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Abstract 

A two-dimensional, t o ro ida l , ideal MHD skin-current equi l ibr ium com­

puter code is described. The code is suitable for interact ive implemen­

ta t ion on a minicomputer. Some examples of the use of the code for de­

sign and interpretat ion of toroidal cusp experiments are presented. 
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I . Introduction 

An MHD equi l ibr ium code is extremely useful for the design and i n ­

terpretat ion of toroidal plasma containment experiments. Even an ideal 

skin current model can help determine the location of the f i e l d co i ls 

for a non-circular plasma, as well as the plasma boundary. The two 

dimensional time dependent MHD code PATENT1 was i n i t i a l l y used to 

study toroidal magnetic cusp formation and equ i l i b r ium. ' D i f f i c u l t i e s 

in modeling the boundary during the formation phase led to the develop­

ment of th is skin current equi l ibr ium code. The ease of running a skin 

current model on a minicomputer in the laboratory allows the experimen­

ter to make rapid changes in the configuration and enhances understand­

ing of the data. 

An in teract ive computer code has been wr i t ten to model a non-circu­

l a r , t o ro i da l , 8=1 plasma equi l ibr ium. The code uses a skin current 

model, with discrete coi ls representing the skin currents, and is sui t ­

able for use on a mini-computer (e .g . : PDP 11-34). Design of two Tormac 

(Toroidal Magnetic Cusp) experiments, TVB and Tormac P-l , and data 

interpretat ion of Tormac P - l 5 were aided by the use of th is code. The 

code is simple to use, and with less than an hour's work the plasma 

equil ibr ium posit ion can be obtained, s tar t ing with the coi l configura­

t ion and currents, and the plasma pressure. When designing an experi­

ment th is procedure can be i terated to provide the desired plasma shape. 

The problem can be described as fol lows. A set of external co i l s , 

both toroidal and po lo ida l , surrounds the plasma volume. Coil locations 



and currents are given and may y i e l d an equil ibrium plasma configura­

t i on . Plasma currents are induct ively coupled to the external co i l s , 

while the plasma posit ion is determined by the balance of plasma and 

magnetic pressures. The code determines the equil ibr ium plasma posi­

t i o n , i f i t ex is ts , depending on the i n i t i a l current in the plasma and 

the desired plasma pressure. 

The plasma is modeled by a set of toroidal current carrying conduc­

tors approximately evenly spaced along the plasma border. These cur­

rents are determined by the poloidal f lux funct ion, v , on the plasma 

boundary and by the external co i l s . Once the currents have been found., 

the boundary points are moved semiautomatically to sat isfy pressure 

balance. The process is i terated un t i l a sat isfactory solution is ob­

tained. 

The solution procedure is described in Section I I . Section I I I 

gives some detai ls of program ve r i f i ca t i on , while two examples of the 

use of the code are provided in Section IV. Appendix I gives the source 

f i l e s in Fortran IV, while Appendix I I includes a user's guide. 

11. Solu tion_ Procedure 

The skin current model is based on the s ta t i c , ideal magnetonydro-

dynamic (MHD) equations 6 for force balance, alcng with the relevant 

steady *tate Maxwell's equations. 
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V P = J x B/c (1) 

( W c ) J = v x B (2) 

V • B = 0 (3) 

Equations (1) and (2) yield 

2 _ _ _ 
VP = - 7 (§7) + }„ (B • V)B (4) 

Since the radius of curvature of the field lines, in our case, is much 
greater than the thickness of the current layer over which the magnetic 
field changes, equation (4) becomes the usual pressure balance condition, 

R 2 

P + £- constant (5) 
oir 

Equation (3) implies that we can define the poloidal flux function i> = 
RA,, where A, is the toroidal component of the magnetic vector 
potential. 

The iterative procedure used to solve the problem is illustrated in 
Fig. 1. It basically consists of two parts: computing the plasma cur­
rents, which then enables the calculation of the magnetic pressure, and 
moving the plasma boundary. Each time the boundary is moved, a new cal­
culation of the currents is performed. The magnetic pressures at the 
boundary are presented after a user supplied number of repetitions, at 
which time the user can continue the iteration or display the configura­
tion. 
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Step A -- The user inputs the display grid size and location. This 
enables the display of the entire plasma or any desired region. Exter­
nal coil locations and currents, and the position of any fixed closed 
conductors are also input. Note that fixed conductors are represented 
by discrete toroidal loops. 

Step B -- In a like manner the positions and number of toroidal 
coils representing the plasma are input, as well as the >P value on the 
plasma boundary. More detailed instructions on setting the <f value are 
included in Step C. If the vacuum field alone is desired, one can 
branch directly to Step C. 

Step C -- The toroidal currents induced in the plasma and any other 
closed loops are calculated in this step. The poloidal flux is given by 

: = /B • ds = 2v v (6) 

The mutual inductance, M^. = d * i / d l j = 2 ^ -,-/1j can be calcula­

ted at each coi l location i for each coi l j . E l l i p t i c integrals ' ' 

are used to calculate . a t locat ion i for a unit current in co i l j . This 

gives the mutual inductance between the two coi ls at i and j . A second 

order polynomial approximation is used for the e l l i p t i c integrals 

themselves' 8 ' . Once a l l the mutual inductances are known, one can, 

therefore, wr i te the matrix equation 

The summation is over a l l currents I . and inductances M^ , and 

y ie lds the poloidal f lux function ^ at each posit ion i . Since the value 
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of \p at the plasma surface is input, y at the coil locations represent­
ing the plasma boundary is known. The poloidal flux function, ih deter­
mines the total toroidal current present in the plasma. If there is no 
plasma current with the external coils removed, then ip = 0 at the 
boundary. 

The option of setting ij; ^ 0 in the problem was included so that one 
could easily model the final equilibrium of a preionized plasma with a 
toroidal current present before the main external coils were turned on. 
If one knows the current and approximate extent of the preionized 
plasma, one can put plasma coils at that boundary, with no external 
coils, and change * until one has the desired total current. Since the 
equations are linear, scaling a single trial \\> will work. All other 
toroidal conductors in the problem (e.g.: a cylindrical center conductor 
along the Z axis represented by a row of circular loops) are assumed to 
start off with no current, meaning i// = 0. The problem is therefore re­
duced to inverting the mutual inductance matrix, which is accomplished 

g using a Choleski decomposition method. 
It should be noted that the inductance matrix is ill conditioned. 

This means that small changes in i>. will produce large changes in 
I.. Another way to express this is that there is a large collection 
of currents I. which come close to satisfying the equation. Physical­
ly, this can be seen by looking at two coils close together. The exact 
division of currents between them is unimportant, only the sum of the 
two currents matters in determining <K Fortunately we are only interes­
ted in using the entire collection of currents to determine the field 
magnitude, and not in the values of the individual currents. 
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Step D -- The magnetic pressure at the plasma surface is calculated 
in this step. Radial and axial components of the magnetic field at each 
plasma boundary coil location are summed over all the current carrying 
conductors. To avoid the large perturbation in the field due to the 
current in the coil at which the field is being measured, that current 
is temporarily set to zero. This procedure eliminates some of the error 
introduced by having discrete coils instead of a distributed surface 
current. A numerical test was made of the effects of setting one coil's 
current equal to zero. The change in field at any one coil, measured by 
using graphs of |B| vs R and |B| vs Z on a 10 cm x 10 cm grid, was less 
than 2-1/2 percent. All the plasma coils from Fig. 3b were tested in 
this manner. Considering the simplicity of the discrete coil model this 
accuracy was deemed sufficient. The ill conditioned state of the induc­
tance matrix causes large variations in coil currents for smail pertur­
bations in the plasma boundary position. At each coil location, how­
ever, the poloidal field is due to the currents in all the coils, and 
this sum is not greatly disturbed by the ill conditioned matrix. As a 
check, the plasma currents of Fig. 3b were changed by altering î at the 
boundary. The total plasma current was changed by 5 percent, resulting 
in a maximum individual coil current change of 24 percent. The jB' 
value at any coil was changed, however, by less than 0.5 percent. 

The toroidal field is calculated at each plasma surface location, 
using the value of axial current supplied initially. Diamagnetism of 
the plasma is assumed to result in the poloidal currents needed to pre­
vent the toroidal field from entering the plasma. A simple argument 
shows, at least for the Tormac case, that the toroidal beta has little 
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influence on the plasma equilibrium shape. For the more realistic case 
with toroidal field present in the plasma, the pressure balance condi­
tion can be written as 

P o= nkT = (B^ + Bp - B^)/8» (8) 

where BTl. -js the internal toroidal field. Since all currents and 
pressure drops in this model are at the surface, both the internal 
toroidal field BTl. a n cj the external toroidal field B T are inversely 
proportional to R, the major radius. At the innermost radial boundary 
position, R Q > the poloidal field, B p, is negligible in a bicusp such 
as Tormac. One can therefore write 

8, P Q = (B* - B? ) 
o o 

Equation 8 can be written as 

Therefore 

and B2 T S independent of the internal toroidal field By. For 
simplicity the internal toroidal field is therefore assumed to be zero 
in this code. The magnetic pressure at each location is the sum of the 
squares of the poloidal and toroidal field components at that location, 
divided by 8ir. 
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Step E -- Once the magnetic pressures are calculated, they are com­
pared at each boundary location with the desired plasma pressure, which 
is input at this point. The boundary currents are then displaced normal 
to the surface by a distance proportional to a user supplied step size 
times the difference in pressures. For each coil position the outward 
normal is calculated by obtaining the line connecting two adjacent 
boundary points, one on each side cf the point of interest, and using 
the perpendicular to this line which intersects the original coil posi­
tion. Each outward perpendicular is normalized to a unit length. Boun­
dary coils are moved outward if the magnetic pressure is less than the 
desired plasma pressure, and inward if the magnetic pressure is too 
high. The magnitude of the displacement is proportional to the pressure 
difference and the user supplied step size. Next, symmetry about the 
midplane is assumed. So all boundary coil positions are averaged with 
their mirror image coil positions to minimize the accumulation of 
errors. Steps C, D, and E are iterated the number of times desired, and 
the plasma boundary coil positions and magnetic pressures are then 
listed. The user may go on to Step F displaying the plasma, input a 
change in a coil location directly, or continue the convergence process 
with a new step size and repetition number. 

In addition to this semiautomatic method of boundary coil movement, 
provisions have been made for direct input of new coil positions. This 
is especially useful for keeping the coils approximately evenly spaced 
along the boundary. Since the coils are meant to represent a surface 
current, even spacing between coils is desired. The distance from one 
coil to the next is displayed along with the pressures to help the user 
adjust the spacing. 
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Step F - - A var iety of options are available for displaying the 

plasma and f i e l d conf igurat ion. Two basic types of displays are 

avai lable, contour plots and graphs. Contours of constant iK or po lo i -

dal magnetic f i e l d l i nes , are available as well as contours of constant 

| B | . The user determines the range of ty or | B | to be displayed, as well 

as the number of contours in that range. 

Graphs of | B | as a function of the radius R and a part icu lar axial 

posit ion Z can be p lo t ted , along with | B | as a function of Z at a par­

t i cu la r radius R. Al l of th:-..e displays can be presented for the vacuum 

f i e l d as we l l . When the plasma is displayed, the boundary co i l loca­

tions and the vacuum co i l s are shown by "X ' "s . I t should be noted that 

any region of space can be displayed. The program calculates the ^ and 

|B | values on a 40x40 g r i d . This R, Z gr id has an arb i t rary or ig in and 

g t id spacing which enables the user to concentrate on the ent i re con­

f i gu ra t i on , or any desired port ion thereof. Note that ip is calculated 

as described in Step C, through the use of a second order polynomial 

approximation for the e l l i p t i c i n t e g r a l s . 7 ' 8 |B| is calculated from 

the V values using B = v x A, with the space between gr id points as the 

step size. A central difference formula is used, with the error fourth 

order of the step size. 

I I I . Validation 

An important part of designing a computer code is test ing the v a l i ­

d i ty of the resu l ts . Two methods were used to ver i fy this code's solu­

t ions. Simple external co i l configurations were input, and the f ie lds 

produced were checked against analyt ic solutions at a number of gr id 
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points. Since the same method of calculating the fields is used 

repeatedly in the program, this check is essential. 

As the configuration can be examined during convergence, the magne­

tic pressures at each boundary point can be printed. If the code is 

working properly these pressures should converge to the desired plasma 

pressure, which is the case. A check is nude by starting with two dif­

ferent sets of initial conditions and observing whether they converge 

automatically to the same final configuration. Figures 2a and 2b show 

two quite rjfferent initial configurations. The final solutions are 

shown in Figures 3a and 3b, respectively. The convergence to the same 

solution is quite good for these cases, taking into account the uneven 

coil spacing. With manual spacing of the coils parallel to the boundary 

the solutions woulo converge even more closely. It shoulo be recalled 

that this program is intended as an experimental design and oata inter­

pretation aid, and thus agreement to a few percent in pressure is suf­

ficient. Note that the agreement is in the boundary location ana boun­

dary pressures, and not the individual coil currents. This is due to 

the ill conditioned inductance matrix. Since the coils are actually 

fictitious, this discrepancy is unimportant. 

IV . Applications 

This computer program has been usee extensively in our group, 
principally by experimenters wishing to design or mouify experiments, or 
to assist in oata analysis and interpretation. Two new experiments were 
designed, Tormac VB 3 ana Toruiac PI 4. Tonnac PI was built and opera­
ted, and the computer code played an integral role in the interpretation 
of the experimental observations. 
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Tormac VB design presented some special problems. The goal was to 
build an experiment about the size of Tormac IV 1' (15 cm major radius) 
but with the vessel walls removed from the cusp locations. Fig. 4 shows 
the plasma, poloidal field lines, and vessel configuration. Since the 
plasma modifies the field, and the vessel extensions must be small in 
width to allow the proper coil placements, calculations were made to 
determine the desired vessel shape and coil currents. Fig. 5 shows the 
vacuum field for comparison. 

A second example of the use of this code was in data interpreta­
tion. 5 Particle flux out the cusps was measured in Tormac P-l. As 
shown in Fig. 6, tracing the field lines back to the measured plasma 
location gives information about the width o r the plasma boundary (or 
sheath), and the total plasma current. For comparison, Fig. 7 shows the 
vacuum field configuration. The extensions of the cusp field lines from 
the location of the main body of the plasma do not fall near the 
measured flux for the vacuum fields. The code was also used to aid in 
the interpretation of interferometer data. Modeling the plasma by ad­
justing the boundary and tp to conform with the observed radial position 
enabled an estimate of the plasma width in the axial direction. This 
was used to determine the number density from the line density. 

V. Conclusion 
An interact ive skin current equi l ibr ium code has been described. 

This code models idealized MUD equil ibr ium configurations of non-circu­

lar toroidal plasmas with sharp boundaries. Experimental design and 

data in terpretat ion have been aided through the use of th is code, which 

is quick and simple to implement on a minicomputer. Experimental design 

changes can therefore be rapid 1 y planned by the experimental group. 
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APPENDIX I 

Z :,-*=.= * * F ? L A ? C . / T N * * * * * 

Z V ^ I M p p Q G h A v 7 0 C A L C U L I ? AMD D I S P L A Y ? 3 I AND '-"CD B 
C FOR A \ - ii J I T f. A ? Y o r T OF C U R A F N T L O O P S . US". P L A N T R i . C ^ L TO L I 
C " h i s ^ O G ? A v 'VIT F SUBPROGRAMS E P S ICA L , B 3 F I , FCURR , 
u rili.RA.. •;'>!> i P L I M , A 3 * 'ELL AS GRAF AND ^ C N T U R B . 
c THIS PROGRAM HAS TH? CAPABILITY OF MODELING THE FLASMA 
C 'HCl'NDMY 3Y COILS VHC5F CURRENTS ARE CALCULATED A3 A. FUNCTIC 
v- C'j POSITION IN TI '2 SUBPP.OGrtAr' e P L I N . 
C T}*! PROGRAM USES >• 4 ? X 4 ? G F I D , WITH A\ ARBITRARY STEP 
C SIZ'*' IN EACK M P F C T I O N . AND ARBITRARY STARTING P O S I T I O N ' S . 

y?CG.-:AX i.?L A PC 
FEAT I L ' 5C> 
C O ^ O N / B L S Q / ^ L : ^ , Z L ' M ' , I L , N L , IPLAM.Ef R ) , PS 10 
^ C ; / v ' C N / b L S ? / ^ r . (5tf> , ^ 7 f 5 2 ) , o l ( 5 f i ,iv^ , I V A M E O ) 
CCI- 'r- 'CN/BLK^/ACRtc'" .', A C Z l f ' " ) ,ACI {?.?• ) , I U C , I C C A M I ( e ) 
C C M ^ N / S L ' ^ / I ^ S A ^ i f i ) . C U P . Z . I F I G , J F L G 
^ C M ! \ C N / K L K < : V R 3 T E ? , Z 3 T i P , I R 3 T t t T , I Z S T R T 
CC v ;M0"» / aLS V-'P f e.f 1 , E N ( f » x , Z N ( S ° ' ! , D L : : ( N ' * ) , P I 
V ''T A IEX , ICO . I PL , I CP , N F , M I / ?KEX ,2HC0 , ?HPL , ?HC ? . 2-TMF , ?hN I / 
".- PA NO , I P I . 1 . i R / ? N N O , r p P I . c l - l h S / 
IG S = .* 1 
I 3 L - 7 
I PL PLC- ~.< 

c I \ ? : r " ^ I C I N F O R M A T I O N 
W . L L T V ^ L 
"YPF 3r.IG3 

C'i: :-OF v«T'1X.A1, 'P'PUT START R. END R, ST'P.l Z, END Z O , ^ : * ; , 
1 - : t , ? v : ' \ 
RiAPf ' , 4 ^ , F ? : - . - j r ' ) I F 3 T ? . : , ] R ? A D . I Z S T R T , I Z r A J 

^ .-. .-'CF.V.I ' 4 14 ] 

n 3 T t D - ( 1 K S M 0 - I S 3 T E T ) / 4 . " . 
" 3 " ? ~- I I 5 F ' \ D - I 7 3 T ? T i / 4 7 . 

C I N "•,"•.'' C ~ N T / F COND'JC'TOF 
:-= i Y ? » ^ 
I " 1 P' rFi y. f T i ' I N P U T CENTER CONDUCT O N ' / ; 

I F L G - J 
^A LL ^ - j l L ' l . 11- <- /. , v " , / i - ; i , . ' > Z , ^ I ,NA^ ) 
I - ( . N. .3 .".•:. . " J l F L C - 1 

>„ I N ^ ' J T *! yT T "RN l

r . 1 C O I L S 

" . : FOR TAT < ' I N ^ ' J C V X : E E N ' L C C I L S ' / ' i 
^.- L L ^ 0 I L < '<. , I V j-. ">' 5 , , o ? . , o z , i-1 , N v i 

C I N P o l Z C U F P F M 
7 , TYPE ? 3 
7 : - ' C R V A T ; ' ' : ' . • ' " : •? Z C U R ^ N l ( A . h A ' P S ) ^ " - : " : .? .<;) ' , ? ) 

r - ; T J • f . ^ . F . ' R R 7 t "CUFZ 
7 » •-•z* - v . r ' • • • i i i . - ' , 
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- I ". ? - 1 1 ."! t. f J I f l i t 

T f r : " ^ 
l 'C^- .v: ' I , : ~ J T P i l FIuVNAMF C c " f , 0 " ? ' , * ) 
y"iA:i ' ^ , -4 , i ? .u -3t' >I?oA v E 
-, r r if-'., r' ( ~\-> ) 
i: i iP^.v-'r ' i ; . ' . ; - : . - ; : ' U F L ^ I 

- 'J J ;• :. J -! I \ U o ?J ̂  " I C * 
T : ^ > - '7,1' ' ,5 
••:":-••.• T •' -'iy , i ; I , ' ^L ^Ly->?•> , ^ P ^.-.;, \IGI. PLASMA, VF = NF,A 
: . - - I ! ? ' - ' M V1-* 7 cn-ii-LMT.JC-CCILi CNL'f , ;X = ? n T ' , $ ) 

... , ^ , . -> ^ 

! ; ' *> """ r. • : '.: . I P L ' " G T C 1 :,"" 
!.- • '...' • " .'.'..: . [Zr >"CT0 £^. ' 
. - ; \ - v " . i . . \ - Mjpio v ; ' 
: ^ \ : -•;)•. • , . M '.'J07C 7 " 
! . - • • . : -i . ' : : . K ; I G C : ; ^ - , ; 

'-': ; • v : \ ' ; . - . , i c i , ' : i " i ' ; r

J . ' v CC-VFIO 7 ;? S J I C N . ^ F . - ^ H ^ N C H ' , ? • 
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j!.; ';*cri IN? ro w ^ ^ u u s 

3b3r o r i r* . : c o i i C * , t H i y ~ > - , ? . i , z i t i L , H i i 
v : " •:• I " ? J I F. , Z , I JIL'-I 
• . - i •> i ^p i jT ?.,Z '.'ILK 
••-r .• OJT^iJT :i ,7 J I L ? 
•'--•* > Oi.'TPUT ? . . Z , I 

i-:'M IL :30 i f

r L C ? H i , Z L ( D f - i 
I ••''!' : 3 • ? N , 4 M i ( « ) , INAMSifc) 
"A'!^ MO ?h'MO/ 
l f " - o - - l l 
I F( i v . r 0 . i )'3CTC 3 ? ? 
I ? { v . ^ S . 3 ) 3 0 T O ? • « 

I.\PUT D.-.TA ?IL"i 
: YP•'. 1 £ 
••C?."".ATf ' ^ 01T. OATP FILs;?(NAiYE On NO) ' , $ > 
Fr Alii. r. , V T I , tv . r- 1 *) I N ' M i ' 

--=/>?• C- !•• 'vO M L S 
i;-'i iM fi'- •: ( 1 1 . v . N'CV 3 0 T O e a 

n o " i - i .'•• 
^ M ' r • ( [)• .••• i \ / v K I .' 

C ' L L « i ~ I"r>' • 1 , U f ' ' ' f , 1« 

IF : v . : . i "rric « 
! '•'(.? ' 1 . . - r . ^ . v 1? ! M 
^ C 6 Y.'1"" ; 17 • 
; - • • « ? ' ! ( ^ : , 7 r , r l t n f :.L, I i ^ H P . I L i D . I - l . M l 
'-'.',-..v.-*i':'.''Vlk' . " ' 
C-LL C L 0 5 . < ' 1 '• 

' ' : ' P '1 f 1 , • r , i ? 7 - 1< ) ( '•• LI I i , 7 L < I • , I - 1 , v L '• 
•"OF. V A " ' • - I ' . i - . 
. ^ L L •: L " V". • 1 ' 
. r r ; i 5 v 
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C I \ '?U'" P ' T f " ' C FEANCH I ? JUST n AiU Z 

T V P : - ? 
- O H " ' ' : - : ' r v r p r ) MU^BER OF COILS ( K 0 , : 1 9 ) ' , $ ) 
S f M i ' S , 0 f i , ' s . . i . - . - 5K )NL 

f' T Y ? '< r '? 
. D 7 / O r t y » " ' "M' iF^ oi'CM) , 7 ( C M ) , r ^ B A ^ F ) ( KG ? -̂  . Z 1 , 1 Ki. .̂  , F: (S . F ) ' , £ ) 

•- r i . n [D,.<? , ^ - ^ I ' R L ( I ) , 7 , L ( I i , I L ( I ) , I = 1 , I \L) 

C r i : i D ; ;T "ATA ? I t > 
.-'.•t I f ?v ? i / 
-,•!-> ^ 0 ^ v , t T ( - Q i ' T p i i - T f̂T.A FILTNAM: OP " , \ 0 ' V ' , $ ' ) 

• T " ; ,?<v ," ' r '« • ? V J ) INAK"' 
1 - ( i \ .AN'K(i ) . - './.NO ) R u f U ^ ' 

DO v i i i = i , £ 
L i £- s » v v •; i ) - 1 M s r v ( i ' 

^ H - ~ /• i i i ' i M ' . l ,Ni-M? , 1 6 ) 
' .- I T . - (1 , c b < N L 
•• >.i r y : i , . ? . ; ) ; . ^:, i i i , 7L.. i ( , T L 1 1 • , i ^ i , . V L » 

^ / • L i ^ L C S K ' 1 I 

•p:-!i"i :; /..N'r- z D^TA 
y / p , j-.i. 
- if: b , ? : ,"-"-n £ c z . i\ 'L 

" " \ ^ . • - . - . * 

i •-'' l •: • ' 

• ^ i i ' :-.L( i i , 7 L f i > , I = 1 ,'>L I 

r ,-. r A ? i y "-

"*') I \ A : - T 

1 , " 
• v ; • - ; . . ' I . 

1 . K- - •-•v , 1 • 

. ; - 1 . " . L ' 
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Z FUNCTION. JUL'OUTIN'i FOR £.LLI?TI^ INTrGr^L K 
Z K F J . J . p / B T . CC^FliTEF f FFhCX . , 1 3 f c . JOHN 'VI LETT, NY ,P . 154 

DAT/. A , :-: , C / 1 . ^ t S S M . . l l l Q c S f ' t , . ^ 7 2 ^ 3 2 ^ 3 / 
F-TA "-: . " ,G/ .F . . 121.74!r e.3 , . * )23£?4?23 / 
Y - i . - y 
I f i v.L> . l . r - 4 ) Y = l . i i - 4 
3 = /i + ) f : , c , ' T 5 + Y = : - C '! 

V=E+Y*( ?+?*G) 
! I.K = P-ALO^( T i*0 
R'-'TUPN 
Rl\0 

•I'JMvTIOV 5UBFOUTIMF. FOR ELLIPTIC rN1 r.GR^L E 
-=.tj!. J . K^.rtT, COMPUTE* A ^PHCX . , 1 5T £ , JOtiN VI LiS Y , N Y , P . 154 
"'LTNCI'ir>r FL"k.'X'» 
DATA A , - i . ^ / l • . . -J6?/1 P^-^ , . 1 0 7 7 ^ 5 7 5 / 
r>A7.J v ," >. ' 4 c > 7 ; 7 S 7 ( . ^412 . c ?211 / 
Y-1 .-X 
If n .1? . 1 . r - ", i / - l . F-4 
r = .(i +VV- f J + y.-?3 > 

: ^ Y - ' F + v * 0 l 
" ! * - - ? - / 1 0 5 <Y l-O 
? : - T U R M 
V M p 
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-ol a' GUI I \" TC ^AL^ULATV uURr.c.MS TO v 0 D i L PLAS 
•H.)'"..-. ri:7r,RKIN- S COIL LOCATIONS «M D PL I DFTtP.K-I 

: o^ - 'O i : T i N^ ?T I ' v i i 
• - • ] - - •> I \ P J : PL.as.1^;-
' • 1 - 1 , - H / A u F , ? L / , S W / -
•1----C "• VAGiJUi* (CIMTI.H CCVDUCTQn CUP.r..- NTS ') 
I.- L J " -•: > C F v V " . i nONPIlGlCP PF.r.Sf.N'T 
I ' - L - ; - l . ;>.C w' . ' lT^- : ^G:NDI>TOrf 

F- -"7 IL N ; \ ? ^ V n K ^ ' . ^ l l S i . I L i i : ^ 
I • 7 ="',•>•- .< -.N i'rV i , < NOTE'S i 
; ' . i- -"ON'/ • ,L - ; i / ^L( ^7 , Z L ( f 7 - , J L , M , I P L ^ v i , ( c ' , P S I * 
• ^ . v v . o ! / i T

J < ? ' i r - i r / , , : i ' c . ' ' , c i ' i ; . ' 1 , , : c . r t « ' v f i t ) 
-7~- V C ' \ /-.L''."' / U i i ir/ i , / i ^ ( :--P ) , f ^ 1 f M I , ' . i ^ , I ^ A ' - ' F . 
• 7 , v : " - 7 v / - 7 r ; r ' 1 F S ' '• ' T ( ft > , 7 ' " D 7, , I PL 7- , J PL^ 
•r: , ; v , ^ L K r , ' ' ^ , " - a . 7 M , l ! 7 r , ? 1 

>-•( '•""•; ' I - L K a / '•}':•' , 37 
." -I ; r , I , 1 ' l , . ' . ?" 'Z . 1 4 1 f fe , \ ^ 

T S ( % ' lT-.-r, ^ 

T ; / •; v j; "r n T <j .•;,. 

/ .i r i 
i J .- 7 -• ?S I 

" T i 7 r T » •; v , - •'A:r ( '- - : 1 . ^ ; 

.11 . ' 

i , PA 

'• ' i ~. ** .1 

L (1 , ! P 7 ' v > . - 7 , : L . I L , \ T 

• r > T , j - j M ' - i , ' ' T" 1 C-'"T-'r 7 C f ' ' 7C '!') - j ' > ' - ; • ' ' 

1 ~ fl 77 rr,zv •• r ' / ; i - v : * ' :-• •; 7 .,• 1 
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DO £ c 1=1,MAC 
(C = ML + I 
R L f K ) = A ^ P ( I ) 
Z L ! K ) = ^ C Z i I ) 
"ON". INUP 

"-ALL i < U . i R ( R L , Z L , I L , i \ l T , N ! , ? S i e . ) 
TO ?.••* 1=1 , N:- C 
'< = N L + r 
/•> I ' I ! = IL(K i 
K L ( K j : ? . 

IL ( '< )" 'Z . 

- o t L w ' L A i ?. PLASMA P R i S S U R r o 
CO r -" -:--1 , MI 
< 1 = < + 1 

i y ; K . - 3 . 1 • "<< = \ ' L 
i ? i ' < . •"; . s i L ' > < i " i 
p ; n r.-. 
iv.-1T.: K ) 

r — ' P I • IL:'K ) 
I L ( K --•*. 
C / L L TP'ilCC' Z ^ P - Y . P L . Z L . I L . N L / O 
ILi 'K 1- P > ? T 

P ,; 1 - 1 ; , ' 
" A L L " i i u . i f ? " , ii '- ',o S ,^ v. , ^ I ,N" ,K ) 
b P l - 3 ' i - « ? l 
3 n - B , ; + 3 ;•: i 
I - ; ' I " L , . t f . 1 I GOTO 4 o 
C < : T ; ^ " I C ( M Z \ , ? V , ' C E , ^ C Z . A C I , M A C , K ) 
? : - i - ^ - l + p ^ 
"111 - p '• i - '•• i 
3T=? . - C U P 7 / ? ! " 
P ' . ^ - P i K )+ , P r . l - c r : ! ? + ^ Z l-'-^P + BI =-*?. ; / : ' r - ! - T . H I S S 1 

P L V .< ' - . i ; *<T( ( ' L f'f'.l ) - R ' - ) * * ? ^ ( ^ L ( f l > - Z v ) * * ? ) 
c o \ m i v u « 

r- 'f I K T .'-•;.'/..' uiOTT is--A 
lr < I K ) .v t - .M 5 5 iCCTO ? ? / 

-20-



l l 

1 >,: 
1 r -

- P . i \ 7 r,;.] -~'T*s^ ivori.L P D PPTSSUJP 
1 'i.-.-'. 11 . " , P P I V P P , P L P P , I C C A v l - ' , C i J c Z 
.- 0? f--- T ' 1 X , 1 A1 , ' ? I L I- - ' , H A2 / ' PL;1.5 P ^ ' , - A ? / ' :> ON 1 
1 / ' Z CU.-.H l ' P P ' , i\9 .?.'•• 

••'(• P : < i a , P L P >/;-
T P i - I P , I , F L ( I ) ,ZL( P , I L ( I • P ( P P P ( I ) 
P •v'Vi'-,:;!-

- P P T P X , ' J - ' . P . ' : r ' , ! c . ' , ' Z - ' . r - P , ' P ' P ' ; 

1 ' P" ' , p . . ' . , ' C ' , FT . ? 1 
I '-' ; '-"1 '* •" ', ' -v "1 :'•-!. 

- P P F r^- . ; . ; n PP'-'A P P P P 
• v c -• p . . . , v L 
'• r': '-''.: i ' ' v C ^ >- A ' - ' 1 ' " •''^ h , , ^ H A '• J - . 1 !i; ? i ; . 
1 ' P P ' : : i ( \ " , ' - : I \ -UT 1 ' , i • 
• p • ~j'\ i ' • r . ••", 

• ou ; 

/ i •• i 
A T . - , : -> 

* • :! > - p p '-: r - I ' \ r - ' ! • 
- , i ' " , , -• ; - - - P - ' i . ' • ; 

p . ; \ •' P -1'. '" P ' 
• . : - : ; . - ! " p r .• P -

- i 
. V 

, -" 1 . • • . : . i 
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, OUTPUT 1 0 DISC THE NTViT P L P S W 
CALL ASSIGN (1 ,l?LkV?.,lt) 
'< P I T S f 1 , 2 1 ? ^NL 

£ 1 ? F 3 ; W ! • I ? I 
< » h I T £ ( 1 , ^ 1 5 ) (PL f l ) . Z L ( I j , 1 = 1 ,NL > 
C/>LL CLOSE i 1 ) 

? 1 5 F O M * T ' P i l e ; . T ) 

C CCKTINHj -ji'ITH PLiiSCi* CFM ;C-LS 
11 G- =• ? 

cc7 I K G - I P Q - 1 
C 
o jiK]T) N O P A L S AMD THST'.MCES 

DO 25™ !C=1,NL 
<1 = \ '+1 
K P - K - 1 
I P ' K . : Q . l ; K ? - N L 
I P i < . -"; . M L ' < 1 - 1 

?4b R"il! 'P - - ' 7,L i'Kl i - zLC K? ) * 
Z M ( '< ' = - ( T ? I ( K 2 i - P L ( K 1 ) : 

Z * J P ^ ' O L l - . j ^ P T ' P l v l (K ; * * ? + ZNl("<'•-•=*?) 
•<\1 ("< '=.HM 'K ) / ? ! "0D1 
ZN1(K ' = ZN1 (K ) / ? l " P D l 

i r ^ 1 CCNTIMUP 

C 'OV? ? To •• 3i vA 
DC '2 6 J K - l ,NL 
»L!K ) - K L ( K i ' ( P ( J - P ( K i * =•- ? N1«' K >*/ IVI 'dP 
IPf-f . u ' 0 . 1 !GCTC; > - ? 
ZL iO ZL i K •-» ( ? < i - D ' K ' ) * ~ N 1 ( K 1 j;= fi 13 7K~ 

'-"/! *PvTIM."r : 
r-

C SY^r-KT^ I Z r PL'SPA A3CLT Z AXIS 
MC PVv ! - " , ( VL+1 ' / f 
Z L Q ^ (ZL( I - Z L f N L + 2 - I i ) / 2 . 
ZL N L - T - r : - - ? L ( I i 
P L ' I I- ( P L ' I • ' ? L ! i \ L + . - - I i I / ? . 
D L: 'ML - P - I (-- PL ( I > 

C ? . J C 0 N : : P : ' J v 

C PR.A.vC'-' TO ^ A L ^ U L A T S ^ U K R L M T J 

.11' ^ ^ A L L ^ 0 I L ' r . I PL A M f. , HL , Z •. , I L , \ L ) 
P A T L P N 
KM" 
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3UBP0UT IMt TO nrlT BF AND PS I AT Z,H 
5IJHROUTINP 3 P S I O O f Z l f R l , H L , Z L , I L , N L , J J ) 
RfAL I L : N L ) , R L ( N L ^ , Z L ( w L ) 
P v A i-?s c M, ( 7.0 , 20 } , Y ', 30 ) 
O O M ^ O N / ' / L K B / R E . B Z 
C O M M O N ' 3 L K A / A M , Y 

^ J i l ^ U L A " ^ BK.3Z AND ? 3 I 
3Z--? . 
ER=t5. 
Y M J i=e. 

R^Rl + .w5..'0fc)3 1 
DO 10K L = l , N L 
I P ( I L ! L ) ) ? , 1 ^ , 5 
A Z - Z - Z U U 
u A Y?= ' 4 . * R L ( L ) * ? ) / ( ( RL( L ) +F ) * * ? + £ Z ; ; " ; : ? i 
PF--( .!-S*(2-CAY£ ;-F.LK( CAY? )- :»LI ' ( CAYt) ) / ^ R T ( C A Y 2 j 
D--SOPT ( ( P L ( L ) + R)**2:+AZ**2:) 
Dl W wI.(L i-R i * * P + A Z * * ? 
BP -• ^R - 2 . * T I. ( L ) * A Z ' ( R* B i * ( -F LK ( CA Y 2 ) + ( P L ( L ) * * 2 +R * 

1 *?• L P C A Y 2 1 / D1 ) 
* Z ^ 3 Z * P . * I L ( L > / T ^ E L K i-A Y ? ) + ( k L ( L ) - ; : : ; : ? - R=.<*r-A Z* ! ; : P 

1 ; : : F L i . C r t Y ? V r i ) 
Y i . ' J ' i Y ( J J W L » ' L P = " F * A . * 5 3 « T ' . R - K L ' L ) ) 

Y ( . T . M - - v ( j j - . 
'-'"•: i i j p N 
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o ***** E ? 5 I ^ A L . s ' T N * * * * * 

C SUBPROSHA v TO CALCULATE VALUES CF P 3 I IN VACUUM 
o j C p A N ARBITRARY 5?T 0 . v CURRENT LOOPS 
C THIS PRO'JRA" CALCULATES P S I «T " . 5 GRIP i r > ' T ? : . O L 5 

S'JBPCUTINV P S I C A H A R , A 7 , ^ I ,MA ) 
R^AL AR'NA I ,/. Z ( NA "> , RI(NA '• 
C0MM0\ ' /bLVf / R ? T F P , Z S T J c , I R £ T F . T , I Z 5 T P T 
O O W O N / R L K C / P S I ( ' - ? , < U N , P E ,PL 

C CALCULATE SRir> OJ PSI VAL'JIS 
Z'S? ?L = 1 .FT/ -

? f ' = - l . E 7 0 
DO l i " I I - 1 ,4 3 
DO lid J l - 1 , ^ 1 
U = ( J l - 1 i - R S T E P - T R S T R T + . e ^ i W l 
A I - f 1 1 - 3 . ! * Z S T ' E F ' > I Z S ' 1 , R T - ' - . ^ " 1 ' ' "1 

DO tk3J L=1,NA 
; = ' A R ( L i + A J ) ** "+ ( A I - A Z ( L M * *c 

• i . i . ••• j ; « 1 1 . / • n o ' . ; 
D U = ' . 5 - ( 2 . -C AY 2 ) * V L S ( C A Yc ) - E L 1 " ( CA Y2 \ } / 5 CRT I C A Y2 ) 

1 ^ PS I ( I I , J 1 > = P S I ( I 1 , J 1 ) + ? I ' L > * ? ? • * 4 * 3 ^ R T ( A J * A P . { L ) i 
PH=AMAX1(PS T ( 1 1 . J 1 ) , P H ) 

I K ' ? L = A r - T N l ' ' P 5 K I 1 , J ' J ,PL : 
RETURN 
t.NB 
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u ***:'=* ?^URr. . h TN * * * * * 

C SUBPROGRAM TC CALCULATE CURRENTS INDUCED IN A S i T OF 
t 1CSCUDA-LY SYi'^ETRIi* CONDUCTORS. 
C L'51'S CdCHS'if D L C O f F O i l T I O N FOR AM*X---Y , AN=AL*D*AL ' , tfEEd-
C A!*' 15 THK INDUCTANCE MATRIX, X IS THE CURRENT VECTOR, AND Y 13 
'- IFF, P 5 I VF^POff, 
C ° . ' F . KT?.S¥.k*.,'j. C C M P . P H Y 3 . ' , 2 6 , 4 3 , ( 1 9 7 8 ) 

iUB'-'OUTINE CUrtR'UR.UZ , U I . N U , L U , U 0 ) 
RF4L U P ' M : i , ' JZ(NU> , U I ( N U ) 
PI /•. L*8 A "1 (3H ,:* 3 } , AL( 2 ? ,3">) ,X i 3 ? ) , Y ( 3 3 ) 
• : : V I W O N / 3 I , : < A ' A I V ; , Y 
^ 0 v M C N / f c L X > ' / l ! i ( 5 2 ) , | -Z( 5 0 i , b l ( o 0 i ,N^ 

: GFT I N I T ' T A N C i S 
DO 12 1 - 1 , NU 
nc la J-=I,MI 
CALL L M A T ( I , , T , U R , U Z , M l T ; 

u cc NT IN UF. 
: GIT ? 5 I ' j 7CK PLA3MA A N D . . . 

?'0 74 11 = 1 ,LU 
-ALL i P 3 I ^ C ( U Z ( I I ) , U P ( I I ) , ^ R , ^ Z , ^ I , N ^ , m 
Y( I I ^ Y( I I ; M J * 

?..' COMTINUF 
I t 'LL'.F.v, .NU >.;GIO ?Z 

C . . . F O R C " ; « t r CCNLTCTCR 
I'D - 5 I I - L ' . i - l ,NU 
CALL - P 5 I C O ( U / ( I I ) , 1 ?.\ I I l , C R . C Z , : I , \ C , I I ) 

:•': CCNIIN'.JF 

: NCRMALI :? T.-:F INDbv-TAN^i f ' A l P H AND P S I ' S 
C H * f ? = J . 

DC •*? 1 = 1 , . \ ' J 
DO - 3 1 J=-l ,NU 
i F w - A 3 3 ' A ^ • i J J 
1 F ( T 5 v . u T . l - h A v ? I ^ H A K ? - r ? . v ' 

V C C \ T I \ U i 

DC ^ 1 = 1 ,'', J 
Y •; i - Y •: i i 'CHA-T-

r.c - 0 J - 1 , ' U 1 
A v / ! , J )•-A v { I . J ! /^'6hv? 

'••• CCMHU: 
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DO ^ 1 = 1 ,NU 
DO f^ J = I ,NU 

v, VCI1? I , NOT 1 
A L ( J , I K A W J , I ) 
I F ! I .v.O.l )GOTO 5 0 
St"M=0. 

DO 4 5 K = 1 , I - 1 
4= 3UM-3UM + AL(J,sC ^ A I > I ,<H/A L * K , K ) 
„ N i . > p MOT P . 'F - . ^ TO I) E X P L I C I T L Y , SIN^E D ( I i = 1 /AL ( I , I ) 

AT, ' . J , I ) = A « ( J , I ) - S U P 
JV CONTI'.'UF 

C START BACK VJHSTI TUTI ON 
X ( i ; = Y ( l V A L 1 , 1 ^ 

!.0 7 f M I - ~ . N l ' 
Snf»!=C. 

DO erf N I - 1 , ^ 1 - 1 
f/ 3 T T V - 5 U N ' + < ! ,\ I )*ALC-;i , \ I ) 

X' Mn-(Y'^Ii-SUMWAL' wI,MI 
?,' Ci^NTIN1^ 
v- ^CNTINU 7 BA.C 5UP3TITUTION 

DO X? W I = 1 , \ U 
: : ' ; ' ! ' - - y iMi ^ A L ' M i , ^ I : 

= •:• *Ot \T I \UF . 

X' MU i = X'. \ " T S ALIMJ.N'U) 
Ou 1(20 v I ^ N U - 1 , 1 , - 1 
S r; M = •? . 

3 0 .92 < ] I - V I + 1,N'U 
^ ? S ' . T ^- i U w * X ( M I : ; ! A L ( N I , M I 

X ( V I ) ^ ( X ' " I ! -Sa**; /A.L< M , M 
i<^ O ' V INUF 

DO W* 1^1 , \U 
n i ' i ) - x < i ^ 

1 1 / vCNiTIMJP. 
FiTUPN 

-26-
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• ; i ' . -??OGKA. v TO GRT THE I NPU^Tf K^ t MATRIX 
SU3"0MTrN^ L V A T ' I , . ' , 3 , Z . N ) 
R 't A L R ( \ I , 2' ' \ > 
3 M L : ; : . Q - 4 f / (^" ' 7 "*2) Y'?. '?) 
Cf'I*I"!0N / 3 1"..8 / 8 v Y 

•C«L"ULPIT- I M l ' J ^ T f M - L 
Z I - Z i P ' . ^ J ^ H H 
RI "?. ( I ) • .VW/.^l 
'. Z = Z I - ? ' J ) 
C M P ' J ! - ? ! >**?.,.«•/*•:••? 
^ ' Y r — ( 1 . * R ( J i * ° I i /„> 
? F - ( . 5 - — 2 . - C 7 Y2 V * I L K ( C / . Y 2 ) - ? L 7 . ( c n ^ , / 3 3 h T ( C A Y 2 ) 
A v ( I , J V P 7 - 4 . - s :•• q T 1 ° I * E ( J ) ) 
RJTUF.N 
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o * * * * * 3i',<A.v.F7N * * * * * 

C SUBPROGRAM TC DISFLAY F S I AND MOD P 
THIS PROGRAM ALSO PLOTS S VS P , AND B VS Z 

C T'iS SRI 2 IN THIS VERSION I S 4 PI K 4 3 
C I f i l j ? F O " R A v I S TO BE USEE IN CONJUNCTION WITH 
u T ; ; E y A I K ppLCUKj>.v EPLAPO, AMD WITh E P S H - A L , ABE" , i ? L H , E^URR 
: AND IS TO Br I I N K Z E 'wITH GHA1- AND CONTUF.B 
C THE P 3 I AM? B VALUES ARK CALCULATED EVERY GRID POINT 

sUBSC'JTINS D R . A A T ( V 3 . 
C — X3='/ > PL'SMA 
' . v 3 ^ 1 • VACUUM 

PEAL I L • 5 i ! ) , F N Z ( 4 3 ' , E \ 4 3 , 4 1 1 
^G; VM0N/3LKC/P3I(43.41 ) ,PF.,PL 
:0HM0N/?L>CD''3(42,41) ,BH,BL 
COMMON / D . LK1 / P L ( 5<? ) , ZL { 5 ? > , I L , ML , IPLAME ( 8 ) , PS I £ 
^CNMGN/ u ,LK?/or t (5 f r ' l , u Z ( 5 e / , ^ I ( 5 t ) , N^ , I VAM2 ( 5 ) 
COMMON / BLK3 / ACE ( 5 " ! , ACZ ( t * ) ,A CI { ?••? } ,N AC , I C CAMFf? ) 
C O M M C V l / ^ L K ^ / I P S ^ . E ' t f 1 , CUPZ , I FLO , JFLG 
- O w MO\ / 3 L K « /? . 1 T E ? , Z S T i ? , 1 R S T R T , I ZS TR [ 
DATA M ? , M 3 , v X , M O , ' " Z , P I , \ C 7 2 r i P ,2HK ,2.P: LX , 2h BE , 2H BZ , 3 . 1 4 11 i- , 2HNO/ 
I G ^ 
I 3 L -

Jl 

- C » L C T T L A I i ? " I AVE * MATRICES 
DC 3 ^ o 1-1 ,~7. 
ruC 2 ^ r , T ~1 , < 1 
P S F ' I . J •-.•' 

I? ' fv'C '••'-• CU'V PS I F 1 L £ ;;n TC r i : 
I F ( J F L G . E ' J . ' r i : r ; c i O 31i> 

T\Pl T T "-•CUU" PS I F I L P 
CALL ASSIGN ' 1 , [ P S ^ ' E , I f ' 
P.7AD'1 ,->r.--*C - i » 3 I f P L , " F 

.-:Ei'UP\ 

7 1 . ' 
3 1 X 

31? 

31 ~ 

: a LC r . 'L« ? i v« c u r y F S i , • •>r. oi; J ? ' j m ^ i ; • 
^ A L L ? 5 11A L '' i- -., C 2 , o I , K i. -
^ Y P i 3 1 2 , 1 0 1 , 1 ? ! 
7 " ' ^ > : ' i y , 2 « i , ' C U ' : 3 U T ?>i r TL'IVO^?-? ^c> 
. l i A D ' b , M i , F " - ' n - 3 1 1 'IPSA-"'" 
F C E > U T ( - A 2 i 
F ' I=1A'^E ;'l • F 'G.^ 'O GOT" .'?.•; 
'-/•Li ASSIGN ;i ,I?SA vE,lr i 
.•.PITr(l P3 I. 7 L.P.H 
CALL CLOS 7: 1 ̂  
o? LG-1 
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I r , ! 0 Gl-N'Tfw CONDUCTOR GO TO . x ? « 
I J ( 1FLG . £ 0 . 1 KIOTO ZW 
CJ-LI PS T GAL i A C P , i » C Z , A C I ,NAC) 

i OF. v ^ u j u ^ PLOT GO TO L'SP 
I - ( r z . r ; . 1 : G O T C J E ? 
^; L^ 'j L ; : E P G i >•:•<.c r' ^ L A s M A 
CALL ?G fCAL : ' n L , Z L , l L , M '• 
C A L L BKV:':>;V 

c o r e wv 

C A L L 3f i-.-(i ' 

-AL^ULATF. THT; TOTAL FN r POJf C W TH^ l i h l C 
00 1 1 " J - 1 , 4 1 

GO 1 f""" I - •'" 4 ' * 
DO le-ci j - r . 
7NZ ' I I-F/-J i ' I i + .->( I , J ;• = * ? * '• < J - 1 )=:= = 3T"?- t IRGTKT l -HS ?;•'? 

r- v > ( i .- = > MT ' T )+?.( I , 1 )-'=:= v^l^ .STV T : ; ! E S T : - p / ? . 
v. K i 11 • = :•:•••: 7 ' r ) + 1 ; i , -i i * * ? * i <•• ^ . "-;<KG T F P +1:-.G T F T ^ * - G \ r ? / 2 . 
n ' I . " . : ; . ^ i G O T O i i 4 
1 .-'( I . . •» . 4 " 'GOTO 1 4 ° 
F^G-'- 'GG-FGz, • I V.*Z i T F P 
G C I ' J i s ; -
1 '••'. G ; -"v G -1 r \ ' i I • ; ,< ^ " J p / ? . 
G r K ;G I"!'. '" 

: r ; p j :• I G ? L A ^ S 

, f ". 1 !•! , i r- 1 , ' TI " G1 L ^ f " ^ ^ ? 1 . 3 ? ,.-' X - i: XI T , . 'P~P '. S 

i .'•, 1 • : 

.• • F-r:x."'"i.- i* r : G r T . . 
1 r f,~ ^ 
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C PSI DISPLAY 
34 TYPE 3?,PL,PK,BL,BH,Nl>MD 
32 FORMAT(' PSILO,PSIHI'/2E11.3/' BLO ,3F.I'/2E11.3 

1 /' KMTEF ',1A2,': N.LO.HI'/' (EG .-20,-1 .E6,1 .E6)' 
r /' ,\-EV"N » OP CONTOURS'/' BET<*Je.*-N LG & HI') 
R I A D ( 5 , 1 1 , F P ? L - - ? ^ ) N A , A L , AH 
AN = NA 

1 1 F 0 R ? ' A T ( I 3 , ? E 1 1 . . 3 ) 
AC0T = (AR + A D / 2 
A G A P = ( A H - A L ) / A N 
TYPE l P . A D O T . A G A P . I V A M E . I P L A f i E . I ^ A M F . H J R Z . E N G . P S I ^ 

12 FORMAT(' D O T - ' , E l l . 3 / ' 3PACF- ' , 1 1 1 . 3 / ' F I L E = ' , 8 A 2 / ' PLA3MA= ' ,p*£ 
1 / ' C C 0 N D = ' , ? A 2 / ' 2 C U A l r E N T = ' . F 3 . 3 / ' EMF,RGY=' , E 1 1 . 3 
? / ' P 3 I 0 = ' , E 1 1 . 3 ) 
N=A\' 
CALL GRID ( 3 . , 43 . , Sd'i , 10*)0 ,20 ,1 . , 4 1 . , 5 0 , 7 5 0 , 2 0 ) 

DC 50 I - 4 f . 7 4 0 . 1 7 4 
CALL <?V?V(l?-??.,l ) 
J = 1C* 1-^0 V174*9 : ;TEP + IR5TET 
TYPE b b . I G S . J 

55 TCDVAT(1X,1A1 , 1 2 ) 
50 CONIIV'JF. 

CO 59 1 = 2 7 5 , P £ 5 , 1 7 4 
CALL T V P U : I , ? 5 1 
J - U ' ; : ' I - ? 7 5 1/174* Z 'Tf P-IZ5TPT' 
TYPr 5 7 . I G S . . J 

~9 F O ^ A I ( 1 v , 1 a 1 , I Z ' 
0 - V - C N ' T I N H F 
r 

r i ,pn>. " x ' s " R i ' P P E S T N T I N G - L A S ^ A B O R L I P 

™ i"5 i - I . N I 
S 7 - { 7 1 ' I ) - I Z SI PT ' / 7 ^ T - . ' D 4 - 3 
?? . - - ( ?.L( I i - I ' - ^ S T - . T ' / ° S T 1 ' ° + l 
I F ' u ~ . L ? . 1 . n p . 3P, . G1' , 4 1 ' ' G O T A 5 
I ' '3 7 .LI . j i o ^ . ' s ? .01 . 4 ^ ' G O V """ 
-ALL =LCT( ^Z ,^r : , I , '< ' » 

<_5 : ^ \ ' T 1 \ I T ^ 
e £ , r * i : r N T T " 

DO - ' - I - -1 ,N'o 

,c c. 

DO - ' - I - -1 ,N'o 
B 7 - i C ( I ) - I ? . 5 T P T • ' / S T F F - ? 
BP =" ' Cr. ! I ' - I U ' 1 T C " .' / F ^ ] ' . ' ! '+ 1 
I F ' ? ? . L T . 1 . 0 K . B S . G T . J - 1 iGOTU C •? 
I ? ( ? 7 . L I . •* . 0 ^ . B 7 . OT . 4 3 'G CI C ^ c 

CALL °ir,- v ~ , ? * ' , i , 'j') 
^ O N T i ^ r ? 

I F ( M : , / r l . l : . M P C ' ! . L C O N ' T ! ' ? ( P S I , - ^ , 4 1 , . -L 
i K ! C M D . F ? . . V P ' C A L L C ^ H T ' ! C (B , ^ T , 4 1 , f L , Ar , 

»>i * I 
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i : - -

74 

-G e A P H 0 •' "P V ? P 
r ;yp-' ^ . ' . aL .B: - ' 
c p p y T i / ' p i o , S H I ' / 2 I 1 1 . 3 / ' iNTIR 5 2 1 , 4 V (?-G:?. i '4 , * . j 
?.l'»T' f ^ . l ? , "'RP.--7',;} AH,Z 

"•yP 1 74 , J " P ? ' f IVAVJ.IPLAMT.PSi^ .Z 
fOPMAT'' Z "UPP.Et1""^' , E Q . 7 / ' v IT_P= ' , PA ? / / ' ' PLASMA= ' , 9A?/ 
1 ' ? S 1 ^ - ' , ? , f l . • ' ' / / / ' B "? P . ' / / ' ? = ' , F t . r i 
"TAPT = H3TR? 
"-Tr.p--. l t v3TP , :^4w.-P ^T?P 
v-ALL •"-« i r ( 5 T ; R T , A . o T O P , 7 e f , 1 2 8 0 , ? 0 , ? . ,AF- ,? ' / ,75C,?C i 

C«'LL : v ? u { r ! £ ? ' ' 
J - l ? : : ; ' I - ? i ? ' / 1 7 4 ; ; : K " 5 T ? ? - I H S r E T 

;jr. ?5 I-4C , 7 « ( 174 
"A LI T P U '1 ^ , I '' 
j • (J -/!.ui :/ 1^4 

"" v ?7 : r , IGF , A.J 

I ? - - ' 7-1 73TCT ; / 7 S T F P+^ 
C«V ^LOT( .^ f« M , V IZ , 1'' ,1 ,<5N 

no ?~i 1 P - 1 , i 1 
P -- ( I P. -1 ] : ; : P S1 - c - I ^ 3 TP T 
3 r, T T, P T,0 'I 1 F , 3 ' [ Z , I D 'l 1 ,1^ 

• f.TL "?:* 
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C G^APH n? R VS I 

^5 fOh^l'T ( ' ^ 10 , ? HI ' / 2 T . 1 1 . 3 / ' FN'TF.? B H I . P ' / ' (EG : 3 .E4 , 19 . ; ' ) 
s - ' jD (h , i . ' 7 , f R-yeOAH, a 

H.' TYPE c-4,^URZ,IV/s^s ,,IPI,i»K6,PSIfc'' 
- - f"CRf*T ( ' I C ' J P R T N T ^ ' , F 9 . " / ' FI IF = ' , bf-.c/// ' PLASMA= ' , P »2 

1/ ' PS T.i= ' , 7P . 3> 
.STAnT--r^T?T 
3S10?=IZS'IRT + 4 O | . ; ; £ Z>TFP 
r ' f ? F 5 ^ , f l 

5.V f GF.̂ AT ! \ \ / * •" E VJ I'//' R - ' . F ' - " . ? ) 
C.»LT " P 1D '5 T ART, * 3' ir ? , :" ' • ' ' , I*?!? ,cC*,fl . , A'H , £ . i ,7f .? , ?•? I 

\&-r£ fO c c I = 2 7 = , 9 9 h , 1 7 a 
-ALL I V P U ' I , ? h ) 
• ^ 1 ^ I - S 7 r ; / 1 7 4 * Z S T F P - ' I Z o m 5 r 

~r '11'^F I ' V . I G i , J 

L 0 - ^ I - -4 ° , 7 4 ^ , 1 7 4 
C.'LL T VPu 1 ̂  . I ) 
J - r 1 - ; ^ I/17--
iJ-AH/'? . * J 
T ? 'KFLfJ . ̂  . 1 ̂  > J - v

 B .H- 'L V 4 . * J+A L 

t r co^Tivn 
I r f - l R - I n S T P ' i ' V n ? T ^ * 1 
^ L L ? L o r ( ? . , I I ( ; 2 . I A I ,1 , c i 

: o C P 17 =--?,-a"̂  
2 3 , * 7 _3 _ v?Z 5 T "P 4-1Z S T F :i 
-A^L PLOT!? , j ( I Z , IR i , l , l ) 
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i i i : O c - .OUTIN^i / O P f*AP pING CNL "LGT'lING 
T A 0 \ T ' J - TK\T 'hOM'( *""<•; -rfhlCH CAN' BF CALLED 
o v ?o.- IP«• • : P h O G - ^ s . 

JOi'K ^CO!\?.CD S E P T I M R - K 1 9 ? 7 
3!"5-C T - ' : IN.'. ^ 'LOTIX, Y,N .M I 

" i L T I N F . D L O , T -LOTS P O I N T ' S ) ACCOEDIfJG TO ' 
? ? I \ G i H G v £ - -• 10 R W.LL TO Gfil ) 

LOG H A L LF.XLOG.YLOG 
L O G I ^ / L - l A - - 5 3 f ' ' ' 
: r ; w 0 , v - , - .?! 0 7 7 / X L C G . Y L C , ' ; L O . Y L C , E X , D Y , 3 X , 3 Y , I X L , I Y L 
::.'•; '• ' ' L O G . Y L O ' ; . I X L . i r L . ^ ' . r f . ^ L ? " . , . F J » L > F . . o . u . i . . i 
/ -'5 •; ' l i "T7,? 
-•••3G(r , M 

T : : i r -•- I , f ; 
IF ' ' CLGC I<-- I XL-OX* P LOG U ' ' X i l /XLO ) 
i F ; . \ O I . X L C ; i x I X L + ' X U - X L C I> :=3:< 
I.-" iLOG l Y - I Y L - T Y ; M L O : ; i ? ' Y : I ' , Y L C ) 
I - ' . v r r . XLO : • 1Y -1 Y:,+ ' Y : ' I I - Y L O i : ; : 3Y 
I 0 i' ' ' . I " . ; '".0 TO 1 ••" 
C ? L L r! v^ t : i x - - , I Y - - ' 
W L . ' ' 0 i o • ; . " . J G , ~ i 
• • ( ! ' ( . 1 

L ? - • i :•!. '2 . 0 . J ^ . » f .G1 . 1 ' . « \ : . . ' I . ? ; . . l ) ) • 
i : f L- ' i - . ~ L L I ' V P U ' r ( , i Y • 
IT 1: . \ o : . ' , : i i v ? r i i'', i Y / 

r •:: 
: L 
i 3 '- r- !\ ' 
; ; ~ : : .ou: v\* 

\ : i ; i \ ' ' ; i " 

i D ' X i . x r . r x i . r x ' , * . Y I , Y I , i r i , i Y ; \ V J 
>-- i*:".3 • L L . - S 1 c - LOG ••; - P I '. o-
\ •' " '• I V . 

: r \ ' " - : - ; r - i r : v. .*.-; ; : A I X ^ X I ; \ ' D ;•:?. 
••. LOG. V ; F : , ". ?^:-. D ^ j n - , , . ; i s C D ' - . - I . -

• , - - - xr •• - . : . ; . L I . \ : : ' - - i J U : - : 
I , ; H L I ' <;ir.- x - c : . F:" T f >.<;i3. r .-:'•• i . ^ i 7 1 " - - : _ . I v I r 3 

' • : :; ;^ ^ F ' . " ' ; ; F :HF. ; - i t c 1 , THr. I , 2 . ^ x f " s : ? . • £ ' . . . 
- . , , , . , - ..- r /- . - - ~ , , v -1 T - . - o r - . 

- o - ' - ' C ; : ; ? i ; ~ r . ' X^OG , f i r - , X L G , Y L O , o x , J V , .-;x ,s( , I X L , : 
o F : : - -"-" \!' •: r 7 , , , , . » * L s F . , ) 
i '• : • ! " > ' i 

i V 1 

x ' r -'»' i 

• T r •; y _ T ~ , i 
1 T •"• ^ - \ , " " . 
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5X^(1X2-1X1 ; / ( X 2 - n ) 
IF( ViLOG ) GO TO ?tf 
IF(XLOG • 00 TO ?& 
DC 1"! I - ^ , N 
n>ixi + r' !(iy?-ixi WN 
*A.LL TV?U( IX , I Yl ) 

l ? CALL T V ? r ( I X , I Y 2 ) 
GOTO 3 ^ 

re j<=<i/xr 
M - - N 
NJ = -ALO';ie (SX^ 
X ;U--NJ 
I ?f XN.I .Ni . < -AL0G1?(5X ) ) H ! J = *J+1 
PX=-; r x s - m ) /NJ 

^ALL m v D uf ixi , i n i 
C»I.L TVPDUX1 ,IY2> 
PC 72 I I , M I 
AA--/LPC-i.f U * 1 2 \ /MI i 
PO 22 J - l ,NiJ 
ry^Txi+ny*.j- if ix• 
^ALL 1 \'?\}l I X . I Y l I 

?-i CAI.T T " P C ' I X , I Y 2 ^ 
• 7 v ?Y= . I Y 1 - I Y 2 ' ' ( Y l - Y ? ) 

IF'.nLOr.) np TO 1 ^ 
I r ' YLOG GO T^ 4 " 
PC 72 I /' , v 

J v - T vi_ + p;= ( j 7^- J ft i /y 
CALL T V ^ u l l X l , I Y ) 

J:- c m T V ? P ' I Y ? , I Y ) 
CCTO 1. '^ 

- ' C Y - Y l / Y S 
v J - - a LOGl-/ i TY ' 
< i\ J - M T 
F ! . 1 S , i . f F . '-ALCG1 '^5Y ) j )h,T=-N,'+l 
r^= . ' IY2-IY1 V \ ' J 
' • I = - . * • • 

CALL TV?U(I X I , I Y 1 ) 
CALL T'VPL! IV:- , I Y 1 ) 
X 4 ' I- 1 , \ J 
" . Y ^ K L C G I " ( T :' !l ^ . /Nil } 
DC 42 J 1,NJ 
I '-- 1Y1+''Y : ; ; ' J - W . Y i 
CALL ? V D M I X 1 , IY) 

/•? CALL TVPP: I> : ? , IYI 
1 •' i ' " * T U P k j 
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S U B R O U T I N E TVGL 
L C J l ^ A L - l A ' ? > 
M l ^ " 2 ^ 
fi I ? i = " 2 1 4 

- A L L D C P I O U , ' ) 
CALL ^ A H K ! 2 , 4 ^ , 1 ) 
COLL AfAITFH : 2 ) 
P.^rUR.N/ 
PAL 
iUBHOUf IKY, DOwIO'A ,N) 
I \ r 5 f - - ? I P A R f e ) , I 5 B ( ? > 
CALL ' " r ' l . U ' P d ? A H ( l >,A .1 
I P -i - ' 2 ' *' 
- A L i , O I O ( " < U ? , D , 1 , , 1 5 ? , ] P A R ) 
C A L T * A I T PR ( 1 • 
D ! r ^ j 'PN 
Ei\.D 
3 H 3 p O U T T N T ' T V P L d ' d l Y ) 
CALL C V d ( I V , I Y , 1 • 
- i T T ' - a 
:-" N r, 
i u B . - O U T I N 7 . T V f D d X . I Y ' 1 

- A L L TV i ( n , I f , ? i 
p ; T ' .1 o p\| 

"-' I' L 
O C B P O U T : \ ; ' " \ ' . " f r . : , n , n > 
L C O - I C d d A -•'• 
i:---e-n 
1 ? (' i 1. „ ; . • > 1 v - < ? 
i n i x . - r .l '?:;:- )i <- i'.';.' 4 

I - f l f . L " . / df-vy 
i : ' H .•; i . r / r - ' I M ^ ; * 

- A L L • c . ic A d i ) , i ' 1 
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wONTURt . F'TN * * * * i 

C — 

C — 

-CO 
-A( 
-GP 
-TH 
- { 1 
-PA 
-3F 
-'-0 
-CR 

MTUP PLOTS NO I INFAPLY SPACED CONTOURS FOR APRAY 
NX,MY I w S ' U ' i - N THE VALUES AL AND AH. 

C/iLLIC FIRST TO SCALTJ TK*! MAP TC N* BY Hi 
GOKS THROUGH TH? ARRAY 4 POINTS 
T A T I M ? . I T REMAPS T H P 4 POINTS SO TEE 
«H FALLS SFT'A'FFN 1 PND NC. I T CHECKS TO 

IE MUST 3 ; 
E PhOGRAM 

SOUARTi / 
NGE AL TO 
?, VHICH C NTOU.-S CP.OiS THE 30UARE FOR FACH CROSSING 
\TOUR IT ^AL^ULAT^S THK POINTS ON TEB BOUNDARY I I 
0 S S F 5 , AND JOINS THOSF POINTS Vi'ITH STRAIGHT L I M P S . 

JOHN COONROD S F P T F M P F R 1 9 7 7 
oUB D OUTINF ^ONTUH(A,NX , .V If, AL ,AH , N^ ) 
F>AL AfNX.MY • , B ( 5 ) , Z ( 4 ) 
I ^ T F S F R I P i ' 4 ) 
LOGICAL L ( i • ,LDOT 
P- = N C / U H - A L 1 
I Mil 

N - A L S 

f A ( 1 - 1 , 1 l - A L ) 
i , \ ' Y 

AL) 

)C=NC/2 
A ;'•=".-3 7 
DC 4 I --4 , N JC 
n\ 1 )=?••>• A i I , 1 
i ( 4 i - D 5 

CC 4. ,: 
? i ? )=B '.1 •• 
5 ( 7> I = B ( t ) 
m i = n * u i i , J )-
R C <a ' i=p* a '' I — 1 , J 
3 ( 3 ' - A d ) 
I T ! =:-!# '» .3'..* 
IC2- = U : J VJ 
DC 1 K-1 , % 
I 3 f '' J - 5 ( K) 
I ? i l i ( . < ' . G T . I C 1 
T " ' l « ( •: ' . LT. 1^? 
I r ( I C 1 . G T . M C ! I 
I"" ' IC1 . I F . I C ? 
i ^ - i t - r ' - ' i 
r F ( I C 3 . L I . " ' IC 
l " ( ! I C 1 - I C ? ' ' . G -

1 1 0 1 = 1 ° : K 
11 OT^I pf < 
: i - \ c 
iO TO <: 

JO TO 
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LEOTM >C.Ei , . IMIDC) 
EC ? L L - 1 , 4 
E Z = ( ? ( L L ) - " B ( L L + 1 ) I 
I F ( A 3 S ( E Z ) . L I . 1 . I - 3 1 D Z = l . E - 3 
Z ( L L ) - ( ^ 'LL ) - X ) / D Z 
L ( L D = ( Z ( L L 1 . 5 E . 0 . ) .A \D . ( Z ( L L ) . L F . 1 . i 
• ; • • - - 1 

I F ( L ( 1 I . A N D . L ( ? ) ) ^ALL V 5 ^ ( L O O T , 0 , R - Z ( 1 ) , Q - Z ( ~ ; , t f - 1 ) 
I ?! 1 ( 1 ) . AiVU. L ( ? ) ) CALL V?C f LEOT , 0 , H - Z ( 1 .) , ; - l , R- l+v ; ( 7 )) 
I F ( L ( 1 ) . A N ' D . L ' 4 ) ) CALL VF,C (LDOT ,C , J - Z ( 1 ) , 3 - 1 + Z ( 4 ) ,F } 
I F ( L ( ? > . A N D . L ( 3 ) ) ^ALL V*X ( LDOT ,Q-l ( ? ) , 3 - 1 , Q - l , » - l + Z ( M , 
I?( L(2 ).ANE.L(4)) CALL V7C ( L£OT , Q-l U ) , fi-1, O-l+Z (4 i ,F. ) 
I? (L{3KANP.L(4) ) C«LL VFC (LDOT , 0-1 ,r.-l + Z ( 3 } , Q-l + Z (4 ),? » 
^ONTINU1" 
?f Tl'RV 
IGD- "237 
-AIL T'—o(?, !(?£$") 
Trr'-" 1£??,I'CS,IC3,IC1 
.-•CHivAT-:'lX,l«l ,?I6) 

^:UTr•• ' • • : v i ; c P L O T S A V F : C T C ^ I \ » K A P P F D 5 ? ^ C ; 
j b . i ~ o u T i \ ? , V M L B C T . X I , n ,:•:? , r ? > 

C^Ll PLI"" XI , Y 1 , 1 . ^ 
1 7 ' .NOT . LEO1: ' 7 /LL PLOT • 7? , iTZ . 1 . 1 > 
I F ' . N o i . ' - j c r : k : T i i : N 
X v ( X 7 J ' ' I I I'e 
Y-~••• . V ? * : r l : / ? 
- A I L PL0 1 ' T- , ^ , 1 , 1 ' 
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- SUPPEC^FAM TO C/.LCCJUTI B AT GRID PCx'NTS 
SUBBOUTiN7 3 t > - ( v V ; > ) 
?.?kl 11'r^ ,T.l{*?) 
CCVWN/BLKC ?SI (<!.*. A 1 ' .PI! .PL 
^CMMON/^LKD ' 5 ( 4 3 , 11 I , 3 K , BL 
COM.vOM/.SL"l • ' F L ( 5 ? 1 , Z I ( 5 ' - ' , I L , NL , I PL AY, H S i , PS I " 
C O Y I Y O N - V L ^ ' i P i / i y ^ e 1 , c u ^ z , I P L G .JJTLG 
^ O l

v y C \ / b L K F / P J T i , P , Z S T ^ P f IHSTfiT, IZiTitT 
CCMYCN/BLK? 'F 'e?- ) , ?Nf S r '^ . ZNUC ^ i , DL5 ( ̂ ) , Fl 

-^L^ULA r . F THP 5 flPR.'f 
BL-1 . — ^ 
3 E = - B t 

DC lCn J l Y,Y? 
i » J - ( J l - l • -STTP-IFoTRT 
51 -? .-"CL'P .:< •' i> J + . ^ J J ' J l 

DC U '3 I 7 , 4 1 
BR- • PS f ' I - £ , J l -FSl< I- i * ( ? 5 i (i - l ,JI ;-?:,! r 1 - 1 , J I ; . ) ) / 

BZ-- . B*( P J I ( I , J l + 1 i - ? 3 I ( I . J l - 1 ) ) - ( ? BI ( I , J 1 + ? ) - " S I ( I , J l - ^ ) ) ) / 
( l ^ - - 3 T . r ? * A J 1 
B : I . J l :- B;RT: BT*3T+B-*PP. +35*32) 

r.:-:-vm • ? P . B ' I , J I • i 

c r ^ v i ' - n F 

l i f 

30 1 1 " T •- -7 , 4 1 
B i I , ? -?-B'" I , ?' .-Bi I ,4 ' 
B ' l , 1 : - T * B ' I , - i - 5 ! l , 7 ) 
Bi 1 .4" .- = .: '-"• 'I , .TP ' - f i 
S ' I , <L 1 '• =•• 

: . f I , - T P 
;i 1 . 4 . ; ' - B ( [ .?•: 

1x5 

DC 1 1 c l - i , ^ i 
B ' ? , I - ? * 3 ' M ) - R ( 4 , I i 
B i l .1 - Z * ? > ? , l . .-B(.", I ) 
B ' 4 ? , I ~=r-= ' ^ 1 . I : -B '4:o ,T ) 
B'>7 , i t = r - B ' 4 T , I i-Bf 41 .1 ) 
GCA'TIM'-: 

cFTURN 
F!\P 
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APPENDIX II 

USERS GUIDE 

This guide is designed to enable a person with no programming ex­

perience to use the code. It is assumed that the code has been imple­

mented on the minicomputer with a graphics terminal. The code solves 

for the plasma equilibrium shape given a set of external coils and cur­

rents, so the user must have a trial set of coils in mind, as well as a 

trial plasma shape. Computer files form the basis for most inputs. The 

code will automatically ask for data and then write the files, asking 

for file names when appropriate. Data is therefore automatically stored 

anu accessible for new calculation, and can be easily changed using the 

system editor. 

First the computer will ask for the initial and final radii of the 

grid and the "• nitia 1 and final axial dimensions. These should be typed 

in, fixed point, separated by commas as in the example provided. Note 

that the grid is for display purposes only. Coils representing thi 

plasma or external conductors can be placed outside the yrid. 

The next input is the set of external conductors, "Input center con­

ductor" is printed. Either a file name is input, or the R ano i. loca­

tions of any closed toroidal conductors. For the Tormac experiments a 

central cylindrical conductor was represented by a set of coils at one 

radius, evenly spaced in Z. After the conductors are input the computer 

will ask for a file name and *ill then automatically store the coil 

locations in a file for future use and reference. In a like manner the 

external coils are i'^ut, with the addition of the current magnitude for 

each coil. Tne currents should be enterec in Abamps. A toroidal field 

-39-



is then input by asking for Z current (Abamps). The magnitude of this 
axial current determines the toroidal field, in lieu of actual toroidal 
field coils. 

The program will next ask for a PS I filename. This is a file with 
the \)i values for the external coils (not the plasma or center conductor 
coils) at each grid point. If no filename is entered the computer will 
calculate these values before presenting a display, and will ask for a 
filename to store these values. Therefore the old PSI file can be used 
as long as the grid and the external coil set remain unchanged. 

At this point the user can branch .0 perform a number of calcula­
tions. This branching section is repeated throughout the use of the 
program, so some of the instructions to be explained will only be of use 
at other points in the calculation. 

The instruction "plasma" allows the input of a trial set of plasma 
coils. Either a file name is entered or the program asks for a specific 
set of colls. Two points should be noted. There should be an odd num­
ber of coils with the first coil at Z=0. The remainder of the coils 
should form a mirror image about Z=0, and the coils should be input 
sequentially following trie plasma perimeter. This is needed to cor­
rectly calculate the normals and distances between "ils. After the 
coil locations (or file) are input, the value of •! at the plasma surface 
is input. The <i> value chosen will have its primary effect on the magni­
tude of the total plasma current, and secondarily on the plasma shape 
and position. A value of zero implies that there is no current in the 
plasma prior to energizing the main external coils. The program will 
next print a list of the coil locations (R and Z), currents, distances 
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between coi^s, and the magnetic pressures at all c 1 locations. Only 

half the coils are printed; mirror image coils are neglected since 

symmetry about the midplane (Z=0) is assumed. At this point the 

operator can go on to display the configuration, or can go back to the 

branching section. 

"Change plasma" branches to calculate the pressures on the plasma 

border, after the trial plasma has been entered. These values are 

printed out, just as when "plasma" is selected. The program then asks 

for manual change, where the present number of coils is displayed and 

the desired number of coils is input, or automatic change, where "1" is 

input. For a manual change the number of the coil to be changed is in­

put, along with its radial and axial position. The mirror image coil is 

automatically moved to its new position. This option is typically 

chosen to even the spacing of coils around the border. If the automatic 

option is chosen, the program asks for the desired plasma pressure 

(c.g.s. units) a step size (usually 10. - 100.), and the number of 

repetitions desired. After the calculation is complete, the new 

position and pressures are printed. This procedure can be repeated, the 

new plasma can be stored, and the configuration displayed, or the user 

can return to the branching section. Note that when automatic changes 

are selected, the present plasma is automatically stored. This is a 

precaution in case too large a step size is selected and the iteration 

diverges. 

Other options in the branching section include "New File" which 

starts the program at the beginning, "New Z Current" which returns the 

program back to the toroidal field input, and "Coils Only" which 
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calculates the configuration due to the external coils and any fixed 
closed conductors. Provisions are also made for exiting from the pro­
gram with "Exit". 

The final part of this guide deals with the various displays. Two 
types of displays are available, contour maps an- gtaphs. The contour 
maps display either field lines (\p) or mod [ B | f |B[) over the entire 
grid. One inputs the number of lines between two values of psi or 
field, as well as the two values ("lo" and "hi"). The central contour 
will be dotted, and the value at the dotted contour as well as the dif­
ference between two contours ("dot" and "space") will be printed. The 
graph display provides a plot of |B| vs R or |B| vs Z. One inputs the 
maximum value of jB|, and the Z or R position, respectively. Note that 
when either display is requested the maximum and minimum values of the 
relevant parameter are displayed. 
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Figure Captions 

Fig. 1. Flow chart of the code. The number of iterations and the step 
size are user inputs. 

Fig. 2. Initial configurations - I B | surfaces 
a) Elongated trial plasma 
b) Squat trial plasma 

Fig. 3. Final configurations - | B | surfaces 
a) Convergence of elongated plasma 
b) Convergence of squat plasma 

Fig. 4. Tormac VB fielr" lines. The squares represent the plasma boun­
dary, while th.' dark border is the vessel. Note the exten­
sions to allow flow out the cusps. 

Fig. 5. Vacuum field for Tormac VB. 
Fig. 6. Tormac P-l field lines. The lines can be traced back to the 

simulated plasma from the particle flux measurement position. 
Fig. 7. Tormac P-l vacuum field lines. The field lines from the loca­

tion of the main body of the plasma fall nowhere near the 
measured particle flux. 
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