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MAFCO :._A MAGNETIC FIELD CODE FOR HANDLING GENERAL 

CURRENT ELEMENTS IN THREE DIMENSIONS 

W. A. Perkins and J. C. Brownt 

Lawrence Radiation Laboratory, University of California 

Livermore, California 

No.vember 9, 1966 

ABSTRACT 

MAFCO, which is written in FORTRAN 

language, can be used on the IBM 7094 and 

CDC 6600 and other similar computers 

which will compile a machine language 

code from aFORTRAN deck. The purpose 

of this code is to take a given set of current

earrying element~:; of arbitrary geometry 

and calculate the magnetic field ]2 at any 

point in space and also the continuation of 

the magnetic field line (line ?f force) pass

ing through any desired point in space. In 

practice, however, computer memory and 

available machine time usually require that 

most of the current-carrying conductors be 

approximated by straight lines, circular 

loops, and arcs of circles. 

1. INTRODUCTION 

MAFCO was written to solve some of 

the magnetic field problems that arise in 

plasma physics (although it could perhaps 

be useful in other areas). In particular 

the complex confining magnetic fields used 

in fusion research need to be calculated 

accurately and rapidly to facilitate design 

and use of these configurations. Methods 

for c a 1 c u 1 at in g magnetic properties of 

axially symmetric current system have 

been discussed byGarrett
1 

and some non

axially symmetric systems by U o, 2 

3 4 Balebanov et al. , Gibson et al. , and 
Larkin. 5 --

In the MAFCO code it is assumed that 

the currents are de and no permeable ma

terial is present. Winslow 6 has written a 

two-dimensional code in which the field is 

calculated in the presence of permeable 

material. It is also possible to do some 

tNow at Computer Science Corp., Los Altos, California. 



axially symmetric calculations with this 

code. 6 Sackett 7 is now working on a modi

fication of MAFCO to calculate fields in 

the presence of rectangular blocks of iron. 

(In this code 7 the blocks are divided into 

smaller blocks which are assumed to be

have as magnetic dipoles.) 

In the MAFCO code the desired con

figuration of current-carrying conductors 

is approximated by a combination of the 

following: (1) Circular loops with any des

ignated position and orientation in space. 

(2) Circular arcs with any designated posi

tion and orientation in space. (3) Helices 

along the Z-axis (in the cylindrical coor

dinate system) with any designated pitch, 

starting point, and ending point. 

(4) Straight lines with any designated start

ing and ending points in space. (5) General 

elements consisting of a list of points 

which the code connects by straight lines. 

If the general current-carrying element 

is given by an equation, one could have 

another code calculate the points along.the 

curve. AlterQati vely one could obtain the 

points along the curve from a graphic rep

resentation of the current element. 

-2-

The most common current - carrying 

element in plasma physics research is a 

solenoidal coil. This can be approximated 

by one or more helices if it is positioned 

along the Z-axis. Hov...:-ver, in general it 

is preferable to use circular loops because 

the field is calculated several times faster 

for them than for helices. For a coil with 

a small number of turns, each turn can be 

approximated by one c i r c u l a r loop. A 

many-turn coil can be approximated by a 

few loops appropriately spaced, with the 

current in each loop scaled up to account 

for the number of turns which it actually 

represents. 

For the designated magnetic field con

figuration, the code will calculate the mag

netic field~ .<BR' Be, B2 ,· I B I) at rectan

gular grids of points. The code will also 

calculate field lines. Given some point 

(R, e, Z) along the line S, it will trace out 

the line giving J2 and J dS/ IBI (which is 

useful in some plasma stability calcula

tions) at designated intervals along the line. 

Another code, FORCE, 8 is available which 

evaluates the magnetic force on a current 

element due to the presence of other cur

rent elements. 

2. THEORY 

A. Units 

Alldistances aretobe measuredincen

timeters, all angles in degrees, all cur

rents in amperes. The magnetic field B 

will then be given in gauss. 9 In these units, 
-1 

~-to = 41T x 10 

B. Field from a CIRCULAR LOOP 

(X, Y, Z) coordinates of the center 

of the loop. 

A = radius of loop. 

a,{3 =Euler angles specifying 

orientation of loop. 

( 

c: 

• 

• 



I = current passing through 

loop; I is a positive number 

for the direction shown in 

Fig. L 

(R,e,Zp) =coordinates of point P 

where the field is to be cal

culated. 

The origin of the (X
0

, Y 
0

, z
0

) coordinate 

system coinCides with the center of the 

loop and is just translated from our (X, 

Y, Z) coordinate system. The orientation 

of the loop in this new coordinate system 

is shown in Fig. 1. The loop is first ro

tated through an angle a around the Z 
0

-

axis and then an a:r:tgle {3 around the s-axis. 

The equations for a circular loop in the 
10 (X 1, Y 1, Z 1) system are well known. 

Therefore, first of all, we must determine 

the coordinates of the point Pin this system. 

The coordinates of P in the (X0, Y 
0

, Z
0

) 

system are: 

x 0 R cos e -X, 

YO = R sin 11 - Y, 

(1) 

The coordinates of this point in the ro
ll tated system are~ 

x1 = xo cos Q' +yo sin a, 

Y 1 = - x 0 sin a cos {3 

+ Y0 cos a cos {3 + z
0 

sin {3, 

z 1 = x 0 sin a sin {3- Y
0 

cos a sin {3 

+ zo cos {3. 

( 2) 

-3-

In cylindrical polar coordinates this 

point is 

= ( 2 + 2)1/2 
P x1 Y1 ' 

z = z
1

, 

sine = y 1/p, 

cos e = x
1

fp. (3) 

The magnetic field in this coordinate 

system (in which the loop lies in the XY 

plane with center at the origin) is cal

culated from 1 0 

Mol z 
Bp - 27T [ 2 ..,..2]1/2 

p (A+ p) + Z 

- K + p E 
[ 

A 2 + 2 + -z2 ] 

<A - P>2 + z2 

2 -~ . . 2 -3 
for k > 10 and by B = 0 fork < 10 . 

p 

1 

(4) 

where K and E are the complete elliptic 

integrals of the first and second kind, 

S1T/2 I 
K(k) = ·· (1 - k2 sin2<j>)- 1 2 d<j>, 

E(k) 

0 

s1T/2 (1 - k~ sin2<1>)1/2 d<j>' 
0 

(5) 



where 

The P.lliptic integrals were calculated by 

the method described in ref. 12. 

Transforming back to our original co

ordinate system in three steps, 

BX1 = Bp (X 1/p)- Bi(Y1/p) 

BY1 = B (Y 1/p) + Be (X
1 
/p) 

p ' 

Bz1 = B-
Z' 

(7) 

Bxo = Bx1 cos a- By1 sin a cos {3 

+ Bz1 sin a sin {3, 

BYO = BX1 sin a+ By1 cos Q cos {3 

- Bz1 cos a· sin {3, 

Bzo = BY1 sin {3 + Bz(3 cos {3, ( 8) 

and finally in cylindrical coordinates, the 

components of the field at ( R, 8, Zp) are 

Be = - Bxo sine+ Byo c:os e, 

(9) 

C. Field from a HELIX 

A = radius of helix. 

D = half the distance between turns 

in Z-direction. 

-4-

<1> 1 = angle between starting point 

and XZ plane. 

<1>
2 

= angle at which helix ends = <j> 

(see Fig. 2) at end of helix. 

<1>
2 

> <1> 1. (Note that <1> 2 will be 

greater than 360° in many 

cases.) 

·I = current in helix (plus if di

rected from 1 to 2). 

z
0 

= distance that starting point is . 

displaced from Z = 0 plane. 

(R, e, Zp) = coordinates of point P where 

the field is to be calculated. 
) 

Figure 2 shows a diagrarn of ·the type of 

helix calculated. The pitch angle -y and 

length L of the helix are 

-y = tan- 1 (D/'rrA), L = D(<J> 2 - <!> 1)/180°. 

(10) 

The field is calculated from the Biot:

Savart law, 1 ~ 

(11) 

Putting the geometry of the helix into ( 11 ), 

the components of ~are 

~-t 0IA ~( Da1) D ~ B = - .. ~. Z +- Q +- (Q - Q ) 
R 471' 11' 1 11' 3 2 ' 

( Da1) D J +Z+-Q--Q 
11' 3 11' 4 ' 

(12) 



,· ..... 

, 

where 

and 

0! 

S 2 
0! cos 0! dOt 

3 ' 
011 r 

sin 01 dOt 
3 

r 

011 = cj>l - 8 , 012 = cj>2 - 8 , 

3 { 2 2 r . = R + A - 2AR cos 01 

[ ]2}3/2 + Z - (Dj1T)(Ot - 01
1

). 

(13) 

(14) 

The Romberg method
14 

of integration 

was used in the computer calculations of 

Eq. (13). 

D. Field from a CIRCULAR ARC 

(X, Y, Z) = coordinates of the center of 

imaginary loop formed by ex

tending the arc. 

-5-

A = radius of arc. 

01, {3 = Euler angles specifying orien

tation of arc. 

cj>l = angle between starting point of 

arc and X
1 

z
1 

plane (see Fig. 

lb). 

cp
2 

= angle at which arc ends. 

cj>2 > cj>l. 

·I = current passing through arc; 

I is positive for the direction 

shown in Fig. 1. 

(R, 8, Z ) = coordinates of point P where 
p 

the field is to be calculated. 

One transforms into the (p, e, Z) system 

in the same manner as with a CIRCULAR 

L 0 0 P, except here we calculate e as 

follows: 

(15) 

- -1 . For x
1 

< 0, 8 = 1r +tan (Y
1
/X

1 
) .. 

(16) 

For X 1 = 0, 

- 1rj2 for yl <-lo-4 1z -zl 

- IYll e = 0 for 

1rj2 for yl >. 10-4 
IZ -ZI p 

It is convenient to define two new angles: 

(18) 



For an arc with D = 0,. Eq. (12) and 
2 -3 

(13)become, fork >10 , 

B 
p 

~-tor [ 
Bz = ---;r,r A (AQ0) 

- p (AQ1 >J, (19) 

and 

-2p_[_<A_+_p_>~_+_z_2_]-=1~/.,.2 (, ~2k2) 

[ E(w
2

, k) - E(w
1

, k) 

( 
2 2 )1/2 

1 - k sin w
2 

k
2 

sin w1 cos w1 1 
+ ( 2 2 )1/2 ' 

1 - k sin w
1 

1 

[ 2 ~2]1/2 
p (A+ p) + Z 

1 - k sin w1 - 1 - k sin w2 J' 

01' 

[( 
2 2 )-

112 
( 2 2 )-

1/2"1 
(20) 

-6-

where F(w, k) and E(w, k) are incomplete 

elliptic integrals of the first and second 

kind. 
15 

E(w, k) = Sw (1 - k 2 sin2 
<1>)

1/ 2 d<j>, 
0 

(21) 

where k is obtained from Eq. (6). Some 

useful properties are: 

F(- w , k) = - F(ul, k), 

· E(- w, k) = - E(w, k), 

F( 1T /2,_ k) = K(k), 

E(?T/2, k) = E(k), 

F(n7T ± w, k) = 2nK ± F(w, k), 

E(n?T ± w, k) = 2nE ± E(w, k). 

2 -3 
Fork < 10 , 

( 
. 2 . 2 )'· s1n w1 - s1n w2 .. ' 

(22) 

(23) 

One transforms back to the original co

ordinate system with Eq. (7 -9) as in Sec

tion 2B. 

.. · 

.. 

• 
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E. Field from a STRAIGHT LINE 

Element 

(X1, Y 1, Z 1) = coordinates of one end of the 

line. 

(X 2, Y 2, Z 2) = coordinates of the other end 

of the line. 

I = current in line element (plus, 

if ·it is directed from 

(X1, Y 1, z 1) toward (X
2

, Y 
2

, 

Z2)). 

( R, e, Zp) = coordinates of point P where 

the field is to be calculated. 

The point where the field is to be cal

culated in rectangular coordinates is 

x 0 = R cos e, 

Y0 = R sine, 

z0 = zP. (21) 

Integrating Eq. (11) for the straight 

1. 1 t . 16 1ne e em en g1 ves 

J.Loi r 
Bx = 47T G L(Y1- Yo> (Z2- zo> 

- (Y 2 - y 0) (Z1 - 2 o>l 

J.Loi [ 
By = 4 7T G (Z1 - z

0
) (X

2 
- X

0
) 

(25) 

-7-

where 

if 

and 

G = (p1 + p2) (p1 P2 -.£1 • £.2) 

P1 P2 (-£1 X .£2 )
2 

if 

with 

( 
. 2 

£1 X £2) = [<Y 1 - y 0) (Z2 - ZO) 

- (Y2- YO) (Z1 - Zo>]2 

+ [<z1 - zo> <x2 - xo> 

- (Z2- ZO) (X1- Xo>]2 

+ [<x1 -xo><Y2 -Yo> 

- (X2- XO) (Y1 - Yo>]2, 

( 26) 

(27) 

(28) 

(29) 



and 

{30) 

These are transformed into cylindrical 

coordinates by: 

F. 

BR = Bx cos e +By sine, 

Be = - Ex sin fJ +By cos e. {31) 

Field from GENERAL CURRENT 

ELEMENT 

{X., Y., Z.) = coordinates of points along 
1 1 1 

general <.:urrent element with 

i running from 1 to n = total 

number of points. 

I = current in general element 

{positive if directed toward 

increasing i). 

{R, e, Zp) = coordinates of point P where 

field i 8 to be calculated. 

Byuse of the formulas of Sec. 2-E, one 

calculates the field of a straight line ele

ment with starting point {X., Y., Z.) and 
1 1 1 

ending point {Xi+1, Yi+1, Zi±1 ). By sum-

ming the components of B {i.e., Ex• By, 

B
2

) for the n - 1 straight line elements 

formed by connecting the given points with 

straight lines, one obtains the approximate 

-8-

field for the general current element. The 

approximation improves, of course, as 

the number of points representing the 

geometry of the current element is in

creas.ed. 

G. Total Field and Field Lines 

Magnetic fields are additive vectorially. 

Therefore, the magnetic field at any point 

in space is determined by calculating the, 

components of the fields {B B and B ) 
R' e· z 

at that point from each current element 

and adding them. 

N 

B2 {TOTAL) = I {Bz>j {CIRCULAR LOOP) 

j=1 

0 

+ I {BZ)j {CIRCULAR ARC) 

j+1 

M 

· + L <Bz>j {HELIX) 

j=1 

K 

+ '\ {B ). {STRAIGHT LINE) 0 z J 
j=1 

G 

+ I {BZ)j {GENERAL 

j=l ELEMENT) C32) 

with similar expressions for BR {TOTAL) 

and Be {TOTAL). The magnitude of the 

field at the point is given by 

IBI {TOTAL)= ~[BR{TOTAL)J 2 

+ [Be{TOTAL)]
2 

[ 
tl/2 

+ B2 {TOTAL) y ~ {33) 

... 
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The equation determining the field line 

(line of force) is 17 

dR _ R de _ dZ 
BR -~- Bz" 

(34) 

First, one calculates BR, Be, and B2 
at the given point (R, e, Z) along the field 

line. Then the next point is at a distance 

dS along the field line where 

]
1/2 

dS = [(dR) 2 + (R de) 2 + (dZ) 2 . (35) 

Setting dS equal to b.(delta), the given 

increment, one obtains the differentials by 

Be 
R de = TBI b., 

-9-

The new coordinates are now: 

R(NEW) = R(OLD) + dR, 

e(NEW) = e(OLD) + de, 

(36) 

Z(NEW) = Z(OLD) + dZ. (37) 

The process is continued until for some 

number J, J b. ~ L where Lis thedesired 

length for the calculation along the field 

line. 

The integral S dS/ I B I is approximated 

by 

(38) 

3. INPUT -OUTPUT 

A. Program Cards 

A binary program deck for the CDC 3600 

and CDC 6600 and some other computers 

is available for use at the Lawrence Radia

tion Lab_oratory (LRL) in Livermore. At 

LRL this program can be run through the 

"monitor" system. A FORTRAN deck and 

listing of the code is available for other 

installations. At LRL the input tape is 2A 

and the output tape is 3A. Card numbers 

181 (input tape number), 183 (output tape 

number) and 186 (number of lines available 

on the offline printer) may have to be 

changed for other installations. 

B. Input Cards 

In concise form, the input format is as 

given in Table I. 

Integers less than 10 are to be placed in 

the last column on the right in the space 

allotted. Then integers greater than 10 

overflow to the left. Ten columns are 

allotted for floating point decimal numbers, 

one of which is used for the decimal point; 

these numbers do not have to be right ad

justed. How to use Table I will become 

clearer in the sample problems of Sec. 4. 

The symbols for the five different types 

of current elements were explained in 



Sec. 2. The units for the input and output 

quantities were discussed in Sec. 2-A. 

Format (4F10.1, I5) means, for exam

ple, that the first 4 quantities are in float

ing point decimal form with 10 columns 

available for each; the I5 means that the 

next quantity is an integer placed in the 

next 5 columns (41-45, right adjusted) 

after the 4 floating point decimal numbers. 

The increment 6.(delta) determines the 

distance over which the fieid line is ap

proximated by a straight line. Smaller 

6.' s give greater accuracy but are also 

more time-consuming. The desired size 

of 6. depends on how rapidly the field line 

is changing direction. For coils with a 

radius of 20 em, 6. = 0. 2 em was found to 

work very well for typical field lines. For 

a positive 6. the field line will start in the 

positive Z -direction from the given point 

(R, B, Z). A negative 6. will cause the field 

line to start in the negative Z -direction. 

The printout spacing integer p causes the 

values of (R, e. Z) and B to be printed out 

at spacings of p6. instead of 6. as occurs 

if p is omitted. 

The number of current-carrying ele

ments of each type which can be used in 

one problem is as follows: 

CIRCULAR LOOPS 200 

CIRCULAR ARCS 

HELICES 

200 

50 

STRAIGHT LINES 

GENERAL CURRENT 

300 (max) 

ELEMENTS 100 (max), or 

2400 points 

(max). 

-10-

If no STRAIGHT LINES are to be cal

culated, the maximum number of GEN

ERAL CURRENT ELEMENTS (different 

currents) must be s 100, and the total 

number of points for all these GENERAL 

CURRENT ELEMENTS must be s 2400. 

The STRAIGHT LINES and GENERAL 

CURRENT ELEMENTS use the same 

memory space, and the number of these 

different current elements must be ::::; 300. 

Also 2 X (ntHnhP.r· nf STR.ATGHT T.TNF.S) 

+(number of points for all GENERAL 

CURRENT ELEMENT) s 2400. 

The maximum number of each type of 

calculation that can ue done fur une problem 

is: 

Grids of points for fields 100 

Field lines 100. 

C. Output 

All output information is labeled. First, 

all the input information is printed out to 

identify the problem. Then columns are 

printed .for 11 Fields along a line parallel to 

Z-axis11 for DELTA-Z f- 0 and in incre

ments DELTA-R (if any): 

lf U..I:!:L'l'A-Z = U, columns are printed for 
11 Fields in a radial direction" (if any): 

and finally 11 Field lines" (if any): 

• 



.. 

• 

-11-

The last column contains a running total 

of the integral J dS/ I B I so that one can ob

tain the value of this integral between two 

points by subtracting the values at those 

points .. 

The coordinates are printed out as_ . 

ordinary decimal numbers. However, the 

magnetic fields are printed out in floating 

point form with the decimal point after the 

first digit and the power of 10 indicated at 

the end. For example, 1.2345678 E-02 

would be 0.012345678 and 1.2345678 E 01 

would be 12.345678. 

4. SAMPLE PROBLEMS 

A. Simple Helical Coil and Leads 

Given a simple helical conductor of 

mean radius 15 em, length 50 em, 8-1/2 

turns, and leads 70 em long rising verti

cally, calculate the field in the vertical 

plane and a few field lines. For the helix, 

A = 15, D =~(50/ 8.5) = 2.94.. Letting the 

XZ plane be the vertical plane, cJ>
1 

= 90°, 

cJ> 2 = 3~50°, . I = 200, and centering about 

YZ plane, z 0 = -25. For the vertical 

leads x1 = 0, y 1 = 15, z1 = -25, x2 = 70, 

Y2 15, z 2 = -25, I = -200; x
1 

= o, 
Y1 = -15, z 1 = 25, x

2 
= 70, Y

2 
= -15, 

z 2 = 25, I = 200. The MAFCO input for 

this problem is shown below in Table II. 

The output is too voluminous to be printed 

here. 

B. Magnetic Mirror Machine with 

Quadrupole Ioffe Coil18 

Given the magnetic field configuration 

shown in Fig. 3 (i. e. , two four-turn coils 

and four longitudinal bars with arcs con

necting the ends), the problem is to obtain 

the isobars of I B I and field lines in the 

plane between bars. The mirror coils are 

approximated by eight CIRCULAR LOOPS; 

the three arcs, by CIRCULAR ARCS; the 

four bars, by four STRAIGHT LINES. 

MAFCO input for this configuration is given 

in Table III. The desired plot of isobars 

of I B I and field lines is shown in Fig. 4. 

The code does not print out the isobars 

directly, but they can be obtained quickly 

from a grid o( points calculated by the 

computer. 

C. Bumpy Torus 4 with Quadrupole 

Coil19 

The given magnetic field configuration 

is a set of eight circular coils surrounding 

a torus with four circular loops (quadru

pole) passing through the eight loops as 

shown in Fig. 5. The problem is to ob

tain some of the field lines for this config

uration. Because of symmetry, one needs 

to calculate field lines for only one of the 

eight sections. The input data is given in 

Table IV and the resulting field lines are 

plotted in Fig. 5. 



D. Corkscrew Coil 

Given the corkscrew geometry shown in 

Fig. 6, calculate the field in. the XZ plane 

and a field line. The helix changes pitch 

angle and radius uniformly, so that at the 

top end it has one-third the separation be

tween turns and half the radius that it 

started with. The equations describing this 

geometry are 

R = A(O) [1 -.!.. (<j> - <j> )/(<!> - <j> >] 2 1 2 1 ' 

z =- 1 -- (<j> - <I> )/(<1> - <I> ) D(O) [ 1 ~ 
7r 3 1 2 1 

with X= R cos <j>, Y = R sin <j>, and A(O) 

= 20 em, D(O) = 10 em, <1> 1 = 20°, <1> 2 
= 2130°. 

Byuse of a hand calculator or a simple 

computer code one can obtain a set of points 

(X, Y, Z) along this helix. The geometry 

is then calculated as a GENERAL CUR

RENT ELEMENT. Input data with 50 

points are shown in Table V. For the 

points P where the field was calculated 

-12-

(see Table V), I B I was obtained within 

2.0o/o accuracy with 50 points, 0.3o/o accu

racy with 100 points, and 0. 003o/o accuracy 

with 1000 points, assuming that the value 

with 2000 points is exact. The end point 

of the field line that was calculated was 

displaced from the true point by less than 

0.15 em with 50 points, 0.035 em with 100 

points, and 0.005 em with 1000 points. 

E. Many-Turned Coil Arrangement 

The· problem here is to ·determine the 

magnetic field and some field lines for the 

coil arrangement of Fig. 7. Each coil has 

144 turns and all coils are run at the same 

current, but coil number 4 has the current 

in the opposite direction so that coils 3 

and 4 form a cusp arrangement. We shall 

use four CIRCULAR LOOPS to represent 

each coil (with current I = 144/4 = 36 A, 

so that B gives the gauss per ampere in 

the actual coils). Computer input for this 

problem is given in Table VI and the rew 

sulting field lines are plotted in Fig. 7. 
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Table I. MAFCO Input. 

First card contains the number of problems (integer, right adjusted in columns 

This next section of cards is repeated for each problem. 

First card of this section contains in (right adjusted} columns: 

. 1-5 Number of LOOPS. 

6-10 Number of ARCS. 

11-15 Number of HELICES. 

16-20 Number of STRAIGHT LINES. 

21-25 Number of GENERAL CURRENT ELEMENT groups. 

26-30 Number of grids for calculating fields. 

31-35 Number of calculations of field lines. 

CIRCULAR LOOP cards (one for each loop in this problem} containing X, Y, Z, A, 

Alpha, Beta, I; Format (7F10.1}. 

ARC CARDS - (two for each arc in this problem} containing on card one X, Y,Z,A, 

Alpha, Beta, I; Format (7F10.1}; and on card two Phil, Phi2; Format (2F10.1}. 

HELIX cards (one for each helix in this problem} containing A, D (Z-distance of 

half-turn}, <j> 1, <1> 2, I, distance from XY plane; Format (6Fl0.1}. 

STRAIGHT LINE cards (one for each straight line in this problem} containing x 1, 

Y1, Z 1, X 2, Y2, z2, current from 1 to 2; For~at (7F10.1}. 

GENERAL CURRENT ELEMENT cards (one group for each element in this problem} 

containing on the first card, X, Y, Z of the first point, current along points, number of 

points; Format (4F10.1, I5}. 

On following cards, X, Y, Z of succeeding points; Format (3F10.1}. 

Range of points determining grid at which fields are to be calculated, containing 

RMIN, Delta-R, RMAX, Angle, ZMIN, Delta-Z, ZMAX; Format (7F10.1}. 

Calculation of field line cards (one for each line in this problem} containing R~ e, 
Z, ~. total length of line, printout spacing integer (omit if 1}; Format (5F10.1, I5}. 
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Table II. Input data for problem A. 
Column .5 10 15 20 30 40 so 60 70 

"'' 1 
,o~ 0 1 2 0 2 6 HELICAL COIL AND LEADS 

HELIX / 15.0 2.94 'JO.O 3150.0 200.0 -25.0 
STRAIGHT { 0 .o 15.0 -25.0 70.0 15.0 -25.0 -200.0 
LINES o.o -15.0 25.0 70.0 -15.0 25.0 200.0 

{ 1.0 1.0 a.o 180.0 -30.0 0.5 30.0 
Grids o.o 1. 0 a.o o.o -30.0 0.5 30 .o 

2.0 c.c o.o -0.2 3.00 2 
2.0 o.o o.o 0.2 3.00 2 

Field 4.0 o.o o.o -0.2 3.00 2 
Lines 4.0 o.o o.o 0.2 3.00 2 

e.o o.o o.o -0.2 3.00 2 
8.0 c.o o.o 0.2 3.00 2 

.,) 



Column 

CIRCULAR 
LOOPS 

CIRCULAR 
ARCS 

STRAIGHT 
LINES 

Grids 

Field 
Lines 

~ 

5 

1 
8 

> 

10 

3 
o.o 
o.o 
c.o 
o.o 
o.o 
o.c 
o.c 
o.o 
o.o 

45.0 
o.o 

225.0 
o.o 

;:::135 ~G 
11.3 

-11.3 
-11.3 

11.3 

< 
o.o 
o.~ 

l.C 
1.0 
1.0 
1 .o 
2.0 
2.0 
2.0 
2.0 
4.0 
4.0 
4.0 
4.C 
a.o 
8.0 
8.0 
a.o 

15 20 

0 4 
o.o 
o.o 
c.o 
o.o 
o.o 
c.o 
o.o 
c.o 
o.o 

135.0 
c.o 

315.0 
o.o 

22 5. 0 
11. 3. 
11· 3 

-11.3 
-11.3 

o.~ 

0.5 
o.o 
c.o 

180.0 
180.0 

c.o 
o.o 

180.0 
18C.O 

o.o 
c.o 

1ac.o 
18C.O 

o.o 
c.o 

18C.O 
l8C.O 
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Table III. Input data .for problem B 

30 40 so 60 70 

0 2 16 MIRROR AND QUADRUPOLE COILS 
-23.0 20.0 o.o o.o 1.0 
-24.0 20.0 o.o o.o 1.0 
-25.0 20.0 o.o o.o 1.0 
-26.0 20.0 o.o o.o 1.0 

23.0 20.0 o.o o.o 1.0 
24.0 20.0 o.o o.o 1.0 
25-0 20.0 o.o o.o 1.0 
26.0 20.0 o.o o.o 1.0 
40.0 16.0 o.o o.o 4.0 

'• a. o 16.0 o.o o.o 4.0 

-I,Q,O lo.o o.o o.o 4.0 

-40.0 lld 11. J <tU.U 4.U 
-40.0 -11.3 11.3 1t0 .o _,, .o 
-4C.O -11.3 -11.3 40.0 4.0 
-40.0 11. 3 -11.3 40.0 -4.0 

1 l. " u.u 24.0 0.5 24.0 
11.0 180.0 -24.0 o.s 24.0 
o.o 0.2 20.0 
o.o -0.2 20.0 
c.o 0.2 20.0 
c.o -0.2 20.0 
o.o 0.2 20.0 
o.o -0.2 20.0 
o.o o.z 20.0 
c.o -0.2 20.0 
o.o 0.2 12.0 
o.o -0.2 20.0 
o.o 0.2 12.0 
o.o -0.2 20.0 
o.o 0.2 6.0 
o.o -0.2 20.0 
0~0 -0.2 20.0 
o.o 0.2 6.0 
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Table IV. Input data for problem C. 

Column 5 10 15 20 30 40 jO 60 70 

1 
12 0 0 0 0 0 14 BUMPY TORUS WITH QIJAORUPOLE 

50.0 o.o o.o 20.0 o.o 90.0 1.0 
··~: 35.3 35.3 o.o 20.0 45.0 90.0 1· 0 

.o 50.0 o.o 20.0 90.0 90.0 1.0 
-35.3 35.3 o.o 20.0 135.0 90.0 1.0 

CIRCULAR -50 .c c.o o.o 20.0 180.0 90.0 1.0 
LOOPS -35.3 -35.3 o.o 20.0 225.0 90.0 1.0 

.o -50.0 o.o 20.0 270.0 90.0 1.0 
35.3 -35.3 o.o 20 .o 315.0 90.0 1. 0 

.c c.o -11.3 61.3 o.o o.o 1.0 

.o o.o ll. 3 61.3 o.o o.o -1.0 

.o o.o -ll. 3 38.7 o.o o.o -1.0 

.o o.o 11.3 38.7 o.o o.o 1.0 
c.o c.c .o • 2 40.0 

50.0 o.o o.o -0.2 35.0 
40.0 o.o O.(J -0.2 20.0 
4C.C c.c c:.o 0.2 50.0 
60.C o.c o.o r..2 50.() 
60.0 c.o -0.2 15.0 

4 .o 
4F..C c.c -o.2 40.0 
32·C o.o 0.2 50.0 
32.0 o.c -c .• 2 15.0 
45.0 o.o o.o 0.2 5o.o 
45.0 o.o o.o -0.2 50.0 
55.0 c.c o.o 0.2 50.0 
55.0 o.o o.o -0.2 20.0 

... 



\ 

Column 

GENERAL 
CURRENT ( 
ELEMENT 

5 

1 
0 

10 

0 
18.19~ 

8.968 
-5. 44C 

-16.650 
-18.747 

10.002 
2. 732 

14.51S 
18.310 
12.2 58 
-. 191 

-12.260 
-17.522 
-13.~28 

-2.1~1 
9.936 

16.4 26 
14.012 

4.1S7 
-7.6 09 

-15.071 
-14.323 
-5.973 

5. 337 
13.511 
14.282 
. 7.437 
-3. 174 
-ll.80~ 

-13.9H: 
-8.574 

1 ol67 
10.CO~ 

13.263 
9. 382 

• 640 
-8.167 

-12.363 
-9.865 
-2.211 

6.351 
11.262 
10. 03c 

3.536· 
-4.604 

-10.011 
-9.919 
-4.582 

2.973 

.... 8. 660 
Grid 
Field Line 

o.o 
1.0 

20 

0 0 
06.84C 
17.647 
18.821 
09.932 

-04.068 
-l9.60S 
-lB. 575 
-11.579 

01.437 
13.402 
17.9 58 
12.841 
00-999 

-11.103 
-l7.C09 
-13.717 
-03.198 

08.769 
15.777 

.14.213 
05.123 

_;06 .• 463 
-14.313 
-14.345 
-06.745 

04.23<; 
12.672 
14.137 
08.047 

-oz. 148 
-10.911 
-13.623 
-09.019 

00.236 
09.086 
12.841 
09.663 
01.459 

-07.253 
-11.834 
-09.988 
-02.910 

05. 1t65 
10.652 
10.012 
04.094 

-o~. 111 
-09.345 
-09.761 
-04.999 

1.0 
o.o 
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Table V. Input data for problem D. 

30 

co. coo 
02.376 
04.719 
07.030 
09.308 
ll.'i'it, 
13.76 7 
15.948 
111.096 
20.212 
22.29.5 
24.346 
26.364 
28.349 
30.302 
32.222 
34.110 
35.965 
37.780 
39.578 
41.336 
43.061 
44.753 
46.413 
48.041 
49.636 
51. 198 
n.12o 
54.225 
55.689 
57.122 
58.521 
59.888 
61.223 
62. 52 5 
63.794 
65.031 
66.235 
67.407 
68.546 
69.653 
70.727 
71.768 
n.n1 
73.754 
74.698 
75.609 
76.488 
77.334 
18.148 

6.0 
o.o 

. 

40 45 

CORKSCREW CO lL 
1.0 

o.o 
0.2 

50 

. 

o.o 
ao.o 

._. 

2.0 80.0 



Column 

..:;;:/ 

c 
LOOPS 

Grids 

Field 
Lines 

.... 

5 

1 
16 

• 

~ 

~ 

10 

0 
.o 
.o 
.c 
.o 
.o 
.o 
.o 
.c 
.o 
.o 
.c 
.c 
.o 
.o 
.o 
.o 

G.O 
5.0 

~ c .o 
70.0 
70.0 

< 70.0 
L 1o.o 

15 20 

0 0 
51.2 
58.8 
51.2 
58.8 
8.55 
8.55 

13.93 
13.93 

o.o 
o.o 
c.c 
o.c 
o.o 
o. o· 
o.c 

·C. 0 
5.0 
~.G 

t.o 
90.0 
9C.O 
9C.O 
90.0 
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TABLE VI. Input data for problem E 

30 40 50 60 70 

0 3 4 ~ANY-TURNED COILS 
c.o 24.1 o.o 90.0 36.0 
o.o 24.1 o.o 90.0 36.0 
o.o 31. 7 o.o 90.0 :i6. 0 
c.o 31.7 o.o 90.0 36.0 

13.93 24. 1 o.o . 45 .o 36.0 
13.93 31.7 o.o 45.0 36.0 
8.55 24.1 o.o 45.0 36.0 
8.55 31.7 o.o 45.0 36.0 
51.2 24.1 o.o o.o 36.0 -51.2 31.7 o.o o.o 36.0 
58.8 24.1 o.o o.o 36.0 
58.8 31. 7 o.o o.o 36.0 
91.8 24.1 o.o o.o 36.0· 
9l.tl .H. 7 o.o o.o .-36.0 
99.4 24.1 o.o o.o -36 .o 
99.4 31 ·• 7 o.o o.o -36.0 
10.0 90.0 o.o 1. 0 100 .o 
lC.O 210.0 o.o 1.0 100.0 
10.u 90.0 10.0 ',5.0 10.0 

5.() -0.2 170.0 2 
- s. a· 0.2 170.0 2 
1 o. 0.- -0.2 170.0 2 

-10.(; 0.2 170.0 2 
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(a) Zo s 

z 

X 

(b) 

I (POSITIVE) 

Fig. 1. Position of circular loop in the different coordinate systems. (a) Coordinate 
system (X0, Y 0, Zo) is translated from the (X, Y, Z) (laboratory) system. The 
(!;, TJ, ~) system is obtained by a rotation through an angle a around the Z -axis. 
(b) The (X1, Y 1, Z1) coordinate system (in which the loop lies in the XY plane 
with center at the origin) is obtained by a rotation through an angle {3 around 
the !; axis. The arrow shows the direction for positive current. 
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Z·- AXIS 

p 

J.,-------1f.---------t~ Y A X IS 

' 

___.,>\ 
\ 

\ 

Fig. 2. Helix concentric about the Z-axis in cylindrical coordinate system. 



Fig. 3. 
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X AXIS 

Two four-turn solenoidal (mirror) coils and quadrupole Ioffe coil. The arrows 
show the direction of the current in the quadrupole coil. The current in the 
mirror coils is in the positive direction (see Fig. 1). 
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X-AXIS 

Z-AXIS 

Fig. 4. Isobars of constant I B I and field lines in XZ plane for the current configuration of Fig. 3. The relative values 
of I B I are given near each isobar. The heavy curves are field lines. 
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X AXIS 

. 50_..... 

~-~~~=====;jj==~-- Y AXIS 

A 

SECTION AA 

Fig. 5. Bumpy torus with quadrupole coil. The dots and crosses in Section AA' show 
the direction of the current in the four circular loops forming the quadrupole. 
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I
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J 
I 

Y AXIS 

Fig. 6. Corkscrew coil. The current element starts in the XY plane at an angle <1> 1 = 20° 
. and fo~lows a helix whj.ch d.ecrease13 in. pitch angle a,nd radius uniformly_ so 

. u~ l . 1 !~~t .. 'aft.~.~;,~o~. e..gcf.<~ 2·; ~ .~p.po rt~f! ?ep:a~;r:'af~Bif;~~.~t?N,e\~p-~~~~~' 1i~~~n.-~p:~hira ih\ ,j 

1rut1al va1ue and the rad1us 1s one·-nalf 1ts 1ruti·al1\talue:· ·; · ' f.ol.J::> tL-· 
-·! ~·i: t!.u ;~ . .~ ... .r·~ ;~ttl un ·j · r " .. ~.: ·=:.L! .. Jt1'2=rr!J;~dF it·-; dr3.'} . .~..; .. .-t~toJ 



-26-

, 
Z AXIS 

1-----+35.5 ~ 

' 20.3 15.2 --------.-

~-·~_1 

40.6 

[Z] 55.0 

COIL 2- ---·-
Y AXIS 

Fig. 7. Many-turned coil arrangement. Each 144-turn coil is approximated by four 
circular loops as shown. Coils 3 and 4 with currents in opposite direction 
form a cusp arrangement. The X-axis is pointing out of the paper. 
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