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ABSTRACT

A system of Fortran programs for calculation of magnetic fields, forces,
inductances, and flux lines from collections of coaxial solenoid elements is
described. The user starts with a coil data file that serves as input to a
program that prepares the data in the correct format for input to the various
coaxial field, force, and inductance programs, or, if desired, to EFFI, the
Livermore magnetics code. The field and inductance programs exist both in VAX

and Cray versions.

INTRODUCTION

The system of programs described in this memorandum has evolved from a
set of programs written by the author while at Oak Ridge. The solenoid
routines are based on adaptive Gaussian integration in radial depth of
analytical expressions for ideal (infinitesimally thin) solenoid e1ements.1
For calculation of magnetic fields in or near windings, the windings are
divided up relative to the field point location to ensure accuracy and to
avoid singularities due to coincidence of the field point with a solenoid
element. Inductance and force calculations require double Gaussian
quadrature. The routines are generally faster and more accurate than EFFI,
but provision has been made in the system to allow preparation of input for
EFFI if needed (for example, if nonaxisymmetric coils are to be added to the
coil system). At present, graphics output is not available for the VAX field
program BCOAX. However, the Cray version of BCOAX, BAXIAL, has a flux line
plotting routine using DISSPLA. Double precision is used in the VAX versions

of the field and inductance routines (BCOAX and LFCOAX). Units are MKS except

where otherwise noted.



OVERALL SYSTEM DESIGN

The overall system is shown schematically in Fig. 1. In the schematic,
programs are denoted by ovals and data files by rectangles. Detailed
descriptions of the above programs and data files are given in the following
sections.

A11 of the magnet system information (coil dimensions and locations,
current densities, and numbers of turns) is contained in the VAX file
MAGDAT.DAT. The content of this file is dindependent of which field or
inductance program is to be used. The additional data specifying field
points, flux lines, coil grouping for inductance calculations, etc., specific
to each of the various field and inductance programs, is contained in the VAX
file AUXFIL.DAT. Input data files for the VAX coaxial solenoid programs and
their corresponding Cray versions are identical, except for the added 1ines
for graphics output from BAXIAL. AUXFIL.DAT takes on three distinctly
different forms, depending upon whether input data files are being prepared
for BCOAX (or its Cray version), LCOAX (or its Cray version), EFFI, or EIG.
The above files, MAGDAT.DAT and AUXFIL.DAT, are input to the array generating
program ARAGEN, which combines the data from MAGDAT.DAT with the information
in AUXFIL.DAT to produce an output file named ARRAY.DAT. ARRAY.DAT must then
be appropriately renamed for input to the various programs (see Fig. 1).
During execution of ARAGEN, the user inputs a single number from the keyboard
in order to specify the type of output required (1 for BCOAX or BAXIAL, 2 for
LCOAX or LFAXYL, 3 for EFFI, 4 for EIG).

For access to the programs, at present the user must copy the entire
directory |[WALSTROM.AXISYS] to his own directory. Included also in
[WALSTROM.AXISYS] are the sample data files COILDAT.DAT, BCOAX.DAT, LCOAX.DAT,
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Figure 1. AXISYS schematic.



EFFI.DAT, and EIG.DAT. The file COILDAT.DAT is a set of sample coil data that
can be copied over into the file MAGDAT.DAT for test runs. The remaining
sample data files are versions of AUXFIL.DAT appropriate to BCOAX, LCOAX,
EFFI, and EIG, respectively. For test runs, they must be copied over to
AUXFIL.DAT.

In the following sections the various programs in AXISYS are described in

detail.

ARAGEN

The VAX program ARAGEN accepts as input the two files MAGDAT.DAT and
AUXFIL.DAT. These files must be present along with the executable file
ARAGEN.EXE in the current directory. ARAGEN takes groups of coils specified
in MAGDAT.DAT and repeats them, and if desired, reflects them about z = O,
according to coding in MAGDAT.DAT. The first 1ine of MAGDAT.DAT is read in
with A format and can contain any title information that the user wants. This
title will appear in all of the program outputs. The 1ine is limited to 80
characters, including blanks.

After the title 1line, the coil data in MAGDAT.DAT 1is given in blocks.
Except for the title line, all of the MAGDAT.DAT data is read in free format,
so that the column location of the numbers is not critical. Numbers can be
separated by blanks or commas. Blanks are generally preferable for
legibility. Each block represents a group of solenoid elements that may be
repeated and/or reflected. A block begins with a 1ine containing a single O
(zero). A 1line containing data for a solenoid element comes next. The
numbers in the line represent, in order, Al, the inner radius, A2, the outer

radius, ZL, the Z coordinate of the left hand side of the windings, ZR, the



right hand side coordinate, CD, the current density, and XNT, the number of
turns. Note that the number of turns XNT is a real variable and need not be
an integer.

Also, it should be noted that ZL and ZR represent the coordinates
relative to an arbitrary local coordinate system for the group, not the final
locations.

If there are more solenoid elements in the first group, similar 1lines
containing data for them follow. A line containing a 1, -1, 2, or -2 which is
read into the variable KODE follows the coil data lines for the group, to
signify the end of the group. If the absolute value of KODE is 1, there are
more coil groups to follow. If the absolute value of KODE is 2, the above
group is the last group and only one more line of data will be present in
MAGDAT.DAT. The numbers in the next 1ine represent ZSTART, the initial Z
value for the origin of the local coordinate system for the group, DELZ, the Z
increment for the group origin, and NRPEAT, the number of times the group is
repeated. If NRPEAT is 0, it is set equal to 1 by the program. If KODE is
negative, the repeated group is reflected in mirror image fashion about z = 0O
and therefore occurs two times the absolute value of NRPEAT times in the
output file.

A sample data set (called COIL.DAT in [WALSTROM.AXISYS]), to be renamed
MAGDAT.DAT for execution of ARAGEN, is shown in Example 1. This data set is
the basis for all of the following examples. This particular example contains
two groups of coils. The first group of coils contains three solenoid
elements that are to occur twice without reflection. The second group
contains a single solenoid element that is to occur once without reflection,

and once with reflection. Before reading in MAGDAT.DAT, the program will



write on the screen, "type in 1 for BAXIAL, 2 for LFAXYL, 3 for EFFI, 4 for
EIG". The user must then type in a 1 if an input file for BCOAX or BAXIAL is
desired, a 2 for LFCOAX or LFAXYL, a 3 for EFFI, and a 4 for EIG, followed by
a carriage return.

The final section of ARAGEN reads in the data file AUXFIL.DAT.
AUXFIL.DAT contains data specific to the particular program for which ARAGEN
is creating an input file. Each 1ine of AUXFIL.DAT is read in according to
the format I11,20A4. The first number is an end code and is a zero except the

last 1ine, in which case it is a one.

BCOAX

The coaxial solenoid magnetic field programs BCOAX (VAX version) and
BAXIAL (Cray version) calculate the radial and axial magnetic field
components, magnetic flux, jBr stresses inside windings, and also follow flux
lines, for arbitrary collections of coaxial solenoid elements. The program
can calculate magnetic fields anywhere, inside or outside the windings. At
present, only the Cray version, BAXIAL, has graphics output for flux Tline
plots, using DISSPLA. When compiling BAXIAL, the DISSPLA library must be
invoked. A sample version of AUXFIL.DAT, named BCOAX.DAT, is contained in the
[WALSTROM.AXISYS] directory (see Example 2).

When intended for BCOAX input, the first 1ine of AUXFIL.DAT contains the
end code 0, and then the two nonnegative integers NG and NDOG. NG specifies
the order of Gaussian integration for points away from the windings and NDOG
the increment in Gaussian order for points inside or near the windings. The
sum of NG and NDOG must be less than or equal to 16; NG should be 4 or

greater. For greatest accuracy, NG = 16 and NDOG = 0.



The remaining lines specify either arrays of points at which the field is
to be calculated, or flux 1lines, and, for the Cray version, flux line plots.
The first point in the line is the end code (0 if more lines follow, 1 if it
is the last 1ine in AUXFIL.DAT). For field point arrays, after one end code,
the variables are, in order, ZFO, DZF, RHO, DRH, NSTP, and KEND. The variable
IFO0 s the starting Z coordinate, DZF the increment in Z, RHO the starting
radial coordinate, DRH the increment in r, and NSTP the number of points.
Field data will be printed out for NSTP equally spaced points along a line
with a slope given by the Z and r increments.

If flux 1ines are to be specified, the data 1ine has the same format, but
NSTP is negative. In this case, the starting coordinates for the field 1ine
are ZFO and RHO, and the arc length increment is given by DZF. For flux
lines, DRH should be set equal to 0.0, as in the example. If no graphics
output is desired, the array data lines and/or flux line data lines are
followed by a line containing the word "NOPLOT". If a plot is desired the
T1ine contains the word "PLOT", followed by a 1ine with values for ZMIN, ZMAX,
RMIN, RMAX, and STEP. These real variables specify the plot boundary and
spacing of tic marks on the axes.

In BCOAX, the axial symmetry of the problem is exploited in calculating
flux Tines. The axial symmetry implies that a unique flux function, repre-
senting the flux through a coaxial disk with axial coordinate Z and radius r,
can be defined for every Z and nonnegative r. Constant flux surfaces are
surfaces of revolution of flux lines. This means that flux 1ines need not be
determined by integration of the differential equations dx/B, = dy/By = dz/B,,
as in the general 3-D problem, but by the condition ¢ = const. This means

that flux Tines can be followed in the axisymmetric case with no cumulative



integration errors, and with coarse arc length increments. The equation

¢(z,r) = ¢(zO,r0) is solved by Newton's method, using the equation

98 - 2o (8]

where y is the distance in the direction locally perpendicular to the field
line, and r the radial coordinate. The resultant algorithm is very fast
compared to the integration scheme in EFFI, especially if only coarse spacing
is needed.

After ARAGEN is run and the output file from ARAGEN, ARRAY.DAT, has been
created, ARRAY.DAT must be renamed BAXIN.DAT for the VAX version of BCOAX, and
BAXIN for input to the Cray version. A sample version of BAXIN is given in
Example 3.

A sample output from BAXIAL, BAXOUT, is given in Example 6. The first
set of 21 output data 1ines in the example, after END INPUT DATA, is a field
scan at constant radius p = 0.2. As can be seen, in addition to axial and
radial components of B in tesla, the modulus of B, the two derivatives de/dp
and dB./dz, the jBr stress (zero in this scan because all of the points lie
outside the windings) and the flux function in webers are given. The flux
function, as mentioned previously, is the flux through a disk at axial
coordinate z with radius r.

The second two blocks of output lines in the example represent flux
lines, and it should be noted that the flux function is constant, as it should
be, along the 1ine. The quantities Zav, rhoav, are the average z and r values
between two successive points along the line (they are set equal to zero for

the first point). The adiabaticity parameter is the quantity AIBI/AS/BZ,



calculated for two successive points along the line, and is used to determine
when charged particles are tied to field lines.

BCOAX is based on the subroutine BFIELD, which calculates the magnetic
field from a thick rectangular solenoid of rectangular cross-section and
constant current density by radial Gaussian integration of analytic
expressions containing elliptic integrals of the first, second, and third
kind.1 BFIELD, in turn, uses the subroutine ELLIPT, which calculates the
elliptic integrals, and a BLOCK DATA subroutine, which contains the Gaussian
coefficients up to order 16. Fig. 2 is a flux line plot produced by BAXIAL
using the sample data BCOAX.DAT.

LFCOAX

The programs LFCOAX (VAX version) and LFAXYL (Cray version) calculate
inductances and forces between coaxial solenoid elements using the methods of
Ref. 1. The force calculation gives the total resultant axial force on a
solenoid element due to other specified coils. These forces are the
resultants of axial volume forces. The radial volume forces, of course,
cancel when summed due to axial symmetry.

For the inductance calculation, the grouping defined by MAGDAT.DAT is
used. The entire inductance matrix for all solenoid elements is first calcu-
lated and printed out, and then inductances between groups as defined by
MAGDAT.DAT coding are calculated by summation. For large arrays of coils, the
higher speed of the Crays is preferable, and the Cray version LFAXYL should be
used.

For force calculations, coils are specified according to their coil

indices, independently of group affiliation. The coil index is given by the
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order in which the individual coil elements occur in ARRAY.DAT, to be renamed
LFIN.DAT for VAX execution, and LFIN for Cray execution (see Example 5).

The AUXFIL.DAT input file for ARAGEN needed to prepare the input file for
LFCOAX (or LFAXYL) is as follows: The first line contains the end code O and
NG, the Gaussian order. NG must be less than or equal to 16. The second line
contains the end code followed by a code number that is equal to 1 if
inductance calculations only are wanted, equal to 2 for both inductance and
force calculations, and equal to 3 for force calculation only. The end code
of this line is 1 if no force calculations are wanted since there are no more
data lines in the file. If force calculations are desired, there are
additional 1lines with coding to specify the grouping of coils for the force
calculations. These need not coincide with the grouping for inductance
calculations. This coding is as follows: each Tine contains the end code for
ARAGEN, followed by a pair of coil indices. The first number is the lower
coil index of a set of successive coils, the second the upper index of the
set. The last set of successive coils in the first group for the first force
calculation 1is signified by a negative second index. (This seemingly
complicated scheme was adopted to allow arbitrary groups of coils to be formed
for force calculations.) The second group of coils for the first force
calculation is similarly specified. As many pairs of groups as desired, each
pair for another force calculation, follow. The last coil pair of the second
group of the last force calculation has an end code of 1, and both indices are
negative.

A sample data file of AUXFIL.DAT (stored as LFCOAX.DAT in [WALSTROM.
AXISYS]), for preparing input to LFCOAX, is given in Example 4. It should be

noted that the force coding could have been shortened by combining the fifth
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and sixth lines into an equivalent line with the integers 0 2 -5, since the
two Tines contained successive coil indices.

A sample output of ARAGEN for the above sample files is given in
Example 6. The resultant output from LFAXYL is given in Example 7. The
output is fairly self-explanatory. The indices above the numbers in the
printouts of the self and mutual inductances are the coil indices given in the
coil winding data above. The inductances between groups of coils similarly
refer to the group indices in the coil winding data. The indices in the force
printout refer, as in the input file coding, to coil indices, not group
indices (i.e., these are different coil groupings from those of the inductance

calculations).

EFFI AND EIG

The Livermore program EFFI for nonaxisymmetric systems (axisymmetric
systems are a special case) is described in Ref. 2. The AUXFIL.DAT file is
the same for EFFI and for EIG, the input generating program for EFFI.

When executed for preparation of EFFI input, ARAGEN first produces coil
data according to EFFI input format, followed by a $ terminator. AUXFIL.DAT,
which contains all of the remaining EFFI input data (flux 1line, contour,
force, etc. specification) is then written out, minus the end code at the
beginning of each line.

AUXFIL.DAT, when intended for EFFI input, consists of 1lines beginning
with the end code (0 in the first column except for the last 1ine, which has a
1 in the first column). The remainder of the lines is as required by Ref. 2.

An example of AUXFIL.DAT for EFFI input is given in Example 8. The resultant

12



ARAGEN output is given in Example 9. Finally, the flux line drawn in the

example is shown in Fig. 3.

ACKNOWLEDGEMENT

Support for this work has been provided by the U.S. Department of Energy.

REFERENCES
1. M.W. Garrett, "Calculation of Fields, Forces, and Mutual Inductances of

Current Systems by Elliptic Integrals," J. Appl. Phys., vol. 34, no. 9,

pp. 2567-2573, Sept. 1963.

2. S.J. Sackett, "User's Manual for EFFI - A Code for Calculating the
Electromagnetic Field, Force, and Inductance in Coil Systems of Arbitrary
Geometry", Lawrence Livermore National Laboratory, UCID-17621 REV. 1
(1981).

13



Banple date for RRAGEN 16:¢22:17 b 12/11/81
grid 1., x« p.880 (gti:g.8.8.8.8,8)

T ! I I I I ] I ]

6.8 |-
7.8 -
8.8 —
9.8 -
10.8 [~
1.8~
12.8 ~
13.8 ~
14.8

Figure 3. EFFI graphics output.

14

15.8



Sample data for ARAGEN

0
9.5 1.0 2. 0.6 3.¢7 400. 086
0.7 1.3 -2.8 -B.3 3.e7 50. 20.20.50.20.0 21 0
1.1 1.4 2.5 0.8 3.5¢7 40. ©0.30.25 0.80. —41 0
1 ©0.30.50.40. ~21 1
1. 2. 2 eplot
14 10. 11, 0.5. 1,
2. 2.5 -1. 1. 6.e7 500.
~2
5.0 1
Example 1. COIL.DAT Example 2. BCOAX.DAT
Sample data for ARAGEN
2.00000E+00 2.50000E+00 —6.000POE+00 —4.00000E+00 6.00000E+07 5.00000E+02 1
S.000COE-01 1.0000QE+00 1.00000E+00 1.60000E+00 3.00000E+07 4.00000E+02 ©
1.10000E+00 1.40000E+00 1.50000E+00 1.80000E+00 3.50000E+07 4.00000E+21 1
5.00000E-01 1.00000E+00 3.00000E+0 3.60000E+00 3.00000E+07 4.00000E+22 0
1.10000E+00 1.40000E+00 3.50000E+00 3.80000E+00 3.50000E+07 4.00000E+01 1
2.00000E+00 2.50000E+00 4.00000E+00 6.00000E+00 6.000BRE+B7 5.00000E+22 2
86
0.20.50.20.0 21 0
©.30.25 0.8 0. —41 0
0.3 0.50.4 0. -21 1
plot
®. 11. 0. 5. 1,
Example 3. BAXIN.DAT
o8
e 2
2 1 -1
82 -3
023
0 4 -5
1 -6 -6
Example 4. LFCOAX.DAT
Somple data for ARAGEN
2.00000E+00 2.50000E+00 —6.000R0E+00 —4.00000E+00 6.00000E+R7 5.00000E+02
5.00000E-01 1.00000E+00 1.00000E+00 1.60000E+00 3.00000E+07 4.00000L+02
1.10000E+00 1.40000E+00 1.50000E+00 1.80CGOE+00 J3.50000E+07 4.00000E+01
5.00000E~01 1.00POOE+00 3.000P00E+00 3.6P000E+00 3.000DOE+D7 4.0Q00RL+02
1.10000E+00 1.40000E+00 3.50000E+00 3.80000E+00 J3.50000E+07 4.00000FE+01
2.00000E+00 2.50000E+00 4.00P0RE+00 6.D000OE+00 6.POROOE+D7 5.0000RE+02
8
2
1 -1
2 -3
23
4 -5
-6 -6
Example 5. LFIN.DAT
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@ B-line . 0.4 0.3 2.5 15. $
@ zyx -1. 16. 15. 0. 10. 15. 1 1 2 §
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EFFI.DAT

Example 8.

Sample dota for ARAGEN
$

coil=soiencid $
loop .0 .@ -5.0000E+00
coil=solencid $
loop .0 .0 1.3000E+00
coil=solenoid $
loop .0 .0 1.6500E+e0
coil=solenoid $
loop .@ .0 3.3000E+00
coil=solencid $
loop .0 .0 3.6500E+00
coil=solenoid $
éoop .0 .0 5.0000E+00

B-line 8. 0.4 0.3 0.5
zyx ~1. 16. 15. @.

Example 9.

10.

2
7
1
7
1
2
15

EFIN

.2500E+00
.5000E-01
.2500E+00
.5000E-01

.2500E+00 .
.2500E+00 .

. $
15. 112 %

®© © ® ® © ©

21

2.0000E+00
6.0000E-01
3.0000E-01
6.0000E~01
3.0000E-01
2.0000E+00

5.0000E-01
5.0000E-01
3 .0000E-01
5.0000E-01
3.0000E-01
5.0000E-01

6.0000E+07 $
3.0000E+07 §
3.5000E+07 §
3.0000E+07 $
3.5000E+07 $
6.0000E+07 $



