





Magnetic Field Storage Codes and Orbit Caleculations

Mozelle Rankin

Part I. PROGRAM STORE

For a given éylindrically symnetric coil configuration this code calecu-
lates and stores on magnetic tape B, B , 4, aBr/Br, BBr/Bz, 82Br/6r2,
BgBr/BZBr, and 52Br/522 . The derivatives of B, are of course obtainable
from the Maxwellian relationships. The grid and range for which the points
are stored is arbitrary, subject only to computer memory restrictions. For
the CDC 1604 with 32k memory these limits are approximately 3600 points for
the storage code alone and 2400 points if the information is to be used with
the MADCAP code for calculating orbits.

PROGRAM STORE consists of: (1) the main program, which concerns the
coil configuration, the field points at which the calculations are to be
made, and the tape writing; (2) subroutine MFCA, which calculates the field
quantities by formulas to be given below; and (3) subroutine ELLIE, which
calculates the elliptic integrals E and K by the iterative procedure of the-

Landen Transformation.

The field quantities are calculated by summing the contributions of
arbitrarily placed circular loops. These contributions have the analytic
form of algebraic combinations of elliptic integrals. If the information
is available,the locations of the loops used for calculating correspond to
the center of the physical conductors. In other cases we use the experi-
mentally found rule of thumb that loops centered in rectangles with dimensions
about 1/2 inch or 1 inch give a sufficiently accurate representation of the
field. The reliability of the approximation is, of course, easily checked
in any given case simply by changing the number of loops used in the calcu-
lation. The code has been checked by comparison of results with calculations

using Legendre Polynomial methods and, in special cases, analytic formulas.
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We denote the cylindrically symmetric coordinates of the loop by
(R, h) and the coordinates of the point at which the field is calculated
by (r, z). With the usual notation of elliptic integrals

(1) x¥° = L r R
(r + R)2 + (z - h)? 3

E(k2) is the elliptic integral of the second kind; and K(k2) is the elliptic
integral of the first kind. Then the formulas used in the code gre:

(2) B, - (2-h)%k {(2-k2) E-2K}
4 rVrR (1 - ¥°)

(3) B, K Gt_ _xP I T
4 TR {E o1 - %) (1 - ¥2) * }

Ok 2k
()-I-)’BBI‘._._ (Z-h)&_ 2E(l_k+k)-(2-k2)K}+ Br

3z brrR (1-k°) (1 - x2) (z-h)

ok
(53) 3Br . (z-h)or 2E( 1 - k° +k2 '(2'k2)K} Br
d>r br NTR (1-%K°) (1 - x°) *

(6) A = N(r+R)2 +(z - hF _ .2 :
where
(7) %1; - gz-h)k5

b r R

and (8) ok k- - 13 R
£ - £ ku(r+)
r R



For the sake of completeness we also give the formulas for the derivatives
of B :
Z

! '
(9) 5Bz= '5%‘ {GQ_R_ §25k2) - (1-k2+ku)> oF,
(1-x2) M\ F

2 R (1 - k) (1 - ¥2)
- G_QB -(E-RE))K }
and (10) OB i > 2 2
N®E, = {k5(2~k)-(1—k-+k)>2E
dr 4UNTR (1 - %°) T - ¥ (1 - ¥°)

—G{gR_(E—kE))K}"‘ k

r | b 2R (1 - k)
2 2 - )

)

These formulas may all be derived from the two facts

(11) oE (1:2) - E-X
dk k

J

and (12) 3K (k22=_l_ (_E.____)

3k 1 -k

b

and algebraic manipulation.

Tn PROGRAM STORE all field quantities above are multiplied by—izxé}gﬂy 3

all length quantities are inches and the magnetic field is in gauss.
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At this point in writing a magnetic field storage code which 1s
designed primarily to be used with an orbit calculation code in which field
interpolation will be necessary, one has a choice. ZEither a first degree
Taylor Series may be used for interpolation and the field stored in fine
grid; or a second degree interpolation may be used and a coarser grid used
for storing. We have chosen the second alternative, mainly because the
second derivatives, although sometimes lengthy, involve only more algebraic
combinations of the already calculated elliptic integrals and thus are
computationally cheap to obtain. A typical time for computing and storing

elght field quantities for one loop-point on the CDC-1604 is 6 milliseconds.

In terms of an arbitrary function F(r,z) common to formulas (4) and (5)

(13) .F(r,z) = (z - h) 2E-(1-k2+k“) - (2-1:2)-1{ }
b VTR (1 - ¥9)2 (1 - )

it may be shown that

o
() FBr_p. °k . Xk _F , F -

+ = = ¢

S 25 3 2° oz oz (z - h)
OBr
(15) ¥Br . F-%k , % ¥, o
or oz 3r dz oz or (z - h)

and  (16) >°Br = F - 5%k +_a§_
2
or

¥ 3 F dk, 1
dr or 2 r Or 4

- -
From the Maxwellian relations v * B = 0 and v x B=0 the following

formulas give the derivatives of Bz’

an 2, (e
oz or r

(18) BBZ - BBr

or oz
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(19) 0 BZ = - 82]31’ + L1 . OBr
5;2 dzdr T dz
(20) 523Z - 3°Br
dzor 822
(1) B, _ FBr
Brg Ozor

Special formulas are provided in the code for a field point at r = O,
since indeterminate forms arise in many of the formulas given above at
this point. These forms are evaluated by uslng the following infinite

series expressions for E(ke) and. K(k2) for small k-
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(22)  E(x°) -z [1-—%_— 'kg-%ﬂ Kt - %%%""’ - %532'5371? k?...]

and

) K02 - 3 [1+11rk2+ggku+ 9:23 15 . %E%gzgzkff]

From these

(24) 1lim B, = ’-ngr(z-h) 5 .5 rR
e+ 2772 B8 [n)? ()]

r-5 0

v b5 xR .l
64 [r+R)Z + (z-n)°] °

and.

nR° 1-(rR+ 3 r2)

) [(m)g + (z-h)2] 5/2 L Kma)e + (z-h)?':]

2 3 3
t 51 R)

[Er + R)2 + (z-h)?l 2

(25) 1lim B

Z

r -3 0

- (g ® R
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Part II. PROGRAM MADCAP

This program calculates and plots single particle trajectories in
electromagnetic fields, using the magnetic field information stored by
PROGRAM STORE. Approximate timing is 1 integration step = 30 millisec
of CDC-1604 computer time. Many forms of this code exist; hence, we
will not attempt to give specific details but only a general description

of the code plus some indications of possible variations.

PROGRAM MADCAP consists of: (1) the main program, which reads in and
multiplies by a constant (FIR in the code) the magnetic field information,
performs the Nystrom version of a Runga-Kutta integration , and plots
trajectory data (usually an x-y graph and a r-z plot); (2) subroutine
TERPO, which interpolates by a Taylor Series expansion to obtain the magnetic
field at the point called for in the integration procedure (ﬁhere are three
exits to TERPO per integration step); (3) subroutine LORNTZ, which gives the

force equations being integrated.

Integration is performed in a rectangular coordinate system, although for
convenience input and output data are in cylindrical coordinates. Input‘data is
normalized so that for protons e/mec (FREQ in the code) is 1. Velocity units
are inches per nanosecond and the magnetic field is in gauss. For 300 keV H'
particles in a mirror field such as DCX-1, an integration step (HINT in the
code) of .1 nanosecond has been found satisfactory. For. the more uniform
DCX-2 field 1 nanosecond steps are used. For election orbits in EIMO-B the
integration step 1s ~ .002 nanoseconds. Subroutine LORNTZ may easily be
modified to ineclude an electric field in the force equation; in the MADCAP
code for the Physics Test Faclility machine relativistic terms have been put
into LORNTZ.



..7_

Orbits in Ioffe fields superposed on standard fields are calculated

from this code by reading in the Ioffe bar configuration information in

the main program, transmitting it through COMMON to TERPO and appending the
Toffe field calculation to TERFO.

FORTRAN listings of PROGRAMS STORE and MADCAP. for the Elmo~B machine

are included.

The author wishes to thank Mr. D. A. Griffin who worked out many details
*
of the plotting routines of the MADCAP codes, and Mr. G. R. North who did the
earlier work of the coding of the Nystrom version of the Runga-Kutta integra-

tion scheme.
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