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A B ST R A C T

The MAFIA group o f fully three-dimensional computer codes for solving 
Maxwell's equations is well established Extensive comparisons with mea­
surements have demonstrated the accuracy o f the computations. The latest 
additions include a static solver that calculates 3-D magneto- and electro­
static fields and a self-consistent version o f TBC'I t hat solves the field equa­
tions and the equations o f motion in parallel. Work on new eddy-current 
modules has started, which will allow treatment o f 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 o f the whole 
user interface and data structure.

T he advantage o f  this allocation  is that, wherever there is a tran ­
sition  from  one m aterial to  another, on ly  electric field com ponen ts 
parallel to the m ateria l surface or m agn etic  filed com p on en ts p erp en ­
d icu lar to the surface occur. Thus M axw ell's  equations are always 
satisfied at the poin ts o f  a llocation , even when different m aterials are 
involved .

T he F in ite  Integration  Technique (F IT ) [2,3] p rod uces a first order 
ap p rox im ation  o f  M ax w ell’s equations by replacing the line and surface 
integrals ( 1 )-( 4 ) in R e a l  S p a c e  by m ean fiel cl values m ultip lied  by 
path  lengths or areas in G r id  S p a c e .

1 :l.
T he G rid E quations

I n t r o d u c t i o n

The acron y m  M A F IA  stands for the so lu tion  o f  M A x w e ll ’ s 
equations by the F in ite  In tegra tion  A lg o r ith m . This is the nam e given 
to a set o f  fu lly  three-d im ensional codes w idely  used in the com puter- 
aided design o f  accelera tors and rap id ly  finding application  in m any 
other areas such as tom ograp h y  and the design o f  integrated circu its, 
filters and resonators.

The M ethod

The M A F IA  p rogram s solve M a x w ell’ s equations directly, rather 
than using such equ ations as the P oisson  or W ave equations, w hich 
are derived from  the M axw ell equations under certain cond ition s. T his 
m eans that the solu tions obtained  can be applied  to the w hole g eo ­
m etrical range m odelled  by the code , and that transitions betw een 
m aterials need not be  treated separately.

T he a llo ca tion  o f  the field com p on en ts to  the rectangular grid G , 
uses the Y ee L attice  [l] as shown in F igure 1, w ith the electric field 
com p on en ts a lloca ted  at, the m id -p o in ts o f  the sides o f  the rectan gular 
cells and the m agn etic  field com ponen ts at the centre o f  each face, 
defining a dual grid , G .

G

f ig u r e  1: G eom etry  and A lloca tion  o f  the Field C om pon ents for the 
F IT  ¡3] M eth od

G r id  S p a c e

-  C D s e =■ - D A b (1) 

= C D s h = D A ( d + j )  (2 )

-  S D A b  =  0 (3 )

w S D A (d  + j ) — 0 ( I )

w  d  D ce (5 )

b = D^h (6)

w  j  =  D Ke +  D pV (7) 

At- S C  =  S C  =  0 (8)

c u r l  g r a d  eh 0 C f S l =  C* S 1 =  0 (9)

For the left hand side eqations; E  and H  are the electric and m agnetic 
field strength , D  and B  the flux densities and J the current, density. 
F ield strengths, flux densities and current densities are related through 
E quations (5 ) - (7 )  where t, p  and k are the perm eability , perm ittiv ity  
and con d u ctiv ity  o f  the m aterials. SI units are used.
For the m atrix  equations on the right hand side; the mesh step sizes 
for the integration  path arc put into a diagonal m atrix , D s w hile D A 
contains the surfaces o f  the grid cells and the m atrix  C  replaces the 
contour integral op era tor in E quation  (1 ) for all mesh p oin ts. All 
unknow n com ponen ts o f  the electric field E  for each m esh poin t are 
put, into a vector e , and we replace D  by d , B  by b . H  by h and J by 
j  respectively. T he m atrices D s and D A , which hold the m esh step 
sizes and cell areas for the dual grid G , are defined sim ilarly. A full 
description  o f  the derivation o f  these equations can be found in [4,6].

P rop erties o f  the Grid E quations

One o f  the outstand ing  properties o f  M axw ell's  grid equations is 
that the analytical properties o f  the solu tions, in p articu lar equations 
(8 ) and (9 ), are preserved on the discrete grid [2,4]. T his is not nec­
essarily the case for all d iscretisation  m eth ods.

These properties o f  the M axw ell grid equations not only oiler a 
un ique tool to  test num erical results for their physical correctness but 
also guarantee t he identification  o f  incorrect solu tions in the calcula-

R e a l  S p a c e
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tion o f  three-dim ensional eigenm odcs in resonators [4]. In addition, 
as one often investigates unknown phenom ena by using such codes, 
pinpointing incorrect solutions helps to  prevent physical m isinterpre­
tations.

Figure 2: The M A F IA  System  with its Inter-relationships

D escription  o f the M A F I A  Program s

• M 3 is the mesh generator used by all program s, which translates 
the physical problem  into mesh data and material distribution 
data. In the new release the user will have the possibility o f 
entering the geom etry o f the problem  interactively with the help 
o f  the internal editor and the diagnostic checks built into the 
program . A  com m and file will then be created for subsequent 
use.

• S3 solves three-dim ensional electro- and m agneto-static p rob ­
lem s. This program  also allows the calculation o f stationary 
tem perature and current distributions [9,10].

.  W 3 will solve M axw ell’s equations for eddy currents [7], (not yet 
available for public release).

• R 3 and E31 (or E32). these two codes, run in sequence, solve 
M axw ell's  equations in the frequency dom ain. R3 sets up the 
m atrices, adding the material properties and the boundary con ­
ditions. E31 is the m ore accurate eigenvalue solver, which solves 
the m atrix equations and writes the required eigenvectors onto 
the direct access file. E32 uses advanced m ultigrid m ethods and 
m ay be used instead o f  E31 for very large meshes.
T he new release allows lossy m aterials ( com plex c and //. and 
non -zero conductiv ity ). This is achieved by using truly com plex 
field vectors rather than by introducing losses via a perturba­
tion  m ethod. Furthermore, two dimensional applications such as 
waveguide m odes or cylindrical geom etries are being included, 
covering the capabilities o f  the stand-alone 2D codes U R M EL
[11] and U R M E L -T  [12],

• T 3  solves M axw ell’s equations in the tim e domain [5,8]

• T S 2 is a two and a half dimensional particle-in-cell code that 
solves M axw ell’ s equations in the tim e dom ain including both  
particle  fields and m otion . This code can simulate, for exam ­
ple, radio frequency tubes and particle sources in a fully self- 
consistent way.

• T S3 is a three-dim ensional particle-in-cell code, (not yet avail­
able for public release).

• P3 is the postprocessor for all the codes. Solutions can be dis­
played graphically and calculations carried out.

Figures 3 to 7 show tvpical mitpui from  the program s from calcu­
lât ions which have been carried out for tin 11 Eli A accelerating ring 
at D E S Y . Figure 3 represents a correction m agnet lor the electron 
ring calculated bv S3, while Figure 4 shows the arrow plots o f the 
the m agnetic flux in a vertical cross-section . F igure 5 shows output 
from  T3. The structure in Figure G was a proposed  kicker magnet 
for in jection  o f  protons from  P E T R A  into the H E R A  ring, where the 
m agncl is carried on supports which rotate it into the beam  line: how ­
ever, the com puter sim ulations, using R 3-E 3. showed that parasitic 
r f im pedances were far too  high to ensure a stable beam . Thus this 
version o f  the magnet was not built and a new one was designed and 
built using M A F IA . The arrow plots in Figure 7 show the electric and 
m agnetic fields across the gap o f  the m agnet.

by S3
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Figure 4: A rrow  plots, from  P 3, showing the M agnetostatic Field 
calculated by S3, in a vertical plane through the geom etry o f Fig. 3

HRFIA T3 WAKE POTENTIALS

Figure 5: Wakefield P otentials versus bunch coordinates from  T 3, for 
the geom etry shown in the insert
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P re se n t  S ta tu s

T he second release o f I lie M A FIA  Program s, com prising M 3. R3, 
E31, E32 and P 3. has been distributed to over J20 installations in 18 
countries, including N M FE  C om puter Center in the United States. 
The program s have already proved their dependability and usefulness 
through com parison with theoretical calculations and by successful 
design o f  accelerator com ponents. For the third release, the existing 
M A F IA  codes are being com pletely overhauled and new codes added. 
However the internal physics routines have been left, unchanged, so 
the dependability o f  the result s is not at. risk.

F ea tu res  o f  th e  N e w  R e le a s e  o f  th e  P r o g r a m s

• A m odular program  structure has been adopted.

• A unified, m enu-controlled , user interface has been created for 
all the codes.

• A  new com m and processor has been written.

• The data structure has been changed to accomodat e all codes.

• A dynamic memory manager has been added t o cont rol both the 
file and the memory operations.

• T w o dim ensional geom etries will also be included.

User Interface

In order t o create a system with a clear, consistent logica l structure 
which will enable easy extension o f existing program s and addition 
o f new ones, the program s have been restructured and divided into 
sections.  Each o f these sections represents an independent, function o f 
the program , for exam ple, the setting o f the mesh or the drawing o f 
an arrow plot.. The new user interface is guided by m enus, which list 
all the com m ands available in a section, with their current settings 
or default values. This reduces the m em orisation o f  com m and names, 
and displays the status inform ation for the section. All sections have 
the same basic structure -

menu display
reading and processing o f  com m and lines 

set ting o f  appropriate variables 
optional execution or exit

It. is also possible to  run the program s without the menu display, in this 
m ode the inform ation about the values set for certain com m ands can 
still be obtained on request. A certain subset o f  com m ands, which it is 
desirable to  have available at any tim e, have been selected and called 
global com m ands. For exam ple, the menu display m ay be switched 
o ff or the file directory printed using a global com m and. A n  escape 
character defined in the user interface will enable certain functions 
o f  the system  interface to be invoked from  within the program . In 
addition , a section nam ed 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 b e ­
ginning user. The m ost basic help answers such questions as: - What, 
does this program  do? - How do I use it? At any stage o f  the pro ­
gram  the com m and help alone will give advice on how to proceed. A 
description o f  the function o f  each section together with the m eaning 
o f  the subcom m ands is also available.

Com m and Processor

The com m and processor was designed with two aim s in m ind; to 
define com m and nam es, wherever possible, whose function shall be 
obvious and to m inim ise the necessary typing for interactive use. All 
com m ands are defined with unabbreviated names. T his relieves the 
user o f  the task o f  m em orising specific com m and nm cm onics. The 
com m and processor is capable o f  processing shortened versions o f  these 
com m ands; it, checks for validity and am biguity and will accept any

unam biguous truncation. M ore than one com m and m ay be entered 
on a line. Thus in many sections a single letter will suflicc to define 
a com m and and it. becom es possible to include m any com m ands in 
a single input line. The functions ol the com m ands are also, as far 
as possible, independent, so that the order o f  com m ands is not. pre­
determ ined: however com plete flexibility in this respect is not possible 
- a file must be opened before it is read and read before a calculation 
can be carried out. In order to keep the program s as streamlined as 
possib le, the idea o f  interactive prom pting for m issing in form ation was 
rejected as im practical and tim e-consum ing. Certain necessary checks 
will be m ade when the request to execute a section is received and 
warning messages issued.
A macro  facility will be included and the com m and processor will be 
able to accept, predefined m acro com m ands, standing for a string o f  
basic com m ands. This will enable experienced users to streamline 
term inal sessions and tailor the program  to their particular needs.

D ata  structure o f the direct access file

T he new direct access file has a transparent, structure with a di­
rectory , organised like a database. The storage locations o f named 
fields are recorded in the directory and the user has control over the 
reading and writing o f  quant it ies on the file. The directory  is stored 
and updated  in m em ory and written to the file when the program  is 
term inated. Much general in form ation stored on the file, such as the 
num ber o f  mesh points and the boundary conditions, arc stored in 
readable form  so that, they can be listed on request, from  inside the 
program . However, m any systems do not. support, expandable direct, 
access files. W hile it would be possible to work with one file which is 
large enough for all the program s, it is unwieldy to do so and often it. 
is not obvious, when M 3 is started, how large the final file should be. 
For this reason, it, will be possible to a llocate, open, close and extend 
direct, access files from  within the M A F IA  program s.

Sequential Files •

The follow ing sequential files are provided for:

• C om m and file - Com m ands m ay be read from this file instead 
o f  from  the terminal. This will replace the form er input files 
for  M 3, R 3 etc... A com m and file coidd be used several times to 
m ake a set o f  arrow and cont our p lots for the saine geom etrical 
values, or m ore than one com m and file may be used in a session 
to perform  various tasks.

• Profile - W hen this file is present., il will be read and processed 
before interactive control begins. This is basically  another com ­
m and file which has been found necessary, due to the enormous 
variation at different, installations in file handling and interac­
tive capabilities. For exam ple, personal m acros can be defined 
here, global com m ands set, or term inal types defined. Thus the 
program s can be set up to behave as the local users would wish 
and expect.

• L og file - W hen this file is open , all the conunands entered will 
be written onto it. This is also a useful m ethod o f  creating a 
com m and file for future use as well as o f  recording the progress 
o f  a session. The com m ands used during a session arc also au to­
m atically  recorded on the direct access file when the program  is 
term inated. This is to aid in the diagnostic work o f  follow ing up 
on user-reported problem s which are often not. otherwise exactly 
reproducible.

• Print, file - Interactive output m ay be recorded on a print file 
and the interactive term inal m ay be switched o ff by a global 
com m and when output is produced  for later study.

• P lo t  file - Graphics is handled by means o f  a system  o f  w orksta­
tions. The user may select, interactively any type o f  w orkstation 
for graphics output such as a screen or a file.

There is also an internal editor available where the contents o f  any
text files can be listed, changed if necessary, rewritten for later use.
In this m anner the contents o f  a com m and file could be checked or
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altered before it. is used or a logfile could lie reused as a com m and file 
to repeat a com plicated  series o f com m ands.

Dynamic Memory Manager

One o f  the restrictions o f  three dimensional mesh codes in general 
is the number o f  mesh points which can be handled on any particu ­
lar system . The m ore mesh points available, the greater the accuracy 
obtainable in the approxim ation o f  the structure. One o f the aims of 
the new file structure and m em ory manager is to provide the m axi­
m um  flexibility in the use o f  available memory. The dynanuc m em ory 
m anager allots space in core for each operation and any tem porarily 
used space can be im m ediately released for reuse. A com bination o f 
selective loading o f  quantifies from  the flic and o f  selective deletion 
in m em ory o f  whatever is not needed for a particular operat ion, can 
make optim um  use o f  the space available. A  load sect ion is provided, 
where-the norm al fde and m em ory operations, e.g. get, replace, delete, 
com press etc., can be invoked.

M athem atical Operations

M any users found that further calculations were necessary to adapt 
the quantit ies calculated by P3 to their needs. In the future such quan­
tities will be program m ed at the level o f the individual m athem atical 
operations. This facility will also be m ade available to the. user. It will 
be possible, for exam ple, to load a field from  one direct access file, load 
the corresponding field from a file with the same mesh but slightly dif­
ferent geom etry, difference the two and display the result graphically 
or perform  further calculations as needed. i

A vailability  1

The M A F IA  codes arc written in standard F O R T R A N  77 and 
currently run on IB M , C R A Y , V A X , A P O L L O , IIP. SUN, C O N ­
V E X , A M D A H L , F U JIT SU . HITACHI and ST E L L A R  com puters, 
am ong others. The distribution centre for the codes is the Technis- 
clic H ochschule, Darm stadt , for inform ation contact T hom as W eiland 
there.

C onclusion

M any new features will be added to the M A F IA  group o f  codes. 
The additiona l program s will extend the scope o f  the codes while the 
new conunand processor, the conscious file manipulat ions and the ad ­
ditional calculations that will be possible, will be the features affecting 
users m ost directly. However the underlying restructuring o f  the p ro ­
grams them selves enables a m uch m ore efficient managem ent o f  the 
support o f  the codes and is flexible enough to a ccom od ate virtually 
any future extensions. The newest release o f  the M A F IA  codes will 
be m ore user friendly than before, while the new flexibility will allow 
users to  adapt it to their own particular needs.

Figure 6. Structure of a Proposed Kicker Magnet for Injection into 
HERA, (one half o f the structure shown)

Figure 7: Arrow plots o f ell'ctric and m agnetic field, from E3 - P3 for 
one o f the parasit ic r f m odes in the kicker magnet (fig .6)
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