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Abstract

A two-dimensional, toroidal, ideal MHD skin-current equilibrium com-
puter code is described. The code is suitable for interactive implemen-
tation on a minicomputer. Some examples of the use of the code for de-

sign and interpretation of toroidal cusp experiments are presented.
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I. Introduction

An MHD equilibrium code is extremely useful for the design and in-
terpretation of toroidal plasma containment experiments. Even an ideal
skin current model can help determine the location of the field coils
for a non-circular plasma, as well as thé plasma boundary. The two
dimensional time dependent MHD code PATENT! was initially wused to
study toroidal magnetic cusp formation and equih’bm’um.2 Difficulties
in modeling the boundary during the formation phase led to the develop-
ment of this skin current equilibrium 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 interactive computer code has been written to model a non-circu-
lar, toroidal, g=1 plasma equilibrium. The code uses a skin current
model, with discrete coils representing the skin currents, and is suit-
able for use on a mini-computer {e.g.: PDP 11-34). Design of two Tormac
(Toroidal Magnetic Cusp) experiments, VB3 and Tormac P-74, and data
interpretation of Tormac P-1° were aided by the use of this code. The
code is simple to use, and with less than an hour's work the piasma
equilibrium position can be obtained, starting with the coil configura-
tion and currents, and the plasma pressure. When designing an experi-
ment this procedure can be iterated to provide the desired plasma shape.

The problem can be described as follows. A set of external coils,

both toroidal and poloidal, surrounds the plasma volume. Coil locations



and currents are given and may yield an equilibrium plasma configura-
tion. Plasma currents are inductively coupled to the external coils,
while the plasma position is determined by the balance of plasma and
magnetic pressures. The code determines the equilibrium plasma posi-
tion, if it exists, depending on the initial 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 flux function, ¥, on the plasma
boundary and by the external coils. Once the currents have been found,
the boundary points are moved semiautomatically to satisfy pressure
balance. The process is iterated until a satisfactory solution is ob-
tained.

The solution procedure is described in Section II. Section 1II
givcs some details of program verification, while two examples of the
use of the code are provided in Section IV. Appendix 1 gives the source

fites in Fortran IV, while Appendix Il includes a user's guide.

IT. Solution Procadure
The skin current model is based on the static, ideal magnetohydro-
dynamic (MHD) equations(’ for force balance, alcng with the relevant

steady <tate Maxwell's equations.



VP =d xB/c (1)

(4r/c) J =V x B (2)
7-B=-0 (3)
Equations (1) and (2) yield
- _ g2 + ] - = =
ve o = - v (g z, (B-VIB (4)

Since the radius of curvature of the field lines, in our case, is much
greater than the thickness or the current layer over which the magnetic
field changes, equation (4) becomes the usual pressure balance condition,
g2
P+ oo = constant (5)

Equation (3) implies that we can define the poloidal flux functicn ¥ =
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.



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 ¢ value on the
plasma boundary. More detailed instructions on setting the Y 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 Toops are calculated in this step. The poloidal flux is given by

:IB 'dS:ZW'L;‘ (6)

The mutual inductance, Mij - d¢i/dlj = 2y i/Ij can be calcula-
ted at each coil location i for each coil J. Elliptic integra15(7)
are used to caiculate ; atlocation i for a unit current in coil j. This
gives the mutual inductance between the two coils at i and j. A second
order polynomial approximation is wused for the elliptic integrals

themseTves(8). Once all the mutua! inductances are known, one can,

therefore, write the matrix equation

M, .
M5 15 = 2nw (7)

The summation 1is over all currents Ij and inductances M and

ij?
yields the poloidal flux function y at each position i. Since the value



of y at the plasma surface is input, y at the coil locations represent-
ing the plasma boundary is known. The poloidal flux function, ¥, deter-
mines the total toroidal current present in the plasma. If there is no
plasma current with the external coils removed, then y = 0 at the
boundary.

The option of setting ¢ # 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 ¥ = 0. The problem is therefore re-
duced to inverting the mutual inductance matrix, which is accomplished
using a Choleski decomposition method.9

It should be noted that the inductance matrix is i1l conditioned.
This means that small changes 1in wi will produce Tlarge changes 1in
Ij. Another way to express this is that there is a large collection
of currents Ij 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 Y. Fortunately we are cnly interes-
ted in using the entire collection of currents to determine the field

magnitude, and not in the values of the individual currents.



Step D -- The magnetic pressure at the plasma surface is calculated
in this step. Radial and arial components of the magnetic field at each
plasma boundary coil Tlocation 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. A1l 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 i1l 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 i11 conditioned matrix. As a
check, the plasma currents of Fig. 3b were changed by altering  at the
boundary. The total plasma current was changed by 5 percent, resulting
in a maximum individual coil current change of 24 percent. The |[B]
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



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

2 2
P = nkT = (BT + Bp

2
o - BTi)/en (8)

where BTi is the internal toroidal field. Since all currents and

pressure drops in this model are at the surface, both the internal

toroidal field B;; and the external toroidal field By are inversely
proporticnal to R, the major radius. At the innermost radial boundary
position, R , the poloidal field, By, s negligible in a bicusp such
as Tormac. GOne can therefore write

81 PO = (B

Equation 8 can be written as

i
[ov)

81 PO =

Therefore
2 0
Bp = 81 PO(] - E?)

and Bg is independent of the internal toroidal field Br;. 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 8r.



Step E -- Once the magnetic pressures are calculated, they are com-
pared at each boundary location with the desired piasma 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 1line connecting two adjacent
boundary points, cne 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 disptaying the plasma, input a
change in a coil Tlocation 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.



Step F -- A variety of options are available for displaying the
plasma and field configuration. Two basic types of displays are
available, contour plots and graphs. Contours of constant ¢, or poloi-
dal magnetic field lines, are available as well as contours of constant
[B]. The user determines the range of y or |B| to be displayed, as weil
as the number of contours in that range.

Graphs of [B| as a function of the radius R and a particular axial
position Z can be plotted, along with |B| as a function of Z at a par-
ticular radius R. A1l of th-.,e displays can be presented for the vacuum
field as well. When the plasma is displayed, the boundary coil loca-
tions and the vacuum coils are shown by "X"'s. It should be noted that
any region of space can be displayed. The program calculates the ¢ and
[B| values on a 40x40 grid. This R, Z grid has an arbitrary origin and
grid spacing which enables the user to concentrate on the entire con-
figuration, or any desired portion thereof. Note that y is calculated
as described in Step C, through the use of a second order polyncial
approximation for the elliptic integra]s.7’8 |8l is calculated from
the ¥ values using B = V x A, with the space between grid points as the
step size. A central difference formula is used, with the error fourth

order of the step size.10

ITI. Validation

An important part of designing a computer code is testing the vali-
dity of the results. Two methods were used to verify this code's solu-
tions. Simple external coil configurations were input, and the fields

produced were checked against analytic solutions at a number of grid
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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 cinverge to the desired plasma

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

ferent sets of initial conditiuns and observinyg whether they converge

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

twu quite rifferent 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 woula converge even more closely. It shoulu be recalled
that this progran is intended as an experimental cesign and Gata inter-
pretation aiu, and thus agreement to a few percent in pressure is suf-
ficient. Note that the agreement is in the boundary Tocation ana bLoun-
dary pressures, and not the individual coil currents. This is due to

the 11 conditioned inductance matrix. Sinco the coils are actually

fictitious, this discrepancy is unimportant.

IV. Applications

This computer proygram has been usec extensively 1in our group,
principally by experimenters wishing to design or modify experiments, or
to assisl in wata analysis and interpretation. Two new experiments were
desiyned, Tormac VB3 ana Toruac P]q. Tormac P1 was built and onera-
ted, ana the computer code played an inteyral role in the interpretation

of the experimental observations.5
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Tormac VB design presented some special problems. The goal was to
build an experiment about the size of Tormac IV11 (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.® Particle flux out the cusps was measured in Tormac P-1. As
shown in Fig. 6, tracing the field lines back to the measured plasma
location gives information about the width o the plasma boundary (or
sheath), and the total plasma current. For comparison, Fig. 7 shows the
vacuum field configuration. Tihe extensions of the cusp field lines from
the 1lccation 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 y 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 interactive skin current equilibrium code has been described.
This code models idealized MHD equilibrium configurations of non-circu-
lar toroidal plasmas with sharp boundaries. Experimental design and
data interpretation have been aided through the use of this code, which
is quick and simple to implement on a minicomputer. Experimental design
changes can therefore be rapid'y planned by the experimental group.

_12-
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1 FORMETITR)
WEITE(],#15)(RL(1).25(1),I=1 ,NL)
CALL (un%F 1)

215 FOEMAT "2l .F

J—mm———= CONTINTZ ¥[TH PLRrSMA CEANCES
I#53=0

2z IwG=17G-1

C

Ummmm o FIND NORMELS MDD MISTANCES
DO 2587 ¥=1,0L
{1=¢+1
Kpa¥-~1
IRl 7.1 1 2=NT,

I904, 7. NL K1=1

245 ANL(F == 120K )-/LL(K2)
7\1(( == (R] ({2 =RL(K1,:

Zen PMOLL=3YRTIBN 1K RR2 47N (7 9%2)
kwl(?'zaml(K)/?vool
7V1(K':ZN1(K)/PNOD1

'(L:‘;L’\ /‘f\\ IN

A¥]

Qmmm—m - YOV R PLaSMA
De z;b {=1,NL
LI n.,(z(;v“—‘ =20 wPNLV K [STER2
Iw'f FRL1G0TC 2F R
75 KY Z20% 4+ (Peg=p(Z  YRINL{E VRIS TER%p

=5y VONT Ty

e

J—mm - SYMMETT[ZF DLESME ARCLT 7 AXIS
NG Fy 1~?.<m:+11/"

TLOIY- (ZL0T =21 NT+2-11)/2
as NZ-E~[“—ZL{II
FL/ L) - (AL T LRI+ E-111/2
PTINT-z~T =07 ([

<7 SONINGY

“

T o - - BRLENCH PG CALOULATE LURRLNTS
GCTU Zu

o VELL COILID IRPLAME,RL,Z ., 1L, D)
BATURN
LNT

V)
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SURPOUTINE TO SET REF AND PSI AT Z
SUBRQUTINR ®PSILO(Z1,R1,RL,ZL,IL,
KFAL TL!NL),RL(NLY,ZL(NL)}

PRATH AM(Z8,30),7.20)
LOMMON/3LKB/RE, B
COMMON/BLXA/AM, Y

uiEIvULAGA BE,3Z AND PSI

Ri=0,

ER=u.

Yeidi=¢.

L=Z21+. 4730221

R=R1+.¢.¥dd1
DO 10 L=1,NL
IP(ILIL))E,1487,2
£2=7-7L (LN

VAYS= 4 RRL(LVHR) /((RL(L)+F s
PR=(  RR(2~-0AYE ¥ ELH(JAY2)-F
N=30RrT ((RLILY4+R)®ETHALFHZ)
D1=(RL(LI-R bkl 4pgons

5P - %".*2."”1 { L):;:AZ /\.R*D"*('}_LK(CAYZ)* (HL(L‘):;::;:-E_*R,,,.,‘

1 ERLP-CAYZY/D)

R7 =8/ *?-*IL(L } /T)7"“/EL'V't|,uP Y?)*(KL(L )R P :‘17‘0;:?"‘AZ::::;:.."I

1 FFLE.CaY2)/T1)
YOFI) (UJIVHIL (L RoFEa 50T
vONT INUE

A OEAEREARAN

ERSRILEY

R
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v sereleie POITOLL . ATN desesese

C-———=—= SURPROGEAY 70 CJALCULLT® VALUFS OF P31 IN VACUUWM
U FCR AN ARBITRARY S®T OF CURRENT LOOPS
Cmmmmmmm THIS PROGRAM CALCULAT®RS PSI #T 2,5 GRID INTR.YALS
SUBRQUTINY PSICAL(®R,A7,RI,NA)
RRAL ARINA),AZ(NAY,RI(NA:
COMMON/BLYE /RSTFP,2ZSTE®, IRSTRT,IZ5TRT
fOMMON/BLKC/PSI(4Z,41Y,PE,PL
v
fmemmm CALCULATS GRID OF 2ST VALURS
2pp 2L=1.F%
Pi=-1,E24
DO 117 11-1,42
DO i1ve J1-1,41
BJ=(J1-1 1=R3TEP+TR3TRT+,. ¢l
Ai~(T1-3 . "% ZSTEF+IZSTRT+ 3G 3%
DO 1¥Jd L=1,N#
v L ER{ LAY
DW= 22, =CAYZ)¥FLX(CAYZV-ELV{CAY
14 PSI(I1,J1=P5I{11,J1)+RI(L }&ppign3
PH=AMAX1(PST(I1,J1),FH)
11¢ PLEAMINTI(PSI(I1,J'),PL:
RETURN
EAD

FYJ/SCRTI(CAYZ)
QRT(AJ=AR{L))

~24~



" Renzeresr WO "3, T nesesiesiens
E ——————— SUBPROGRAM TC CALCULATE CURRENTS INTUCEL IN A SiT OF
Lommemm o ICa0ibsLLY SY¢METRIV VONDUCTORS.

{--=----USES CACLESXY DECONMPOSITION FOR AM®X-Y,LM=AL*D*pL’, JEF3~
e AM IS5 THY INDUCTANCE MATRIX, X IS THE CURRENT VECTOR, ANZ Y I3

Lmmm s [+% P3SI VEGLTIQX,
[mmmmm—— wpR, WFRSHAw, J. CCOMP., PHYS. , 26,4Z,(1c78)

SURYOUTINE CUwA(YR,U2,71,80,LU0,U0)
RT4I, UR/ATI,TZINU),UL(NU

PLAL¥O AM{ZA,22) ALIZA,37) ,Xi22),Y(23)
TUVMON/BLKAAM,Y
COMHMON/BLEZ2 /LR (50 ,02(8¢) ,L1{5€ 1 ,Nv

Smmmm=-- SET INTUTTANC:S

20 12 1=1,NU

PC 12 J=1,AN0

CiLL LMAT(I,J,UR,UZ,NU"
Lo CONTINUE

J--=----GIT 23175 FOR PLESMA AND...
Do 29 I1I=1,L0
viLL 3PSIVC/UZ(II),UR{TIY,vR, v, v Nu,11)
Y{ITY=Y(IT ~0”

2 SONTINUR

I#/LU.Rq .NUIUTO ©3

===~ FOR CzNTtr CCNITCICR
e =5 TII=L%i-1,NU
SALL *23IC0{u/(II),U2:11),CR,C02,51,MC,1I1)
ot CONTINTY
Smmmmem- SCRMPLITY TSF INDUVTANGE MATZIZX END PSICS
cnAMP=g,
TGOt I=s1 MU
TG oA J=1,8U
SEMSARS AR LT
TFEITR Y 0TV HAY 2ICHANMD - TTM
22 CONTINUL
2C 7 I=1,070
L I}/2R&"%
LS <¢ d-1,nd
LG BRI TR N B AT PRt
4 CONTINUE
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Vomm = =GRl AL
DO 7% I=1,NU
DO 52 J=1,NU
v———— NCI® I, NOT 1
AL(J,T)Y=2aMIJ,1)
IF{I.R0.1)GOTQ 5@

SUm=7.
Do 48 X=1,I-1
47 SUM=SUMHAT (J, VAL T KV /AL K, E)

U m——— hNe-D NOT B®F~»2 TO D EXPLIGITLY, SINGE D(I11=1/4T(I,I
ATOT,I)=4%0J,1)=-5UV

% CONTINUF
Ommmmm—= START 3ACK STASTITUTION

X(1:=Yi1)/aL 1,1
bG 7¢ MI=Z NU

SUM=a,
D0 €¢ NI=1,vI-1
e ST SUNMELINT PRAT (T N

XOMI )= (YIMT j=SUM) 78 (M M] -
7. CONTINTF
CCNTINU? BpuY 3UR3TITUTION

i)
oG R& MI=1,ND
VimI R TMIYRAT M M
=4 vOALTINUE
XOND =X oNTTY, AL IND NDD
Do 1¢ vI=NTG-1,1,-1
SUM=2,
2C 3¢ HI-vI+1 ,ND
47 SUM-STw X INT gL (NI ML)
X(MI)={X{MI =St~ /2L{~] M)
1< CONSINIF
1Y)
S5C 117 1=1,89
JI/1y-X01)
112 CONT INUE
TLTURN
[\Be
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(ap]

SU220GHAY TG GRT THE INDUUTENus MATRIK
UBROUTING IMETII,T,R,2.N)

QFAL '8N, 770
PRATER apM{T2,22) YVIZ2)
COMMON/RLVE /AN Y

CALTULAT® INDUGTENVE
ZI-201V s hosdvl

PI-2/10- el
£2=71-707)

C=UD ()R R p7EED
CEE (4, ¥R(J1ED] /)
BE={ L BHI2 =0 FYZ O VFELK(
2{1,J) DFE4 HKSGRTINT
SETURN

R
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3L AR Y.FPTN seslessesi

SUBPKRC3%AM TC DISFLAY FSI ANL MOD P

TEIS PSQGRAM pL30 PLOTS B VS R, AND B VS 2

TH® GRIZ IN TKIS VERSION Is 47 X 473

TEI3 PROGRE I3 TO BE USTD IN CCNJUNCTICN WITH

TUE MAIN PRCGHAY BPLAPO, AND WITH ®P3IVAL, R®BE~, sPLIN,
AND IS5 TQ B8r LINXET wITH GRAM AND CCNTUEB

TEE P31 ANDT B VALUFS ARE CALCULATED FVERY GRID 20IN.

DUEEGUTINE rnh(vhn
HE=1 D ?LESMP
NE:l » VAVUUM

REAL IL 5¢),FN2{42V,1143.41"
“OMMON/3LKV /PST(42,41),PE,PL
OMMON/BLK2/B(42,41),BH,EL

CONMON/?LKl/DL(SJ),ZL{SZ\, L,NL,IPLAME(S)
VOMMON/RLXZ/ud (561 ,L2{88,0T (56 NV, IVAMT
COMMON/HL{R/ECR(B7),ACT (63 ACI\\k/ NAC,IC
COMMON/RLXS/IP3AME fa)  CURZ, Ir JfLu
uOMMON/BLK€/3€TEP,ZSTLP,]RSTRI,IZSTRI

—
~—

DATA MP MR VYL MG, M2, PLLNC/2HP ,2HR ,eBLEX,ZhBE,ZHEZ,3.141

16321
I3L-

CALCULALY P31 #ND 2 YATRIJES
ne 225 I=1,27
oeoZor U=l,e1
PST{I,J%=

I'e €O VIZUM 251 FILe &6 TC 712
[¥{JFPLG. 5.6 6070 31

T \2UT 72Ul 231 rILF

CELT ASSIGN 1,[PSerw, 180
ETAD'l,“r:—-L'\DoI PL,or

SELT CLC (1)

FL0C ’2'

ZRTURN

JALCTLAT s VACQUUYM £31, NT UL PUT @Il
VELL PITCAL WR,0Z LI KU

"‘""*""5:‘1"',2"‘1 QuTeny _")'L' L AL R A L S
1IRDI5,%14,FFn-211 [Pt
ECPM-l\tﬂc}

TF/I2384EL 70,00 90T ST,
CALL P33I0NI1,I254%7, 140
$E0Tc(1 P3ILFL,PH

CELT CLO3T1)

g L1
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file:///C72riP

2

2

C——-~ Ir

S I=
o~
w &

c

L i C

e 14

I

C

L (s
o
‘t
26

=z oA

C

Vo m o —u B

577

114
'Tk

1 ¢

“C C:NTER SONDBUCT GG TC
{IVL5.62.116G0TC ZéV
L1 PSICAL(ETP,ACZ,ACT ,MAT)
E vAuJUM PLOT GC TC 226
(M2.7,.1:50TIC 282

LOTLATE PSI FxQM PLASMA
LL DDFC LTHL,? yIL, 8L

u B;,:‘ . \

IC 1cw

LT SFe(10

LeULATE THE TOTAL FNVFGY C

yue

20117 ge1,4]
INZTS =n
y =l
e 1--,4?

no a

TN et (1,00
A T)+R(1,1]
Wnd [)#30T,41 FEPE{C
17 (1 I0TL 145
[«{1..0.47°50TC 148
rmv-”isd“ﬁL'Iﬁ*ZET?P

7‘\1 1 C:.
S I R LT YL

laNal S Iv\‘r]',‘

T
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C-—
3¢
32

11

1z

mnr
(Mn

PSI DISPLAY
TYPE 22,PL,Ph,BL,8H,NVMD
FORMAT( P3ILO, pS141°/2§11.3/° BLO,BRI’/ZE11.3
1 /7 ENIFR ,1A¢,’: N.LO,EI“/’ (FEG:2¢,-1.E6,1.E86)°
£/ N=EV»N # QF CONTOURS “/° BETWwe~N LC & HI)
RFAD(Z,11,FFR=32)NA, 2L, AH
AN=NA
FORMAT{IZ,8%11.73)
ACOT=(AH+4L)/2
AGAP={AH-AL)/AN
TYPE 12,ADOT ,AGAP,IVAME ,IPLAME, ILLAME ,VURZ,ENG,PSID
FORMAT(  DOT=",E11.3/° SPACE=',Ell.u/’
1 /7 CIOND=",RPA2/” 7 CUREENT=".%2.3/° ENFRGY=",F11.3
2 /7 P3I¥=",%11.3)
N=AN
CALL GRID(Z.,42.,3209,1¢92,20,1.,41.,5¢,752,2&)

DG 5¢ I-4¢v,740,174

CALL TVPU(IZ??,I)

J=1@* [-£8 '/174%R3TEP+IR3TRT

TYPE %5,I68,Jd

ROOMAT(1X,141,12)

CONTINTR

L0 8¢ I=27E&,CC0,174

CALL TVPU:I,2EF)

J=1¢%/ [=P7n 1 /174%73TRP-TA5TRY
TYPr -7,1%5,1]

FOAMAT (1V,181,12°
“CORTINOT

LERw TY’ST KYPRESENTING PLASMA KQRDIP
TRivz v 115070 288
nnoek =1 ,80
H7= 77 ([ V=TZ3TRT /75T D42
TR 27 {I)_IJ;I:F|/431L0‘1
IF{“? LT 1. 0F.2B.CT 41 GCTC ¢ 5
I"ZBY.LI.3.07.37.G1.4?‘GOWC sE
v&LL 210T(372,%8,1, ("
““\T]\”i
‘/\ VLI\J
DG ~= I=1,Nv
B7-1C27({I)-1253TRT - /75T =%~
BE=/On T = W3TRTI/RST 7041
I#/37 . 0T.1.0K.BR.0T.21:GC0TU £R
IT(37.LT.2.0V R7 AT 42 GCT( #8
CALL PLAT ®/7,0%k 1,°Y")
bOwTTdI"
IE‘V“‘“ IoOME DRTL SONTHE(
TFONCMD L RR  ME N ARTL OANTE
oTe Py

P31 ,27,4
B,4%2,41,

LY

-30-

FILE=",8A2/° PLASMA="
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http://I-4f.740.174

S 5ORPH O R
7 I
e TORM T , 381 7/2F11.3/7 iNTER

~79VAE, 7

12 f.x,cc )
”YP" 74, JVR7, TVAME, IDT”MV Pbl?,Z
74 FORMAT( ™ 7 "UPRE~¢=‘ G, 2/ WITR=",6p2// /" PLASME=",
3' 251¢-7,80.5///7 B US R7//7 1=",Fe.2)
3TAPT=T<STRT
4:“ﬁz—IHSTP”*én #RITRP
CELL CRID{STRT,A5TOP,7CC,1208¢,20,8., A0 50 ,75¢,5¢)
Lo oA 1=237,005,174
CrLl nvRy I,z
J=1a% [=2up 1 /17A%RSTT2-TRSTRY
Ao TYPY n&,105,0
D025 [=40,74¢,174
“ELL TVPL(127,10)
J-{I-a /174
[ BERN AR N
TYDT FE, 158, A
Le 2GVATIY 181, P11, %)

e COANTINUR
[7:02=173TET}/73TFP+R
oaT” 9:0?(;*;n1,%f11.1\.1.é‘

Ni. 74 IR-1,
Ff(IL-l)*FG"Tc*IDSTFT
" SHTL PLOTeR ,BRO[Z,I0Y,1,1)
670 TeA

-31-
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S0

142

&

~-=GRLPH N7 R VS 7

TY?2® 22 ,8L,8BF

FOHMAT (-~ RIO,RHI“/2FE11.3/7 ¥NTE® BYI,R°/’ (EG:3.54,1%.)

RUAD(H 17, FIK-Q¢) AN, R
.

SCRMATLX/ /ST B WS 2°/17 R=T, ".2)
CATT APIDISTART,RSUCE, <77, 1927,20,0, 21,57 762 272)
[0 28 [=27%,39%,174
©ALL 1VPUI,PH
Fe1 AL [-27c 1 /174%7STFP+1Z3TRT
1Y2F €7, 063,0
LO A% [=47,747,174
CHTT TYDY 18@, T
J-ll=m1/174
ST-AR/4 K]

TF'{KE“TJ(‘-._“HH 1\5J— L E SRV I AR
TYP® y 133, 8d
CO“TIW”J

IR=(R=-Ta3TP" n3TH?+1]

VALL PLOT!7.,k(2,1%),1,¢)
-0 c¢ I7 2,47
7otz 7 ITTPAIZSTE]
v L Pl CT’7 LA(T7, 0%y ,1,1)
feerg 73

TN
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{2% <4, URZ,TVAME TPLAMS,PS
ICERMAT(” 7 ZURRINT=",F8.3/7 FIIV=",6hc//7° PLASMA=",F4
1/° P31.4=7,72,2)
START=175T21
2STQP=[7STRT+47,%73TFP
TYBE B¢7,R
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s 328 ATN
12 & 370 0F <QUTIN®S #OF MAPPIN
CN TH: TEXTRONIY 477¢ #4KICH CAN
FOLIPAY PROG=AMS,
JOM vCONECD SEPT=MB=
SUBCUTING TLOT(XK,Y,N.M)
C-==3USFAYTINE °LGT 2LCT3I PCINT 'S) ACCOE
Ve=—VLPRING PRCY £ SFICR vALL TO GEID
SrALOTING LY A
LOGIZEL LE,YLOGUYLAG
L03IvILEL AV33(Z
JOVMON GP1g77/ YLCH,TI0R, {6, TL
- YLAGLTLOG L IYLLIVL LS5 LA
1y Tory
‘-'{.(I M
1 I+l
[FPIL00 TX=TML-DYRpLGG 1 ")
T30 AQT.XLC: IX IXL+(XII
I 120G IY=IYLsDY*L0518"
Tl NCT YLO LY -T0L+ YT
Toiyr iioz 0 701
PRSI S LI § G
el 0 IC LG, T
ST
1. == OIS T - IPU L ¢ (U S R |
ALL IVPUMTIL,IY
T 7LD VWZTUIC, 1T
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DING TC
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file:///oi.xlc

1

I3

TN

]

A

"(7

<

(IX2-1X1)/(X2-%1)
¥1L06) G0 7O 2¢
{LOG. 66 TD Pe

172 TN
I¥1+T={IYP-TX1) /N
L TVvaC(IY,IY1)
CHLT TYPR(IX,IYZ)

NI[==N
NJ==pLO 31 (3K
XNJ=NJ

IFCANT . NF.I-ATOG12(3X)

NX=IYZ-IX1 Y/ NJ

CELD TYRULIAL,IY1)
CALT TVRDIIX1,IYeZ)
ne e I-1 NI
AX=ALOG I (I512. /NI
M ze J=1,NJ
[V=IX1+DY*  J~1¢8X"
CELL TVRULIN,IYD)
CLELT TVPTDIIX,IYz)
AY= IV1-1Y2 Y 1-Y S
IF{YILOZY oD TO 192
[ROYLON ‘O TN a2
ooz I
Iy—Tvlfr
CrLL TVTY
CALL Tyep!
GCTU 1’ﬁ
If=Y1/Yz
NI==AT0G 14 0SY
ng-N]

cn o~ s~

(177
IX
I\

DINI=NC 41

[ROANTNE =S L0531 2(SY ) ) INT=NT+1

T=/T(Z-T11 /NJ
CALL TVPUCIX1,IY1)
CALL TUPDIIVE,IYL)
RIS G
AVERLOALP (T A /NT
DO el I 1,Ng
IV=1¥1+0f="J-1+4Y
CRLL T"“b‘]Xl Iv?
CELL TVPD.IXZ, IV
"DTUPN

A
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SUBKUGTINY TVCL
LC3IvALEl g2
{1728
pizi="z12

VALL DONIO(&,7)
CALL MArR¥(2,4%,
SELL NALITRR 72)
ARITRA

FALD

SUBKOUTINE DOGIO A,
INIRO=® JPAR(E),13B
CALL CaypDP IPRAR(1)
Ips=rz’ v

CALs TI0( 7 412,2,1,,I5%,1P2R)
CELT whAIT®R(1 .

DT AN

[

SUBLOUTING TYPU{IX,IY)

CALL "V 2(T%, 1Y, 10

SETURA

TN

3UB-CUTINT TYRD(IX,IY!

UALL TV >

DTN

-

SUBROUTINF "V N (IN, 1Y, 11
LOGICET™] p o«

1)

N)
(21
y A

30
-
2
—~
—t
o
-
—t
—
")

s
1
n
o
.
—

hasloeIVeR
POELIS EFEA ) S SR
AR o

[f.iraaenTary-ese

e
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L EXSESES PR UO'\!TU:{I‘ . FTN HEaE K e
C—-—CONTUZ? PLCTS NO IINFARLY SPACED CONTOURS FOFR APRAY
voe=E (N NT) B L4s»N THE VALUES AL AND AEH.
T---GRID MUST 37 CsLLED FIRST TO SCALE THEE MEP TC NY{ BY NY
¢-—-THE PHOGRAM GOWS TH=QUGH THY ARRAY 4 POINTS
v-=={1 3QUAs®1 :T p TIME, IT ZaMAPS TH¥ 4 POINTS SO TEE
C--~RANGE AL TO 4«H FRLLS 2FTWEFN 1 AND NC. IT CHEIZKS TO
C—~-3F% #HICH CONTQU=5 CROS5 THE SQUARE. FOR KACH CRO3SSING
Le—=LONTOUR IT VALVULATFS THAE 20INTS ON TE® BCUNLARY IT
C---CROSSFS, AND JOINS THCSE POINTS WITH STRAIGHT LINTS.
- SHN SOONROD SEPTRMRER 1377

SURBROQUTINT wONTUR(A,NY,NY AL, AH,NU)

F"AT- £ {'\X’\XY ! !B(b) 32(4)

INTEGER IR/4)

LOGIvAL Li4:,LDOT

T=NC/ (aH~-pL)

IMIDC=NC/2

Au= PRT

LC 4 I=4,NX

Beli=D% AT, 1 =¢L"

3(a1=p=/plT~-1,11-£L)

0C 4 J & NY

PiZ)=871)

{3 )1=5(1)

POl 0=D%{A(I,J1-2L1)

R{a)V=Dx a77-1,JV-81)

R(oI1=R{1)

I21=-1273

Ite=1u0494

2C 1 K=1,4%

IGIESENIES)

[F¢I3{4£.57.121)IC1=1m:K"
1 LIS IR A I W S VS-SR S VP-ES S

IW(Is1.3T.80 ) IC1-N2

I#0IC1.L¥F.ICZ, a0 W0 ¢

IvZ=IuP+1

T«(ICE.LE.2Y ICZ=1

IT(0IC1-TCR .G NS0T 033
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file:///TOUR

na

P e e Tt 2y

e

by b
e

=IV3E Il
K.EQ.IMIDC)

DZ) L~. 1.3-31D7=

3 =
-
B

LL)*B(LL+1))
(

‘ /DL
(

(1V.AAD.L{2Y) GALL
{1).,AND.L(2)) C2ALL
(1Y.AND.L4}) CALL
(PY.AND.L{Z)) vALL
[2).ANL.Ll4)) CaLL
(3YLANDLVL(4)) CHLL
N

'5 (7,1000)
<2,145,10%,121
D4 ,l!’l,:IE)

,,v,_.[

)
LLl GE.C.).2ND.

1.E~

VEL(LDOT,2,R
VFC(LLOT,2,R
vEC(LDOT,2,Jd
VWM(LDOP,Q—Z
VFo(LDOT,2~2
VFC(LJ“L,O 1

Crx [N &8 MAPP

JT1,55, 700
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L YREL, 2T
R SURPRC?EcN T2 CELCULATZ B AT GRID BCLNTS
SUBROUTINT 2p~(VMVEL)
RS IL':“ LJEL{ERY
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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. [t is assumed that the code has been inple-
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
and accessible for new calculation, and can be easily chanyged using the
system editor.

First the computer will ask for the initial and final radii of the
grid and the initial 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 thc
plasma or external conductors can be placed outside the grig.

The next input is the set of external conductors, "Input center con-
ductor” is printed. Either a file name is input, or the R anc - loca-
tions of any closed toroidal conductors. For the Tormac oxperiients d
central cylindrical conductor was represented by a set of coils at one
radius, evenly spacec in Z. After the conductors are input the cumputer
will ask for a file name and «~ill then automatically store the coil
iocations in a file for future use and reference. In a like manner the
external coils are irput, with the addition of the current maynitude for

each coil. The currents should be enterec in Abamps. A toroical field
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is then input by asking for Z current (Abamps)}. The magnitude of this
axial current determines the toroidal field, in l1jeu of actual toroidal
field coils.

The program will next ask for a PSI filename. This is a file with
the y 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 ihe external coil set remain unchanged.

At this point the user can branch .o perform a number of calcula-
tions. This branching section is repeated throughout the use of the
program, 50 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 ar the program asks for a specific
set of coiis. Two points should be noted. There should be an cdd num-
ber of coils with the first coil at Z=0. The remainder of the ccils
should form a mirror image about Z=0, and the coils should be input
sequentially following the plasma perimeter. This is needed to cor-
rectly calculate the normals and distances between ~-ls. After the
coil locations (or file) are input, the value of ¥ at the plasma surface
is input. The ¥ 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 1ist 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) 1is assumed. At this point the
operator can go on to display the configuration, or can go back tc 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 1its 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. graphs. The contour
maps display either field lines (y) or mod [B|([B|) over the entire
grid. One inputs the number of 1lines between two values of psi or
field, as well as the two values ("1o" 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 )B], and the Z or R position, respectively. Mote that
when either display is requested the maximum and minimum values of the

relevant parameter are displayed.
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Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Figure Captions

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

Initial configurations - | B| surfaces
a) Elongated trial plasma
b) Squat trial plasma

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

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.

Vacuum field for Tormac VB.

Tormac P-1 field lines. The lines can be traced back to the
simulated plasma from the particle flux measurement position.

Tormac P-1 vacuum field lines. The field 1ines from the loca-

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