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ABSTRACT

The MAFIA group of fully three-dimensional computer codes for solving
Maxwell's equations is well established. Extensive comparisons with mea-
surements have demonstrated the accuracy of the computations. The latest
additions include a static solver that calculates 3-D magneto- and electro-
static fields and a self-consistent version of TBCI that solves the field equa-
tions and the equations of motion in parallel. Work on new eddy-current
modules has started, which will allow treatment of laminated and/or solid
iron cores excited by low-frequency currents. Based on our experience with
the present releases 1 and 2, we have begun a complete revision of the whole
user interface and data structure. .

Introduction

The acronym MAFIA stands for the solution of MAxwell’s
equations by the Finite Integration Algorithm. This is the name given
to a set of fully three-dimensional codes widely used in the computer-
aided design of accelerators and rapidly finding application in many
other areas such as tomography and the desigu of integrated circuits,
filters and resonators.

The Method

The MAFIA programs solve Maxwell’s equations directly, rather
than using such equalions as the Poisson or Wave equations, which
are derived from the Maxwell equations under certain conditions. This
means that the solutions obtained can be applied to the whole geo-
metrical range modelled by the code, and that transitions between
materials need not be treated separately.

The allocation of the field components to the rectangular grid G,
uses the Yee Lattice [1] as shown in Figure 1, with the electric field
components allocated at the mid-points of the sides of the rectangular
cells and the magnetic field components at the centre of each face,
defining a dual grid, G.
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Figure 1: Geometry and Allocation of the Field Components for the

FIT {3] Method
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The advantage of this allocation is that, wherever there is a tran-
sition from one material to another, only electric field components
parallel to the material surface or magnetic filed components perpen-
dicular to the surface occur. Thus Maxwell’s equations are always
satisfied at the points of allocation, even when different materials are
involved.

The Finite Integration Technique (FIT) [2,3] produces a first order
approximation of Maxwell’s equations by replacing the line and surface
integrals (1)-(4) in Real Space by mean field values multiplied by
path lengths or areas in Grid Space.
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For the left hand side eqations; E and H are the electric and magnetic
field strength, D and B the flux densities and J the current density.
Field strengths, flux densities and current densities are related through
Equations (5)-(7) where ¢, u and & are the permeability, permittivity
and conductivity of the materials. SI units are used.

For the matrix equations on the right hand side; the mesh step sizes
for the integration path arc put into a diagonal matrix, D¢ while D 5
contains the surfaces of the grid cells and the matrix C replaces the
contour integral operator in Equation (1) for all mesh points. All
unknown components of the electric field E for each mesh point are
put into a vector e, and we replace D by d, B by b. H by h and J hy
J respectively. The matrices 155 and ﬁA, which hold the mesh step
sizes and cell areas for the dual grid é, are defined similarly. A full
description of the derivation of these equations can be found in [4,6].

Properties of the Grid Fquations

Ome of the outstanding properties of Maxwell’s grid equations is
that the analytical properties of the solutions. in particular equations
(8) and (9), arc preserved on the discrete grid [2,4]. This is not nec-
essarily the casc for all discretisation methods.

These propertics of the Maxwell grid equations not only offer a
unique tool to test numerical results for their plivsical correctness hut
also guarantee the identification of incorrect solutions in the calcula-



tion of three-dimensional eigenmodes in resonators [4]. In addition, Figures 3 to 7 <how tvpical ontput from the programs from caleu-

as one often investigates unknown phenomena by using such codes, lations which have been carried out for the ITERA accelerating ring
pinpointing incorrect solutions helps to prevent physical misinterpre- at DESY. Figurc 3 represents a correction magnet for the (']cctrmr\
tations. ring calculated hy S3. while Figure 4 shows the arrow plots of the
o the magnetic flux in a vertical cross-section. Figure 5 shows output

Meh j from T3. The structure in Figure 6 was a proposed kicker magnet

Generator Terminal for injection of protons from PETRA into the HERA ring, where the

I magnet is carried on supports which rotate it into the heam line: how-
ever, the computer simulations. using R3-E3. showed that parasitic

] l I I | rf impedances were far too high to ensure a stable beam. Thus this
Flcfl::'n/ s s . LT52 TS3 version of the magnet was not built and a new one was designed and
B . Edd ) T Particle Particle . . ; . . i = 3
Magueto- Gt e et Dituni h-zflf)cll In Cell built using MAFIA. The arrow plots in Figure 7 show (he electric and
statics - .
Ll ! magnetic fields across the gap of the magnet.
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Figure 2: The MAFIA System with its Inter-relationships

Figure 3: Geometry of a HERA Correction Dipole Magnet calculated
Description of the MAFIA Programs hy $3

e M3 is the mesh generator used by all programs. which translates
the physical problem into mesh data and material distribution
data. In the new release the user will have the possibility of

entering the geometry of the problem interactively with the help

of the internal editor and the diagnostic checks built into the . _ I
program. A command file will then be created for subsequent
use. I e S
e S3 solves three-dimensional eleciro- and magneto-static prob- ) T ————
lems. This program also allows the calculation of stationary Vol
R

temperature and current distributions [9,10].

W3 will solve Maxwell’s equations for eddy currents [7], (not yet

available for public release).

I3 and E31 (or E32), these two codes, run in sequence, solve
Maxwell's equations in the [requency domain. R3 sets up the
matrices, adding the material properties and the boundary con-
ditions. E31 is the more accurate eigenvalue solver, which solves
the matrix equations and writes the required eigenvectors onlto \ HAFIA T3 HAKE POTENTIALS

the direct access file. E32 uses advanced multigrid methods and LN
may be used instead of E31 for very large meshes. 1
The new release allows lossy materials (complex ¢ and s and
non-zero conductivity). This is achieved by using truly complex

field vectors rather than by introducing losses via a perturba-

tion method. Furthermore, two dimnensional applications such as
waveguide modes or cylindrical geometries are being included, 0
covering the capabilities of the stand-alone 2D codes URMEL

[11] and URMEL-T [12].

e T3 solves Maxwell’s equations in the time domain [5,8]

Figure 4: Arrow plots, from P3, showing the Magnetostatic Field
calculated by S3, in a vertical plane through the geometry of Fig. 3

e TS2 is a two and a hall dimensional particle-in-cell code that
solves Maxwell’s equations in the time domain including both
particle fields and motion. This code can simulate, for exam-

ple, radio frequency tubes and particle sources in a fully self- -l
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e TS3 is a three-dimensional particle-in-cell code, (not yet avail- - PARTICLE POSITION/SICHA

able for public release).
3 ) Figure 5: Wakefield Potentials versus bunch coordinates from T3, for

e P3 is the postprocessor for all the codes. Solutions can be dis- the geometry shown in the inscrt

played graphically and calculations carried out.



Present Status

The second releasc of the MAFIA Programs. comprising M3, R3,
E31, E32 and P3. has heen distributed to over 120 installations in 18
countries, including NMFE Computer Center in the United States.
The programs have alrcady proved their dependability and usefulness
through comparison with theoretical calculations and by successful
design of accelerator components. For the third release, the existing
MAFIA codes are being completely overhauled and new codes added.
However the internal phyl‘sics routines have been left unchanged, so
the dependability of the results is not at risk.

Features of the New Release of the Programs

¢ A modular prograin structure has been adopted.

e A unified. menu-controlled. user interface has heen created for
-all the codes.

¢ A new command processor has been written.
o The data structure has been changed to accomodate all codes.

e A dynamic memory manager has been added to control both the
file and the memory operations.

o Two dimensional geometries will also be included.

User Interface

In order to create a system with a clear, consistent logical structure
which will enable casy cxtension of existing programs and addition
of new ones, the programs have been restructured and divided into
sections. Each of these sections represents an independent function of
the program, for examnple, the setting of the mesh or the drawing of
an arrow plot. The new user interface is guided by inenus, which list
all the commands available in a section, with their current setlings
or default values. This reduces the memorisation of command names,
and displays the status information for the section. All sections have
the same basic structure -

menu display
reading and processing of command lines
setting of appropriate variables
optional execution or exit

It is also possible to run the programs without the menu display, in this
mode the information about the values set for certain commands can
still be obtained on request. A certain subset of comumands, which it is
desirable to have available at any time, have been selected and called
global commands. For example, the menu display may be switched
offl or the file directory printed using a global conunand. An escape
character defined in the user interface will enable certain functions
of the system interface to be invoked from within the program. In
addition, a section named Private will be provided as an open software
interface to enable users to add their own sections to the program.

Help system

The user interface includes a hierarchical help system for the be-
ginning user. The most basic help answers such questions as: - What
does this program do? - How do I use it? At any stage of the pro-
gram the command help alone will give advice on how to proceed. A
description of the function of each section together with the meaning
of the subcommands is also available.

Command Processor

The command processor was designed with two aims in mind; to
define comumand names, wherever possible. whose function shall be
obvious and to minimnise the necessary typing for interactive use. All
commands are defined with unabbreviated names. This relieves the
user of the task of memorising specific command mnemonics. The
command processor is capable of processing shortened versions of these
commands; it checks for validity and ambiguity and will accept any

unambignous truncation. More than one comunand may he entered
on a line. Thus in many sections a single letter will suflice to define
a command and it hecomes possible to include many comumands in
a single input line. The functions of the commands are also, as far
as possible, independent, so that the order of commands is not pre-
determined: however complete flexibility in this respect is not possible
- a file must he opened hefore it is read and read before a calculation
can be carried out. In order to keep the programs as streamlined as
possible, the idea of interactive prompting for missing information was
rejected as impractical and time-consuming. Certain necessary checks
will be made when the request Lo execule a seclion is received and
warning messages issued.

A macro facility will be included and the command processor will be
able to accept predefined macro commands, standing for a string of
basic commands. This will enable experienced users to streamline
terminal sessions and tailor the program to their particular needs.

Data structure of the direcl access file

The new direcl access file has a transparent structure with a di-
rectory, organised like a databasc. The storage locations of named
fields are recorded in the directory and the user has control over the
reading and writing of quantities on the file. The directory is stored
and updated in memory and written to the file when the program is
terminated. Much general information stored on the file. such as the
number of mesh points and the boundary conditions, are stored in
readable form so thal they can be listed on request from inside the
program. However, many systems do not support expandable direct
access files. While it would he possible to work with one file which is
large enough for all the programs. it is unwicldy to do so and often it
is not obvious, when M3 is started, how Jarge the final file should be.
For this reason, it will be possible to allocate, open, close and extend
direct access files from within the MAFIA programs.

Sequential Files

The following sequential files are provided for:

e Command file - Commands may he read fromn this file instead

of from the terminal. This will replace the former input files
for M3, '3 elc.. A command file could be used several times to
make a set of arrow and contour plots for the same geomnetrical
values, or more than one cominand file may be used in a session

to perform various tasks.

e Profile - When this file is present, it will be read and processed
before interactive control hegins. This is basically another com-
mand file which has been found necessary, due to the cnormous
variation at different installations in file handling and interac-
tive capabilities. For example, personal macros can be defined
here, global conunands sct or terminal types defined. Thus the
programs can be set up to behave as the local users would wish
and expect.

e Log file - When this file is open, all the conunands entered will
be written onto it. This is also a uscful method of creating a
command file for future usc as well as of recording the progress
of a session. The commands used during a session arc also auto-
matically recorded on the direct access file when the program is
terminated. This is to aid in the diagnostic work of following up
on user-reported problems which are often not otherwise exactly
reproducible.

e Print file - Interactive output may be recorded on a print file
and the interactive terminal may be switched ofl by a global
command when output is produced for later study.

o Plot file - Graphics is handled by means of a system of worksta-
tions. The user may select interactively any type of workstation
for graphics output such as a screen or a file.

There is also an internal editor available where the contents of any
text files can be listed, changed if necessary, rewritten for later use.
In this manner the contents of a command file could be checked or



altered before it is used or a logfile could be reused as a command file
to repeat a complicated series of commands.

Dynamic Memory Manager

One of the restrictions of three dimensional mesh codes in general
is the number of mesh points which can be handled on any particu-
lar system. The more mesh points available. the greater the accuracy
obtainable in the approximation of the structure. One of the aims of
the new file structure and mmemory manager is to provide the maxi-
mum flexibility in the use of available memory. The dynamic memory
manager allots space in core for each operation and any temporarily
used space can be immediately released for recuse. A combination of
selective loading of quantities from the file and of selective deletion
in memory of whatever is not needed for a particular opcration, can
make optimum use of the space available. A load section is provided,
where.the norimal file and memory operations, e.g. get, replace, delete,
compress etc., can be invoked.

Mathematical Operations

Many users found that further calculations were necessary to adapt
the quantities calculated by '3 to their needs. In the future such quan-
tities will be programmed at the level of the individual mathematical
operations. This facility will also be made available to the user. It will
be possible, for example, to Joad a field from one direct access file, load
the corresponding ficld from a file with the same mesh but slightly dif-
ferent geometry, difference the two and display the result graphically
or perform further calculations as needed.

. Availability i

The MAFIA codes are written in standard FORTRAN 77 and
currently run on IBM, CRAY, VAX, APOLLO, HP. SUN, CON-
VEX., AMDAHL, FUJITSU. HITACIHI and STELLAR computers,
among others. The distribution centre for the codes is the Technis-
che Hochschule, Darmstadt, for information contact Thomas Weiland
there.

Conclusion

Many new features will he added to the MATIA group of codes.
The additional prograins will extend the scope of the codes while the
new command processor, the conscious file manipulations and the ad-
ditional calculations that will be possible, will be the features aflecting
users most directly. However the underlying restructuring of the pro-
grams themselves enables a much more eflicient management of the
support of the codes and is flexible enough to accomodale virtually
any futurc extensions. The newest release of the MAFIA codes will
be more user {riendly than before, while the new flexibility will allow
users to adapt it to their own particular needs.
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Figure 6: Structure of a Proposed Kicker Magnet for Injection into
HERA, (one half of the structure shown)
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Figure 7: Arrow plots of clectric and magnetic field. from E3 - '3 for
one of the parasitic rf modes in the kicker magnet (fig.6)
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