Lawrence Berkeley National Laboratory
Recent Work

Title
MAGNET DESIGN APPLICATIONS OF THE MAGNETO-STATIC PROGRAM CALLED TRIM

Permalink
https://escholarship.org/uc/item/0672912m

Authors

Colonias, John S.
Dorst, Joseph H.

Publication Date
1965-09-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0672912m
https://escholarship.org
http://www.cdlib.org/

UCRL-16382

e e
——

University of California

Ernest O. Lawrence
~ Radiation Laboratory

v %

R S _ i

% grcv" MAGNET DESIGN APPLICATIONS OF THE MAGNETOSTATIC
PROGRAM CALLED TRIM

?y) - i N

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

~ Berkeley, California
L |




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



[P

- ..v,-»_a.-ﬁm«w—-x@*—z:'—"f -

International Symposium on Magnet T echnology
Stanford University, California, Sept 8-10, 1965

————  ———— e~ e~ PR - . -
et gs. At et M .

UCRL-16382

UNIVERSITY OF CALIFORNIA

- Lawrence Radiation Laboratory
Berkeley, California

MAGNET DESIGN APPLICATIONS OF
THE MAGNETOSTATIC PROGRAM CALLED TRIM

John S, Colonias and Joseph H., Dorst

September 1, 1965



MAGNET DESIGN APPLICATIONS OF *
THE MAGNETOSTATIC PROGRAM CALLED TRIM

John S, Colonias and Joseph H. Dorst
Lawrence Radiation Laboratory
University of California
Berkeley, California

This paper discusses work being done at
Lawrence Radiation Laboratory (LRL) in com-
" puting magnetic fields with the magnetostatic pro-
gram called TRIM. TRIM has been used in the
design of quadrupole and sextupole magnets. The
irregular triangular mesh utilized by this pro-
gramallows the computation of fields for both
symmetric and asymmetric magnets of any shape,
The program is so general that it permits any
distribution of currents, several kinds of iron in
the same magnet, and voids or currents within
the iron, The attainable quality of the computed
results is evidenced by comparing with (1) meas-
urements at the CERN proton synchrotron magnet
and (2) analytical solutions of simple geometries
including an ideal quadrupole, Agreement with
CERN measured gradients is within 1%, within
the limits of the vacuum chamber. While the
present coding permits evaluations of medium ac-
- curacy, the full potential of this program has not
yet been realized,

Introduction

Within the past few years the use of magneto-
static computer programs in evaluating magnetic-
field configurations has become an important
technique in magnet design studies for several
reasons: Two major reasons are:

1. The precision required in the design of mag-
netic fields has increased markedly with the in-
crease in energy of present accelerators.

2, The high cost of new accelerators makes it
worthwhile to study many models before construc-
tion of the magnets.

In this paper we discuss our experiences with
the computer program TRIM, and the role that it
is playing in designing the proposed 200-GeV pro-
ton synchrotron.

Method of Use

TRIM is a two-dimensional magnetostatic
computer program for calculating magnetic fields,
It can be used to calculate fields for both sym-
metric and asymmetric magnets with one, two,
or no reflecting boundaries. It accomplishes
this by finite-difference methods which approx-
imate the partial differential equations involved,
and solves the equations by a relaxation process
described by the originato; of this program in a
paper at this symposium.

This program consists of two major steps;
generation of the irregular triangular mesh, and
execution of the main program. A brief descrip-
tion of these two steps follows:

A. Mesh Generator

Once the geometry of the problem under con-
sideration has been defined, the user proceeds to
define areas of uniform material and current den-
sity called regions. A region may have any shape
and it need not be logically convex, as long as it
does not cross itself. A glance at Fig. 1 shows
that this problem divides naturally into a minimum
of four regions--two current-carrying regions, an
iron region, and the air, Some boundary points
of each region are specified by punched-card in-
put, and the program interpolates for other
boundary points by distributing them in the
smoothest possible way,

The interior points are distributed by the
program to produce triangles that tend toward
equilateral or toward right triangles, as specified
by input, After all region boundary points are
determined, the mesh generator considers the
types of triangles specified and proceeds to cal-
culate miscellaneous quantities associated with
each triangle--e.g., current, material, and sides
of triangles--and to store this information on
magnetic tape, Once a problem tape has been
successfully generated, one usually makes oscil-
lograph plots (Fig., 1) to examine the zoning and
to determine whether the overall mesh has rel-
atively few obtuse triangles, few triangles with
elongated sides, smooth transitions between mesh
points, etc. Successful generation means that
the program has been able to define all mesh
points without overlapping triangles, a condition
which produces an-error diagnostic.

In assigning regions in a problem one is not
restricted to having the same number of regions
as the types of materials present, That is, any
part of the problem may be separated into as
many regions as desired., The specification of
types of triangles for the interior points of a re-
gion is arbitrary, However, experience with this
program has shown that for most geometries,
right triangles in air and equilateral in iron give
the best results, Also for best accuracy, the
median-plane region should be zoned uniformly.

The limited available mesh (40X 40) necessi-
tates careful distribution throughout the problem
geometry, Areas where most accurate results



are desired should be zoned with more mesh
points, and conversely, fewer points should be
used where high accuracy is not needed. This
may be seen in Fig, 1, where the area occupied
by the vacuum chamber on the median plane has
been zoned with more lines (the distance between
mesh lines is 0, 4 cm).

This briefly describes the mesh generator
which is written in machine language (FAP) and
in FORTRAN JI. The generator prograrm may be
operated on-line or under the FORTRAN II mon-
itor system.

B. Main Program

Once the mesh generator has completed its
function by transforming all information pertinent
to the generated mesh on a magnetic tape, the
user proceeds with the second phase of TRIM--
execution of the main program. This program

"was written in machine language (FAP) and is
operated only on-line.

The generated problem tape and the tape
that contains the main program are placed on two
magnetic tape units, and after certain control
switches are manipulated, execution of the pro-
gram begins. An on-line printout which occurs at
regular intervals indicates the progress of the
solution, The normal process of solution may be
interrupted to change relaxation factors, conver-
gence criteria, or currents, etc,, depending on
whether the solution proceeds smoothly, Upon
convergence, the program prints the results as
shown in Fig. 2. The columns in this figure
represent, from left to right:

1 (labelled XB)., The average X positions of
successive pairs of mesh points, in centimeters,

2 (labelled B). The Y component of the mag-
netic flux density B, in gauss.

3 (labelled XBX). The X position of the mesh
points, at which the vector potential (A) and its
second difference are evaluated, in gauss-cm,

4 (labelled A).
tial,

The value of the vector poten-

5 (labelled BX). The second derivative of the
vector potential or gradient, in gauss/cm.

In addition to the tabulation of the midplane
gradient, TRIM provides information on the
energy stored in air and in iron. An additional
program, BEDIT, may be used later to print out
the average flux density in every triangle in air
or iron.

Figure 3 shows oscillograph plots of flux
lines for a quadrupole and a sextupole magnet,

Program Applications

Our work with TRIM has been almost
entirely in connection with the design of magnet

components for the proposed 200-GeV proton
synchrotron, The precision required for such
designs, is in general, higher than that required
for many other possible applications, We have
tested and used this program in several ways, in-
cluding comparison of measured and computed
fields, calculation of effects of misplaced conduc-
tors, calculation of magnets where analytical so-
lutions can be obtained, evaluation of various
quadrupoles and evaluation of a sextupole,

TRIM was available for use in the design of
the gradient magnets for the proposed accelerator,
but the geometry of those magnets was evaluated
with another program, SIBYL, which has more
mesh points and more ""convenience" features in
its operation. Before late summer of 1964, many
runs were made with TRIM to optimize the oper-
ating parameters and check the accuracy of the
computed output by comparison with measure-
ments on the CERN proton synchrotron, (The
measured data on those magnets were of suffi-
ciently high quality for the comparison to be sig-
nificant, although we did not have the best data at
the time of these first comparisons, ) Mr. Fred
Andrews, formerly with LRL, Berkeley was re-
sponsible for the development of TRIM to its
present state, and he was the only user of the
code during this period. (He has also applied
TRIM to problems other than magnetostatic,)

-Last fall, we began to use TRIM on our own
problems because we needed its generality to help
design quadrupoles and sextupoles, The valida-
tion studies with the CERN magnet were repeated
with better dimension and measurement data.

The computed and measured gradients are shown
in Fig, 4, Here the field index n, defined as

n = r,/By (dB/dr), is shown as a function of ra-
dial distance from the equilibrium orbit, We as-
sumed a stacking factor of 0.95 and a B(H) curve
for pure iron with a saturation induction of 21.4
kG. As can be seen, the computed field index is
within 1% of the measured.

The quadrupoles at each end of a straight
section of the proposed 200-GeV accelerator are
called Collins quadrupoles. © A section or outline
of the proposed quadrupole is shown in Fig. 3 '
(top). The coils will be in series with the coils
of the gradient magnets, and each conductor will
carry about 5 kA at peak field, The number of
turns per pole on a Collins quadrupole must be.
some small integer, and three turns per pole was
selected, The half-aperture or bore radius and
the length of the quadrupole are then variable
within small limits to suit the overall design
structure of the accelerator. TRIM has beenused
to evaluate several magnets of the general form-
of Fig. 3 (top), including the effects of iron sat-
uration. The changes in shape with excitationare
pleasantly small, The computed field shape,
dB/dy, as a function of X and NI, as well as the
magnetization curve, plotted as B'/NI vs B'(I),
are shown in Fig, 5.

The matching of the quadrupole magnetiza-
tion curve, B'(I), to the magnetization curve of



tae gradient magnets, 3(I), isthe problem of
"tracking', Although the quadrupoles will have
small auxiliary windings which can be excited
separately to correct any deviations, the return
path section of the quadrupole can be adjusted to
reduce the correction currents, From runs with
TRIM, we have obtained a computed tracking error
of less than 0,1% Magnet measurements on models
of the guadrupole and gradient magnets will give
the.real tracking error and TRIM will be used to
design the final return path sections.

The sextupole magnet shown in Fig. 3(bottom)
was also evaluated by using TRIM. One quadrant
was defined in the mathematical model with two
planes of symmetry, Note that the currents are.
unbalanced in this quadrant., That is, the sum of
the currents does not need to be zero (unless all
boundaries are Neumann) in TRIM. The computed
gradient is shown in Fig. 6 for two runs on the
identical geometry, but with differences in the lo-
cation of mesh points within the problem. The dif-
fercences in the curves are discussed in the next
section, but the extent of the linear portion of the
gradient curves is almost good enough with this
first try. We know that small changes in the pole
contour can achieve a useful sextupole field in the
horizontal direction without changing the general
location of the edge of the pole. The curves of
Fig. 6 are for the "equipotential” solution, which
assumes that the permeability of the iron is infi-
nite, With finite permeability, this’ geometry has
beenexcitedupto a computed second derivative, or
3", of 400 G/cm?, The changes in the constancy of
B" were small, only 1% at values of x greater than
5 cm,

Our attempts to calculate the fields along the
radial line between z proximate and a remote pole
have been iuconciusive, We have computed the
potentials and the radial and tangential components
of B, but we do not know how reliable they are,

Quality of Computed Results

The most useful characteristic of TRIM is its
adaptability to practically any two-dimensional
rnagnet problem. It is easy to define a mathemat-
ical model to study entire magnets, including large
borders of air. Subsurface voids, wanted or un-
wanted, may be modeled. Scalar equipotential sur-
faces can be defined by closing the magnetic cir-
cuit with infinitely permeable iron, permitting
study of the flux flow through particular area of
finite iron and air on a finer mesh. We have yet
to find a problem that cannot be handled with TRIM.

_Any mathematical model introduces some error

into the results from the necessary assumptions
about the boundary conditions, but with TRIM these
errors can be kept very small. This first version
of TRIM achieves this flexibility easily by using
exactly the same difference equation at every

point in the mesh, so there is no such thing as a
special point,

For any particular problem or geometry of
air, current, and iron, we have observed that the
computed distribution of flux depends upon the

location of points of the mesh, even when the
number of points in each region is not changed.
This "sensitivity to zoning'''is only partially
understood, Certainly, part of the difference be-
tween the results with different zoning is due to
the approximate nature of any numerical solution,
The size of this zoning dependence appears to be
larger than a simple discretization error and we
are trying to learn more about the ultimate ac-
curacy of the code, In areas with irregular
triangles, the difference equations produce errors
that are proportional to the second derivative of
the potential, The gradient of flux density is just
the second derivative of the vector potential, and
high resolution of gradients is difficult to achieve,
However, with repeated runs and careful zoning,
high resolution may be obtained.’

Comparison of computed and measured gra-
dients magnets indicates a probable upper limit
of about 1% on the accuracy of TRIM gradients
with good zoning and the present number of avail-
able mesh points,

At the other end of the accuracy spectrum we
have the sextupole runs identified as SEX1, Two
runs with identical region boundaries, differing
only in the distribution of mesh points within the
air region, gave values for the maximum flux
density (the first derivative of the potential) on
the median plane that differed by 10%, The zon-
ing was very bad, although the problem was suc-
cessfully generated. Near the area of poor cal-
culation we had many elongated triangles and
abrupt transitions from one kind of triangle to’
another (see Fig. 7). This latter area could be
improved, and our rezoning trials with other
problems indicate that small improvements in
zoning reduce the large errors quite rapidly,
With improvement in the zoning, the midplane
gradients of this sextupole can probably be eval-
uated with an accuracy of about 2%.

In most magnet problems, one is usually
interested in the flux distribution in air, and the
location of the surfaces and the currents dominate
the resultant fields, The flux distribution within
the iron usually has only a small effect on the
distribution in air, the accuracy of calculations
within the iron is very much less important than
the accuracy of the calculations in air, and good
solutions may be computed with very poor zoning
within the iron, The location of points on and
adjacent to the interfaces can significantly affect
the quality of the fields in air and change the con-
vergence rate, The system of equations for one
problem where the zoning irregularities were
swept to the interface and the mesh had some
areas of very poor zoning took more than five
times longer to solve than a normal problem,

With the additional experience we now have,
we can avoid poor zoning and can change a well-

" zoned problem to be even better, We now zone

as symmetrically as possible in the air regions,
principally by defining rectangular subregions
near the median plane, New users of TRIM might
be dismayed with first runs if they want results



‘of the highest accuracy, but rezoning can work
apparent miracles, For many magnet problems,
high accuracy and resolution of fine structure are
not necessary, and what is disappointing to a
perfectionist may be completely irrevelant to a
practical engineer.

Future Plans

Our experiences with TRIM thus far have
convinced us that TRIM is an excellent program.,
The generality of this code and its ability to com-
pute -fields of asymmetric magnets allows us to
experiment with geometries impossible to model
with other existing programs.

At present we have initiated work in two
areas, Firstis to convert the present on-line
version to a program operating under monitor,
thus making TRIM much easier to use than it is
now, Second, TRIM is being rewritten to in-
crease the number of mesh points to more than
30,000, and the program is being adapted to the
CDC 6600 computer system which is to be in-
stalledat LRL by March 1966,

The enlargement of the mesh size and the
experience gained during the past few months will
let us operate the program more effectively, and
we hope to be able to obtain finer results,
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Figure Legends

Fig. 1. Collins quadrupole, generated mesh with equilateraltriangles
in air,

Fig. 2. Computer printout of results.

Fig. 3. Outline and flux distribution of (top) Collins quadrupole and
(bottom) sextupole magnet,

Fig. 4, Computed and measured gradients for the CERN proton-
synchrotron open-C magnet,

Fig. 5. Computed gradients (top) and computed magnetization curve
(bottom) for a Collins quadrupole,

Fig. 6. Computed gradients, sextupole magnet.

Fig. 7. Portion of sextupole mesh showing bad zoning.
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implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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