s s  due t o  i o n i z a t i o n  of n e u t r a l  hydrogen by 
e l e c t r o n  impact.  

QII(101) - pro ton  power l o s s  due t o  i o n i z a t i o n  of n e u t r a l  hydrogen by 
e l e c t r o n  impact.  

FF(101) - r a t e  f o r  i on i za t , i on  of n e u t r a l  hydrogen by e l e c t r o n  impact .  

SId(101) - i o n i z a t i o n  c r o s s  s e c t i o n  p r o f i l e .  



DEN(101) - plasma e l e c t r o n  d e n s i t y  p r o f i l e ,  ~ r n - ~ .  

DSg(101) - p r o f i l e  i s  no l o n g e r  used .  

TES(101) - e l e c t r o n  d e n s i t y  p r o f i l e  from t h e  p r e v i o u s  s i m u l a t i o n  t ime  
s t e p .  

- ~ % w  - mass of  plasma i o n s ,  amu. 



EATN(101) - total neutral gas attenuatlon coefffcfent profile. 



A(8008) - matrix of coefffcients of set of coupled, differenced partial 
differential equations descrtbfng tfie plasma evolution in the 
plasma module. 



FRING - number of microwave f r i n g e  s h f f t s  wftfi r e spec t  t o  t h e  
vacuum due t o  t k e  presence of plasma e l e c t r o n s .  

RVD - r a t i o  of plasma d r i f t  v e l o c i t y  t o  sound v e l o c f t y .  This 
va reab le  i s  riot c u r r e n t l y  used. 

XFRI  - v a l u e  of t h e  3 n t e g r a l  of tlie e l e c t r o n  dens i ty  p r o f i l e .  



INIDSQ - r e f e r e n c e  l o c a t i o n  of t h e  s c r a t c h  a r r a y  used i n  t he  n e u t r a l  
gas s l a 6  model c a l c u l a t i o n s .  

I@DSQT = INIDSQ + N@z,  where N@Z i s  t h e  number of z nodes (101) 
d i s t r i b u t e d  unif  ormlp i n  t h e  i n t e r v a l  (-1,l) . , 

IQA = I@DSQT + N@X, where N@X i s  t h e  number of x nodes (21) i n  
t h e  i n t e r v a l  ( 0 , l )  a t  which t o  approximate t h e  n e u t r a l  
dens i ty .  

INlLST = I Q A  + N@Z * N@X. 

IF = INILST + N ~ X .  

INlT 

INOT 

INL 

I N H  

I STPLO 

IS TPRO 

INISTG 

INOZA 

ITID2 

IQLNQ 

120 

INOPNl 

I INTGM 

IZL 

I Z H  

IHLF 

IGLN 

= INlT + N g Z .  

= INOT + N ~ z .  

= INL + N@x. 

= INH + N@X. 

= ISTPLO -k N ~ X .  

= ISTPRO + NdX. 

= INISTG + Nc@N, where NC@N = (2 * NSMO-1) * N ~ X  and NSMO i s  
the  number of i n t e g r a t i o n  nodes i n  t h e  i n t e r v a l  (P1,x) o r  
(X,P2). [See Sec t .  4 .1 f o r  d e t a i l e d  exp lana t ion  of t h e  
meaning of t hese  i n t e g r a t i o n  i n t e r v a l s . ]  

= IQLNQ + N C ~ ~ N .  

= INOPNl + 2 * NSMO-1. 

= IINTGM + 2 * NSMO-2. 

= I Z H  + N ~ X .  

= IHLF + N@x. 



C@MM@N /NEUTPT/ (continued) 

I N O L  = I G L N  + N s P N ~ x ,  where NSPNgX = N S W  * NgX. 

I H R F  = I N O L  + NSPN@X. 

I G R N  = I H R F  + N@X. 

IFZ = INOR + N S P N ~ X .  

I R A T Z L  = I F Z  + N S I M P ,  where NSIMP is the number of integration nodes 
in the i n t e r v a l  (Rl, P1) or in (F2, R2). [See Sect. 4.1 
for a detailed explanation of the meaning of these integration 
i l l tervals . ] 

I R A T Z H  = I R A T Z L  + N S P N ~ ~ X . .  

IIZXH = IIZXL + N S P N ~ X .  



C@MM@N /NEUTRL/ 

QEl(101) - i n j e c t e d  n e u t r a l  beam heat inpu t  t o  e l e c t r o n s .  

QIl(101) - i n j e c t e d n e u t r a l b e a q h e a t  i n p u t  t o  ions .  

SIGV(101) - r a t i o  of p a r t i c l e  f l u x e s  in r a d i a l  d i r e c t i o n  computed two 
d i f f e r e n t  ways t o  t e s t  cons is tency  of t h e  s imu la t ion .  I f  
computations a r e  c o n s i s t e n t ,  t h e  p r o f i l e  va lues  should b e  
un i ty .  

ZN@(101) - cold  n e u t r a l  dens i ty  p r o f i l e .  This  a r r a y  i s  no t  c u r r e n t l y  
used. 

ZNl(101) . - t o t a l  n e u t r a l  dens i ty  prof f l e ,  ~ m ' ~ .  

ATT - i n p u t  parameter used i n  a n a l y t i c  model f o r  n e u t r a l  gas dens i ty  
( c u r r e n t l y  ca l cu la t ed  e x p l i c i t l y ) .  

D N I  - no longer  used. 

FCDEN - i n i t i a l  Franck-Condon boundary d e n s i t y ,  

FCDEX - Franck-Condon boundary d e n s i t y  a t  time TIM, 

FCF - f i n a l  boundary dens i ty  of n e u t r a l s ,  ~ m ' ~ .  

FQI - f r a c t i o n  of i n j e c t e d  n e u t r a l  beam power t r a n s f e r r e d  t o  i o n s  
(no longer  used).  

PINJ  - no longer  used. 

PINJQ - no longer  used. 



RNEWS(20,lO) - a r r a y  of va lues  of plasma c e n t r a l  e l e c t r o n  and i o n  temper- 
a t u r e ,  e l e c t r o n  and pro ton  d e n s i t i e s ,  f a s t  n e u t r a l  d e n s i t y ,  
e f f e c t l t e  cfiarge, conduct2on energy and g r o s s  energy con- 
f inement  t imes,  and s a f e t y  f a c t o r .  The s a f e t y  f a c t o r  a t  
t h e  plasma edge i s  a l s o  inc luded .  The number l . E  11 o r  the  
minimum va lues  of ve* and vi*,  whichever i s  s m a l l e r ,  a r e  
a l s o  s t o r e d .  A l l  t h e s e  q u a n t i t i e s ,  t oge the r  w i t h  the  va lue  
of t h e  e lapsed  s imu la t ion  t i m e ,  a r e  s t o r e d  a t  each of 10 
t imes dur ing  t h e  s imu la t ion  when plasma p r o f i l e s  and power 
ba l ances  are p r f n t e d .  This  summary a r r a y  i s  then p r i n t e d  
u t  t h e  end of tI~e s f u u l a t f o q ,  

NEWS - a counter  v a r i a b l e  f o r  t h e  number of t i m e s  summary inform- 
a t i o n  is stoa-ed i l l  Lllr. H V P R ~  RNR'.W:$. 



NOZ - number of uniformly d i s t r i b u t e d  p o i n t s  i n  t h e  i n t e r v a l  
.[-1,1] used t o  approximate h o t  n e u t r a l  gas  dens i ty .  

NOX - numher of poSnts Sn the i n t e r v a l  [0 ,1]  a t  which t o  approxi- 
mate h o t  n e u t r a l  gas. d e n s i t y  i n  t r a n s p o r t  c a l c u l a t i o n .  

NS IMP - number of Simpson nodes used t o  a p p r o x l t a t e  an i n t e g r a l  
nea r  a 1ogaritFmi.c s i n g u l a r r t y  i n  G(q) . 

NUNIF - swi tch  f o r  t h e  nodal  p o i n t s  i n  t h e  i n t e r v a l  [0 ,1] .  

=0, p o i n t s  a r e  def ined  i n  sub rou t ine  NEUTIO t o  be  (I-1) /  
(NdX-1) 

> O ,  p o i n t s  should b e  placed a t  t h e  beginning of t he  a r r a y  
W l  i n  C@MM@N /NUTRLP/ 

- determine an  i n t e g r a t i o n  i n t e r v a l  on each s i d e  of t he  
loga r i thmic  s i n g u l a r i t y  of G(q) a t  each nodal p o i n t ' i n  t h e  
i n t e r v a l  [0 ,1 ] .  Require 0 - < QF < QC. Whenever QF Q C ,  
NEUTIO s e t s  QF = O . l * Q C .  

EPSNl - convergence c r i t e r l o n  f o r  h o t  n e u t r a l  gas d e n s i t y  s o l u t i o n  
t o  t h e  d i s c r e t e  i n t e g r a l  equat ion .  

BDSQTX - n o t  c u r r e n t l y  used. 
o r  IN0 

ETCINT 
- C * ( i n t e g r a l  from -1 t o  1 of EATN), where 

o r  TIO = ~ ~ ( 0 )  , t h e  i o n  temperature a t  t h e  plasma c e n t e r .  

NSC - used as a s,witch i n  suh rou t ine  NEUTC t o  bypass some 
a l r eady  t abu la t ed  values. of t h e  convergence func t ion .  



C@MM@N/NUTKLP/ (cont inued)  

I N  I N  = 0 ,  p o i n t e r  f o r  t h e  normalized ion  d e n s i t y  p r o f i l e .  

ITIN = I N I N + N ,  p o i n t e r  f o r  t h e  normalized ion  temperature p r o f i l e .  

I N  1 = ITIN+N, p o i n t e r  f o r  t h e  ho t  n e u t r a l  d e n s i t y  p r o f i l e .  

IEATN = I N ~ + N @ X ,  p o i n t e r  f o r  t h e  e s t ima te  of t h e  t o t a l  n e u t r a l  gas 
a t t e n u a t i o n  c o e f f i c i e n t  p r o f i l e .  

I I N  I O X  = I I N I X l + N ,  p o i n t e r  f o r  a r r a y  of va lues  of t h e  i n t e g r a l  

/I1 dZ EATN (Z) 

f o r  I - 1, '. '+ N and yI = ( I . . l ) / (N. -L) .  

I I N I X l  = IEATN+N, p o i n t e r  f o r  a r r a y  of va lues  of t h e  i n t e g r a l  

dZ EATN(Z) 

f o r  I = 1, . . . , N and yI = (1-1) / (N-1). 

I X  = I INIOX+N,  p o i n t e r  f o r  a r r a y  of nodes i n  [ 0 , 1 ]  at which t o  
approximate t h e  n e u t r a l  dens i ty .  

I Z  = IX+N@X, p o i n t e r  f o r  a r r a y  of nodes uniformly d i s t r i b u t e d  i n  
1 - 1 , l l  

I JL  = IZ+N@Z, p o i n t e r  f o r  t h e  JL a r r ay .  

I J H  = IJL+NdX, p o i n t e r  f o r  t h e  J.H a r r ay .  

IIJ = l JH+NdX,  p o i n t e r  f o r  t h e  IJ a r r a y  used i n  t h e  l i n e a r  i n t e r -  
p o l a t i o n  of che coral neutral  dens i ty  a t  t h e  n n r l ~ s  Z(:.T). 

IRAT = I I J + N @ Z .  p o i n t e r  f o r  t h e  RAT a r r a y  used i n  t h e  l i n e a r  i n t e r -  
. po l a t ion  UP t h e  t o t a l  n e u t r a l  d e n s i t y  N1 a t  the  nodes Z(J ) .  

NWDWl - number of words i n  t h e  a r r a y  W 1  of t h e  common b lock  /NUTRLP/. 

MWDSC - number of words i n  a r r a y  A i n  common b lock  /LBMIBT/. 

- the number of nodal points in the piasma spatlal net (aec 
a l s o  common block /INDEX/). 

DSP = 1 . 1 ~ ~ ~ 1 .  

Wl(1300) - a p a r t i t i o n e d  a r r a y  conta in ing  t h e  fo l lowing  elements:  

W 1  (ININ+K) = N I  (K) , K = 1, . . . , N:  normalized ion  d e n s i t y  
Wl(ITIN+K) = TI(K) , K = I, . . . , N: normalized i o n  

temperature 
W 1  ( INlhI )  = N 1  ( I )  = Nl(X(1) ) , I = 1, . . . , N@X 
Wl(IEATN+K) = EATN p r o f i l e  approximated a t  t h e  K-th nodal  

p o i n t ,  K = I., .. . , N 



c~MMON /NUTRLP/ (cont inued)  

W l ( I I N I X l + K )  = i n t e g r a l  f r o m  ( K - l ) / ( N - 1 )  t o  1 of EATN, 
K  = 1, ..., N  

W l ( I I N I O X + K )  = i n t e g r a l  f r o m  0 t o  (K-1) / (N-1) o f  EATN, 
K  = 1, ..., N  

W1 ( I X + I )  = X ( 1 )  , I = 1, . . . , ' N ~ X  
W l ( I Z + J )  = Z ( J ) ,  J = 1, ... , N d Z  
W l ( I J L + I )  = J L ( I ) ,  I = 1, ..., NdX 
W l ( I J H + I )  = J H ( I ) ,  I = 1, ..., N ~ x  
W~(I I J+J )  = IJ(J) ,  J = 1, ..., NOZ 
W1 ( I R A T + J )  = RAT (J) , J = 1, . . . , N d Z  

R A T ( J )  and IJ(J) are used i n  t h e  l inear  i n t e r p o l a t i o n  of 
N 1  a t  Z ( J ) :  

N 1  ( Z ( J ) )  = N l ( L )  + R A T ( J )  ( N l ( L + l )  - N l ( L )  ) 
w h e r e  L  = IJ(J) 

X ( L )  < 1 Z ( J )  1 X(L+1)  
and R A T ( J )  = (1 Z ( J )  I - X(L))/(X(L+1) - X ( L ) )  



c@MM@N/G~~TPT/ 

CTE(101) - s t o r e d  energy,  m ~ / c m ~ .  

TAUE(101) - conduct ion energy confinement time p r o f i l e ,  msec. 

GAMIN - incoming n e u t r a l  f l u x .  

GAM@ UT - outgoing f l u x  of charged p a r t i c l e s  (= N V ) .  
P 

PLR - component of plasma power a s soc i a t ed  wi th  l i n e  r a d i a t i o n .  



EOd - Eo, same as EO i n  common /INPUT/,  a v a r i a b l e  used f o r  tempo- 
r a r y  s t o r a g e  o f  one o f  t h e  t h r e e  n e u t r a l  beam energy  com- 
ponent s . 

ECd - Ec, t h e  energy above which i n j e c t e d  n e u t r a l  beam s lowing  i s  
due t o  t h e  plasma e l e c t r o n s  and below which s lowing  i s  due 
t o  plasma i o n s ,  eV. 

ETd - energy t o  which n e u t r a l  beam p a r t i c l e s  have slowed a f t e r - t i m e  
T  f o l l o w i n g  n e u t r a l  beam turn-on,  e V .  

TO8 - same a s  T  i n  common /INPUT/, e l a p s e d  t i m e  measured from t h e  
t i m e  of n e u t r a l  beam turn-on t o  t h e  t i m e s  when t h e  q u a n t i t i e s  
Ge,  G i ,  and A J  a r e  computed, s e c .  

TSO - -r n e u t r a l  beam i n i t i a l  s lowing  down t ime ,  s e c .  s ' 
TFd - TI, t ime i n t e r v a l .  c r i t e r i o n  used t o  de te rmine  when t h e  Fokker- 

P lanck  code s o l u t i o n  h a s  reached  a s t e a d y  s t a t e ;  a l s o ,  t i m e  
f o r  complete  t h e r m a l i z a t i o n  of t h e  f a s t  i o n s .  

TCXVO - rcx(vo) ,  mean l i f e t i m e  of a n e u t r a l  beam p a r t i c l e  b e f o r e  
undergoing charge  exchange w i t h  a  plasma i o n .  

vod = J~*Eo@/AMF, e n t r a n c e  v e l o c i t y  of n e u t r a l  beam p a r t i c l e s  i n t o  
plasma f o r  e a c h  of t h e  t h r e e  beam ene.rgy components. 

VC8 - vc ,  t h e  c r i t i c a l  v e l o c i t y  o f  t h e  n e u r r a l  beam p a r t i c l e s  w i t h  
energy E  . 

C 

VTd - v e l o c i t y  t o  which n e u t r a l  beam p a r t i c l e s  have slowed a f t e r  
t i m e  T  f o l l o w i n g  n e u t r a l  beam turn-on.  

GIT - f r a c t i o n  o f  i n j e c t e d  beam power t r a n s f e r r e d  t o  t h e  plasma i o n s .  

GEE - f r a c t i o n  o f  i n j e c t e d  beam power t r a n s f e r r e d  t o  t h e  plasma 
e l e c t r o n s .  

B K I  - momentum t r a n s f e r r e d  from t h e  i n j e c t e d  beam t o  t h e  plasma i o n s .  

BKE - momentum t r a n s f e r r e d  from t h e  i n j e c t e d  beam t o  t h e  plasma 
e l e c t r o n s .  

BN - number o f  s t o r e d  f a s t  i o n s  r e s u l t i n g  from t h e  i n j e c t e d  n e u t r a l  
beam. 

PCXVT - p r o b a b i l i t y  t h a t  a  charge-exchange e v e n t  w i l l  n o t  occur  d u r i n g  
t h e  t ime  a  n e u t r a l  beam p a r t i c l e  s lows  from t h e  i n j e c t i o n  
v e l o c i t y  VOd t o  t h e  v e l o c i t y  VTd. 

PCXO - variah1.e i s  n o t  c u r r e n t l y  be ing  used .  



The following seven variables are corrections due to the electric field: 

GIE - to fraction of injected neutral beam power transferred to the 
plasma ions. 

GEEE - to fraction of injected neutral beam power transferred to the 
plasma electrons. 

BKIE - to momentum transferred from injected beam to the plasma ions. 

BKEE - to momentum transferred from injected beam to the plasma 
electrons. 

BME - to the value of an integral occurring in the moments treatment 
of the Fokker-Planck equation. 

BNE - to the number of stored fast ions. 



This common block contains the following time histories generated by 
subroutine @RMF'WR. 

Cl(101) - ohmic heating power flow throughout the plasma. 
C2 (101) - electron thermal conduction flux. 
C3 (101) - electron convection flux. 
C4 (101) - electron radiation loss (line, recombination, and syn- 

chrotron) power flow throughout the plasma. 

C5 (101) - power flow due to electron-ion transfer for electrons. 
C6 (101) - ion thermal conduction flux. . 

C7 (101) - ion convection flux. 
C8 (101) - power flow associated with energy loss due to charge 

exchange. 

C9 (101) - power flow associated with electron energy due to neutral 
beam injection. 

ClO(101) - power flow associated with ion energy due to neutral beam 
injection. 



PB(101) - power density profile due to ion convection. 
~~@(101) - power density profile for ionization loss due to electrons. 
PIN(101) - power density profile due to ohmic heating. 
~1@(101) - power density profile for ionization loss due to charge 

exchange. 

ED@T - time derivative of electron energy, power. in plasma electrons. 
PED - electron thermal conduction flux. 

PE I - component of plasma power due to electron-ion transfer. 
PE 'LL - component of plasma power arising from ionization I.oss due  

to elcctrono. 

P I D  - ion thermal conduction flux. 
P I E  - component of plasma power due to ion-electron transfer. 
PIIL - component of plasma power arising from ionization loss due 

to charge exchange. 

P@H - component of plasma power due to ohmic heating. 



IPA - n o t  c u r r e n t l y  used.  

IPNO - a p p l i c a b l e  o n l y  i f  a  new s l a b  c a l c u l a t i o n  i s  t o  be  made 

= 0,  f o r  no p r i n t  . 
= 1, p r i n t s  r ange  of r e l a t i v e  e r r o r  c u r v e  ( s e e  EPSNO) 
= 2 ,  p r i n t s  same a s  = 1 p l u s  o l d  and new NI/AI and n e u t r a l  

d e n s i t y  



- power gain to the plasma electrons (source term). 
- power gain to the plasma ions (source term). 



A 1  (101) - no longer  used. 

A2 (101) - no longer  used. 

A3 (101) - rate of change of plasma e l e c t r o n  d e n s i t y  p r o f i l e ,  
1 cm-3 sec- . 

SHR(101) - power d e n s i t y  p r o f i l e  f o r  synchrotron-bremsstrahlung 
r a d i a t i o n ,  k~ / cm3. 

BREM - no t  c u r r e n t l y  used. 

SYN - n o t  c u r r e n t l y  used. 



C@MM@N /RATIOS 

P CVE - power flux from electron convection. 

P C V I  - power flux from ion convection. 
RCUR - ratio of the plasma current computed by integrating the 

current density to the program current computed by function 
PC.  

RCVE - ratio of power transported by electron convection to the 
total power input. 

R C V I  - same as RCVE, except for ions. 

TAX - gross electron confinement-time, msec. 

TAXZ - gross ion confinement time, msec. 

T A X I  - confinement time characteristic of plasma transport and 
radiation, msec. 



This  common block con ta ins  r a t i o s  of power t r anspor t ed  by va r ious  pro- 
ce s ses  t o  t h e  t o t a l  power inpu t  (from ohmic hea t ing  p l u s  n e u t r a l  beam 
i n j e c t i o n ) .  

RE1 - e lec t ron- ion  t r a n s f e r .  

RTH - t o t a l  thermal  conduction. 

RPLR - l i n e  r a d i a t i o n .  

RD@T - e l e c t r o n  hea t ing  o r  cool ing . .  

RTHE - e l e c t r o n  thermal conduction. 

RTHI - i on  (proton)  convection. 



- energy of n e u t r a l s  coming from t h e  w a l l ,  eV. 

EP SNO - an e r r o r  upper bound f o r  t h e  magnitude of t h e  r e l a t i v e  e r r o r  
between t h e  c u r r e n t  va lue  of (A*NI)/AI and t h e  v a l u e  used 
p rev ious ly  t o  g e t  t h e  l a s t  b a s i c  n e u t r a l  p r o f i l e .  I f  t h i s  
bound i s  exceeded, then  a  new s l a b  c a l c u l a t i o n  w i l l  be made. 

NWDWSC - t h e  number of words i n  t h e  A a r r a y  i n  common block /LBMIBT/. 



SUMBT 

SLJMC 

SUMEI 

SUMLR 

SUM@ 

SUMP 

SUMQE 

SLJMQI 

ZE 

Z S I  

SN J E  

S N J I  

- ene rgy .dens i ty  a s soc i a t ed  wi th  t h e  p o l o i d a l  magnetic f i e l d .  

- plasma c u r r e n t  ob ta ined  by i n t e g r a t i n g  the  cu r r en t  d e n s i t y  
p r o f i l e .  

- energy d e n s i t y  a s soc i a t ed  wi th  e lec t ron- ion  c o l l i s i o n s .  

- energy d e n s i t y  due t o  l i n e  r a d i a t i o n .  

- energy d e n s i t y  a s soc i a t ed  wi th  ohmic hea t ing .  

- energy d e n s i t y  a s soc i a t ed  wi th  e l e c t r o n s .  

- i o n i z a t i o n  l o s s  due t o  e l e c t r o n s .  

- i o n i z a t i o n  l o s s  due t o  charge exchange. 

- i n t e r n a l  energy of plasma e l e c t r o n s .  

- i n t e r n a l  energy of plasma ions .  

- energy i n  e l e c t r o n s  due t o  n e u t r a l  beam i n j e c t i o n .  

- energy i n  i ons  due t o  n e u t r a l  beam i n j e c t i o n .  



CARN - d e n s i t y  of carbon atoms a t  t h e  edge of t h e  plasma, ~ m - ~ .  

FENS - d e n s i t y  of i r o n  atoms a t  t h e  edge of t h e  plasma, ~ m - ~ .  

ISR@N - l o g i c  c o n t r o l  v a r i a b l e ,  n o t  c u r r e n t l y  used. 



HRH@(11) - a r r a y  of va lues  of H ( r , 8 ) ,  t h e  f a s t  i o n  product ion  p r o f i l e .  

RV (11) - a r r a y  of r a d i a l  va lues  a t  which t h e  f a s t  i o n  product ion  
p r o f i l e ,  H(r ,8 )  b e f o r e  ang le  averag ing ,  i s  determined,  i . e . ,  
0 G RV(1) < RH@MAX. 

HTT(11) - va lue  of t h e  i n t e g r a l  <H(r ,8)>  a t  each of  t h e  p o i n t s  i n  
8  

t h e  i n t e r v a l  [O,AM] w i t h  g r i d  spac ing  DELN. 

RH@MAX - maximum va lue  of RHd pe rmi t t ed ,  a s  determined by t h e  posi-  
t i o n  of t h e  t o r u s  w a l l  o r  d i v e r t e r  r e l a t i v e  t o  t h e  s tagna-  
t i o n  p o i n t .  

DELH = RH@MAx/NCGLM, r a d i a l  increment w i t h  r e s p e c t  t o  maximum v a l u e  
of RHQJ, cm. 

DELN = AM/NCGLM, r a d i a l  increment w i th  r e s p e c t  t o  t o r u s  minor 
r a d i u s  AM, cm. 

NGLP 1 - number of computat ional  g r i d  elements p l u s  one, used f o r  
t h e  ~ ( p  (8))  p r o f i l e .  



CgMMON /TEMP/ 

TE(101) - plasma electron'temperature profile, eV. 
TI(101) - plasma ion temperature profile, eV. 
~O(101) - neutral gas temperature profile, eV. 
VEL(101) - plasma ion drift velocity, cmlsec. 



TDE (101) - the (pseudoclassical) electron thermal diffusion coef- 
fgczent. 

TDI (101) - the (neoclassical) ion thermal diffusion coefficient. 



HT 

TC 

TSTAR 

T IM 

TMAX 

TNJ 

TP@ 

.TPR 

- current increment for simulation time step, msec. 
- rise time of the plasma current, msec. 
- simulation starting time, msec. 
- current value of elapsed simulation time, msec. 
- maximum duration of plasma current pulse, msec. 
- not currently used. 
- falloff time of external neutral density, msec. 
- time interval between successive detailed printouts of plasma 

v a r i  ah l e profiles and powar bal.anceo , moec . 



DTN JCT - n e u t r a l  beam i n j e c t i o n  c u r r e n t  r i s e  t ime,  msec. 

N 1  - number of computational t ime s t e p s  i n  plasma c u r r e n t  r i s e  
time i n t e r v a l .  

N3 - number of computational t ime s t e p s  i n  i n j e c t e d  n e u t r a l  beam 
c u r r e n t  r i s e  time i n t e r v a l .  



TEL (101) - profile of electron temperature stored from previous time 
interval. 

TIL (101) - profile of ion temperature stored from previous time in- 
terval. 



D l  (101) - 
'eff , p r o f i l e  of plasma e f f e c t i v e  charge. 

D6 (101) = v;, r a t i o  of t h e  ion  c o l l i s i o n  frequency t o  t h e  i o n  bounce 
frequency. 

D l 1  (10) - a r r a y  of f a c t o r s  f o r  s c a l i n g  plasma t r a n s p o r t  c h a r a c t e r i s t i c s .  

D11(1), e l e c t r o n  thermal  t r a n s p o r t  
D11(2), i on  thermal t r a n s p o r t  
D l 1  (3)  , p a r t i c l e  d i f f u s i o n  
Dl l (4 )  , r e s i s t i v i t y  
D11(5), th reshold  of t rapped e l e c t r o n  s c a l i n g  (NUE*) 
D11(6), th reshold  of t rapped i o n  s c a l i n g  (NUI*) 



ALF (101) - * - ve, ratio of the electron collision frequency to the 
electron bounce frequency. 

F (101) - T , particle confinement time profile, msec. P 
TElZ(101) = 5, square root of values of the electron temperature 

profile. 



C@MM@N /ZDFPS/ 

TDZZ(101) - impurity species diffusion coefficient. 
ZGRAD(101) - a collection of ion temperature and density gradient terms. 



CQ)mQ)N /ZRAD/ 

QRD(101) - low-Z impurity radiation contribution to power loss, w/cm3. 
HIZ (101) - high-Z impurity radiation contribution to power loss, w/cm3. 
~ ~ 1 ( 1 0 1 )  - not currently used. 
ZHI(101) - not currently used. 





Appendix 111 p r e s e n t s  some examples t o  show how t h e  ma t r ix  elements 

i n  s u b r o u t i n e  LBM a r e  obta ined .  The T and E equat ions  (numbers 1 and 
e 

5) w i l l  be  used i n  t h e  examples. 

Consider t h e  e l e c t r o n  thermal  conduction term i n  t h e  T equat ion  
1 e 

eva lua t ed  a t  t h e  t ime s t e p  N + 1, 
2 

Now l e t  

3% ==& (Ar) 2 '1'1+1 = 2 ' 5  + T 
= -  - 3. 

,,, 1-1 (Ar)2 '11 

and 

where y = r N Q x ,  and 

The d i f f e r e n c e  r e p r e s e n t a t i o n  above can be put  i n  t h e  form of a 
N+1 N+1 

l i n e a r  combination of gN+' and T ~ + ~  i f  t h e  express ions  6 and 6 2 T  
!. T 

a r e  l i n e a r i z e d  i n  t ime: 

ax ax 
NOW x = A B' TO SO t h a t  - = 5 and - = 3 

a B  B aT T 

F i n a l l y ,  u s i n g  ah = [hN+l-hN] g ives  
a t  ~t 





The plasma v a r i a b l e s  a t  t h e  new t ime (N+1) and t h e i r  c o e f f i c i e n t s  can be 

t a b u l a t e d :  

Component C o e f f i c i e n t  ( q u a n t i t i e s  eva lua ted  a t  t ime N) 

The remainder of t h e  terms i n  t h e  Tp equat ion  can be eva lua ted  i n  a  

s t r a i g h t f o r w a r d  fash ion .  

For t h e  E equa t ion ,  

and 

L e t  

- =  1 N aE T(E -E) where i n  t h i s  c a s e  IZN i s  t h e  va lue  a t  t h e  new time. Then t o  a t  - 

o r d e r  (Atl2 



and 
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