
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

c. 
LA-UR-87-126 

LOS ALAMOS ACCELERATOR CODE GROUP 

DO NOT CIRCULATE t---=' 
PERMANENT RETENTION f-

REFERENCE MANUAL 
~~I POISSON/SUPERFISH 
GROUP OF CODES 

~ -._~ 1 

I =<0, 
-VI 

I~ -
I 
I 
I 
I 

'I 

n1J'~ !& n~rnn115'(~ Los Alamos National Laboratory 
~~~ ~U©lU U IJ~~ LosAlamos,NewMexico87545 



I 
I 
I 
I 
I 
I 
I 
I 
I 

POISSON /SUPERFISH 
REFERENCE MANUAL 

Los Alanlos Accelerator Code Group 
MS H829 

Los Alamos National Laboratory 
Los Alalllos, NM 87545 

USA 

Telephone: (505) 667-2839 
FTS 843-2839 

LA-UR-87-126 

Date of Current Version: January 1, 1987 

ABOUT THIS REPORT
This official electronic version was created by scanning
the best available paper or microfiche copy of the 
original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov




The l)J'eSE"nt. Accderat.or Code GrollP COllsists of: 

John L. Wan'en (!)()5-6G7-6677) Doclll11entation 
Mary T. Meuzel (:'0.5-667-2841) POISSON 

Grenfell 13oicourt. (!)U!) -667 - H'65) SUP EIU' ISH 
Helen St.okes (505--667 -9l:n) Dist.ribut.ion 

IUdmrd 1\. Coopcr (.505-667-2839) Supervisor 

If quest.ions arise regarning these codes or the mannal, please call t.he a.ppropdate 
person or t.he g(~uel'aJ llltmher 50!)--6G7-28:J~) auel It'ave YOUl' name and the nature of 
your problellt. 

.. 
11 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 

I 
I 
t 

[ 

r 

I 

TADLE OF CONTENTS 

A. GENERAL INTR.ODUCTIUN 

1. Defi11itioll of the Problem 

2. How t.o Use t.his Mannal 

3. How t.o Get Copies of t.he Codes and Ivlanllal 

1. Short. IIi:;t.ory of t.he Coues 

s. Acknowledgements 

13. MAGNET CODES - TIlE POISSON GROUP 

1. Summary of j he Basic Physics 

1. I\'1axwell's st.a.t.ic equations 
2. Dasic algorithms for finuing t.he potent.ial 
3. Calculation of auxiliary quant.it.ies 
4. Physical ullit.s useu in Poisson gronp codes 
5. Trimming polet.ips with MIRT 

2. Simple Example of Inp11t. allel 011t put. - II-shaped dipole 

1. Run on the Los Ala.mos eRA Y comput.er 
2. Execut iOIl 011 Los Alamos C0l11p11t.~rs 
3. Execution 011 syst.C'l11S out.side of Los Alamos 

3. Input. to LATTICE t.hrough AUTOMESII 

1. Format-free input. routine 
2. POISSONjPANDIRA illput.s t.o LATTK.'E 
3. POISSONjPANDIRA input t.o AUTOMESH 

4. Out.put. from LATTICE 

5. Input to POISSON or PANlHRA 

1. Tut.rouuct.ioll 
2. Dump Illllllbers 
3. Changes in t.lle CON array 
4. ElIt.ering permeability dat.a 
5. Input. of fixeu pot.c"'ut.ial point.s 
6. Input of currellt· filament.s 

6. Out.put from POISSON or PANDIRA 

7. Input. and Out.put. for TEKPLOT 

1. Input. t.o TEKPLOT 
2. Out.put. of TEKPLOT 
3. S.vsLem-u(,pendcnt. plot. routines in TEKPLOT 

111 



8. Inpllt and Outplli. for FOllCE 

9. Input. and Oui-put fOI' UIHT 

1. Illtroduct.ioll .. 
2. Input t.o M I RT 
3. Out.put from M IRT 

10. Diagnostic Messages 

1. Messages from A UTOI\1ESIl 
2. Messa.ges froll1 LATTICE 
3. Messages from POISSUN 
4. Messages from PAN DHlA 
5. Messages from TEKPLOT 

11. COllvergcnce and Accuracy 

12. Examples 

1. POISSON example - <jlladrul)ole magll("t. 
2. P<HSSON ('xlllllple - electrost.al.ic pwhlt'l1l 
3. PANDIRA example - permanent. magnet. solenoid 

13. Appendices 

1. Theol'Y of eledrost.atics and magnetost.at.ics 
2. Theory of atlxiliary pl'opcrties of magnet.s 
3. Harmouic analyisis of fields 
4. Use of couformal transfOl:mat.;olls 
5. Boundary conJit.ions and Dlt.'sites 
6. NUlllericalmet.hods llsed ill P01SS0N and PANDIHA 
i. Problelil const.ant.s in numerical order 
8. Prohlem COllstanj.s in n.Jphahetic order 

14. References 

15. Index for Magnet Codes Sect.ion 

C. RF CAVITY CODES - THE SlfPERFISlI GROUP 

1. Summary of t.he Basic Physirs 

1. TE- alld TM-lllodes for rf structures 
2. Auxiliary propel't.ies of rf cavit.ies 

3. Physical units 
4. Drive point.s alld normalizat.ion 

2. Simple Example of Input. and Out.put. - DTL Cdl 

3. Input. t.o LATTICE t.hrough AUTOMESH 

1. Format-free input routine 

IV 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

2. SprEHFrSn input.s lu LATTICE 
3. SLiPERFISB input.s 1.0 AUTOMESII 

4. Output. from LATTICE 

5. Input. t.o SLTPERFISlI 

6. Out.put. frol11 SUPERFISJI 

7. Input. and Output. for TEKPLOT 

1. Inpllt. for TEK PLOT 
2. Out.put. of TEKPLoT 
3. Syst.t:'lll-dependenl. plot ront.ines ill TEKPLOT 

8. Input. and Outpnt. for SFO 1 - Post processer for a DTL 

9. PAN-T 

1. The Basic physics of PAN-T 
2. Prepa.rat ion of input. 'file 
3. Special input. to PAN-T 

10. Diagnost.ic Messages 

]. Messages from AlTTO]\:TESn 
2. Messages from LATT[CE 
3. ~lessages from SlTPERFISJI 
4. Messages from SFO 1 . 
S. Messages from TEKPLOT 

1]. Convergence and Accuracy 

1. COllvergence 
2. Accuracy 

12. Examples 

1. Spherical cavit.y 
2. Synchrot ron cavit.y wHh ferrit.es 
3. Electron linac cavit.y 

13. Appendices 

1. Theory of rf cavit.ies 
2. Theory of al1xiliary propel't.ies of I'f cavit.ies 
3. Boundary condit.ions and meshes 
4. Numerkallllcthods used in SLTPERFISH 
5. Problem constants in nUlllerical order 
6. Problem conslant.s ill alphabet.ic order 

1-1. References 

15. Index for RF Cavit.y Codes Section 

v 



I 
I 
I 
I 
I 
I .. 

I 
I Part A 

I General Information 

I 
J 
I 
I 
I 
I 
I 
I 
I 

1 

I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Chapter A.I 

Definition of the Problem 

Tht:' POISSON/SUPERFISH Gro1lp codes were set l1p to solve t.wo separate 
prohlems: the dt·sign of ma.gn<:"t.s and t.he design of 1'1' cavilips in a two-dimensional 
geomet.ry. The first ~tage of ei/.her proh)em is t.o describe the layout of t.he mag­
net or cavit.y in a way t.hat can he used as input t.o solve t.he generalized Poisson 
equat.ion for magnet.s or t.he lldlllholt.z <:"quat.ioll for c-avit.ies. The comput.er codes 
l'e(luirc Hlat. the problems he discl'pt.ized by replacing t.he diIf(:·rent.ials (dx, dy) by 
finite difTerellces (6X, 61"). Inst.ead of defining t.he function everywhere in a plane, 
the function is defined only at a tlnite numher of points on a mesh in the plane. 

For example, consider t.he cross section of a long II-shaped dipole magnet as 
shown in Fig. A.'LL A unifol'lll t.riA.ngulal' mesh of HIe t.ype shown ill Fig. A.1.2 is 
used to discretize t.he prohlem. St.art.iug from a uniform triangular mesh, the code 
"relaxes" t.he me!o:h unW t.he sides of f.he t.riangles mat.ch t.he houndaries and int.er­
faces het.wt"ell dilfereut. physical mat.erials a.c;; closely as possible. Regions contaiuing 
different matt.'rinls, SHC" as copper, iron, and vacuum or air, have to he identified 
and the mat.erial properties specified. 

The code that. generates t.1t<:" triangular tllf"sh is callf"d LATTICE. For many proh­
lems t.he prepara.t.ion of input. tIat.a for LATTICE is a tedious t.ask, pal't.icularly for 
curved hOl1uda.ries het.ween different regions. A code called AU'l'OMESH has been 
writ.ten t.o make the preparation of iuput to LATTICE simpler and more physically 
meaningful. 

The next step is t.o llS(> t.he mesh and physical propert.ies to find the vector po­
t.cut.ial A(x,y) at all mesh poiuts. This is done iu the code called POISSON. This 
code does not. solve Poisson's equat.ion directly, hut rather works with a discret.ized 
form of Ampere's law, to oht.ain successive approximat,iolls t.o t.he pot.ential. After 
several it.erat.ions, the code finds a solut.ion that sat·isfies the boundary cOlldit.iOIlS 
and Bq. (A.1.l) over t.he entire mesh. 

(A.1.!) 

1 
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Figure A.I.l: Cross st'>dion of an H-shaped dipole magl1l"t. The:" houndaries of the 
various regions are entcred illt.o LATTl(JE, which generat.es the lll.csh of discrete 
points shown in t.he next figure. 

Figure A.l.2: The "physical" mesh genera.ted by LATTICE for one-qua.rter of the 
H-shaped dipole magnet shown ill Fig. A.i.i. 
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Tht>re are ad.ually t.wo codes (POISSON and PANDIRA) t.hat can he used to 
find magnetic fields. POISSON finds t.he magnct.ic field caused by electric currents 
and soft. iron. PANDIRA is primarily used t.o solve problems involving permane:nt 
magnet. mat.erials, although it. can be used for POISSON-type problems. The nu­
merical met.hods used ill PAN DIRA are different. than t.hose ill POISSON, as is 
explained in Sec. B.13,6. 

It. should be not.ed t.hat. POISSON and PANDlRA can also be used t.o solve 
eledrostatic problems. Current.s art' replaced by charges, permanent. magnets are 
rf'placed by e1ectrt't.s, etc. It. will be shown lat.er t.hat the pal'allelism between mag­
net.ostatics and electrost.at.ics is nearly complete. 

SUPER FISH solves an eigenvaitlP' pl'Oblem t.o determine t.he resonant frecluencies 
and st.a.nding-wave elect.rolllagnetic fields in radio fr,=,cll.lency (rf) cavit.ies comlllonly 
used ill charged particle accelera.tors. It can also he llsed t.o calculate propert.ies 
of t.wo-dimensional cross sections of waveguides 0\' cylindrica.lly symmetric wave­
guides. There arc four ot.her codes in t.he POISSON/SUPERFISH group that. are 
postprocessors. The functions of all the codes are stulllllarized in TABLE A.I.I. 

TABLE A.1.I. A List of the POISSONjSUPERFISH Group Programs 

1 AUTOM ESH - prt-pares t.he inpul. for LATTICE from geomet.rical dat.a 
descrihing t.he problem, t.hat. is,. it. const·ruds t.he "logical" mesh and 
generat.es (x, y) coorciinate data for straight lines, at·cs of circles, and 
segments of hyperbolas. 

2 LATTICE - generates an irre:gular t.riangular mesh (physical mesh) 
from input dat.a for t.he "logical" and physical coordinat.es describing 
t.he problem, calculates "point. current" te:rlllS at each mesh poiut. in re~ 
giolls wit.h ciist.ributed current. de:nsit.y, and sets up me.sh point. relaxation 
order. LATTICE writ.es the infoJ'lnat.ion needed t.o solve the problem 
on a binary file t.hat. is re:-ad by t.he equat.ion-solving codes POISSON, 
PANUIRA or SUPERFISH. 

3 POISSON - solves Maxwell's magnet.ost.nt.ic (e1ect.rostnt.ic) eCl'tal ions for 
t.he vedor (scalnr) pof.t.'nt.ial wit.h nonlineat·, isot.ropic iroll (dielectric) 
and electric Cl11'rent (charge:-) dist.ributions for t.wo-dilllensional cartesian 
or t.hree-dimensional cylindrical symmet.ry. It. calculates the derivatives 
of t.he: pot.ent.ial, namely, t.he fields and their gradiellt.s, calculaJes the 
st.ored energy, and performs harmonic (Illult.ipole) analysis of t.he po­
t.ent.ial. The code uses a successive over-relaxat.ion algorithm and atl 
itel'ative scheme that steps successively t.hrough the mesh points. 
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4 PANDIRA - is simila.r to POISSON, except it. allows anisotropic allel 
perlllanent. magnet. materials, for which Ule B vs. II (lJ vs. E)nll've 
exists in the secoud quadl'fwt.. PANDIH.A uses a eliflerellt llumerical 
met.hoel to obtain the pot.ent.ial. 

5 TEKPLOT - plot.s physical meshes gen(,T'at.ed by LATTICE, and eql.lipo­
t.ent.ial or field linE'S from the out.put of POISSON, PANDIRA, MIRT, 
01' SUPERFISIl. 

6 FORCE - cakulat.e!' forces and t.or([lU"S on coils anel. iron regions from 
POISSON 01' PANDJRA solut.ions for the pot.E'lltial (PrescnUy Hot. avail­
able). 

7 MIRT - opt.imizes magnf't. profiles, coil shapes, and clIrrent. df'IlSi t.ies 
st.al't.illg frolll f.he output of POISSON, based on a field specificai.ion 
defined by the user. . 

8 SUPEHFISII - solves for t.he TM and TE resonant. freqlT<:'ndes amI fidd 
disf.ribut.ions iu an rr cavit.y wit.h twO-(lilllf'lIsional ('art.esian 01' t.hl'f'e­
dilllf'llSiollal cylindrical symmet.ry. Only t.he azimuthally syulluct.ric 
modes are found for cylillel.·ically sYlllmetric cavities. The modes are 
found one at a t.ime. 

9 SF01- calculat.es auxiliary quallfit.ies from thf" Ollt.put of SUPERFISH. 
These C[uaut.it.ies jnclude st.ored energ,v, power dissipat.ion 011 t.he walls 
and t.ube stems, transit. Hille fa<'t(lr~, shllnt resistance, t.he qualit.y fa.ctor 
Q, and t.he ma.ximulll ('IE'c:t.l'ic fidel on t.he boundary. The program also 
caiclllat.es t.he frequt'ncy shift. of t.he l'esona.l1t· f.·e(llIf'l1cy cct1l5f'd by small 
displacelllcllt.s of segment,s of t.he cavit.y houlJdary. This code can serve 
as a model for creaf.ing additional SUPERFISlI oui-put codes. 

Mosf. USf'rs are int.erf"st.ed in dt-sigHing eiUlf'r ma.glle~s or rf cavit.ies. For I.hat. 
rf'"ason we have divided this mallual illt.o t.lm ... 't: logically separate part.s a.c; illustrated 
in Fig. A.1.3. The codes are discussed ill t.he order t.hat. they are normally used. The 
remainder of this sectioll provides general informat.ion describing access t.o the codes, 
suggestions for using this manual, and a short. hist.ory of f.he coele development .. 
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Figure A.1.3: General Layout. of t.he POISSON/SlTPERFJSH Manual. 
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Chapter A.2 

How to use this Manual 

The POISSON/SUP~RFISJ[ codes are fairly complkated and will require some 
effort. on t.be user's part before they can be mast.ered. This mall1ta.1 is iut.ended t.o· 
do t.hree things, namely, t.o give t.he heginner a (Inick illt.rodudion, t.o supply useful 
summaries of input procedures for persons familiar wit.h t.he code, and t.o give an 
in-dept.h summary of t.he t.lreory that went int.o the writillg of t.he codes. 

The manual has ueen divided int.o t.wo major sect.ions, onE" for magnl't. problems 
and one for rf-cCl.vit.y problellls. Tlte codes AUTOMESH, LATTICE and TEKPLOT 
are COlllmon to hoth prohlems. 1"01' the convenience of the reader, the magnet sec­
t.ion and the rf cavit.y section each have t.heir own c1escript.ioll of these three codes. 
These t.wo major sect.ions of t.he lllallllal call be physically separated without de­
st.royillg t.he cOlltinuity of each sect.ion. 

To help the heginner, hoth t.he magnet. sed-ion and t.he rf cavit.y section he­
gin wit.h two "primer" chapters t.hat. go t.hl'Ough t.he bask physics contained in t.he 
codes and display t.he input. and out.put. for a simple example. More examples are 
contained in a lat.er chapter. Using t.hese examples the heginner should be ahle to 
master the mechanics of rlllllling the codE"s. 

These examples do not; exel'cise all t.he options availa.ble in t.hE" codes. The de­
tails of t.hese options a.re cont.ained in latcr chapters. We have t.ried to summarize 
the ill put requirements and definitions of import.aut iuput quantities in tables so 
t.hat. persons familiar wit.h t.he ml'chCl.llics of running t.he codes can easily remind 
themselves of t.he available opt.ions. ''''Ie have also illdudt~d a separate chapter 011 

diagnostics and suggestions of what to do if t.hese diagnostic messages are encotUl­
teredo 

The remainder of t.he ma.t.erial in t.he sect.ions will he of some use in gaining 
an in-depth understanding of t.he theory hehind the codes, the ntllllericalmet.hods 
used in t.he codes, and the basic limitations of the codes. No design tool should be 
a "black box" to the user. 

1 
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Chapter A.3 

How to Access the Codes. 

Thel'e are several versions of the codes at. va.rious locat:ions arollnd t.he world. 
As a service to the user conullunity, Los Alamos Grollp A'I'-G has undertaken Ule 
maintenance and dist.ribllt.ion of a "standard" version of t.hese codes. The standard 
versioll has been inst.alled on t.he Los Alamos CRAY /CTSS and VAX systems. The 
source codes are written in standard FORTRAN 77. The CRAY version and t.he 
VAX version difTt.'1' hy only a few lines that. are readily idellt.ifiahle from t.he code 
list.illgs. 

Copies of t,he SOllrce cOlles arc available to Ils(>rs outside of Los Alamos by means 
of magnetic t.ape or transmission over the DECNET, ARPANET or BiTNET COlll­
puter net.works. 

A.3.1 Access outside of Los Alamos. 

AT-6 will provide copies of t.ll(> complet.e set, of POISSON/SlJPERFfSH group 
codes plus sample input and ont.put. for R magnet and all rf cavity problem to any 
individual 01' inst.itul.ion olltside of Los Alamos, pl'Ovidcd the requestor furnishes a 
magnetic t.ape and t,he name of t.he computer on which t.he codes will be inst.alled. 
The general characteristics of t.he t.apes are: 

For VAX/VMS: (UTILITY = COPY/LOG) 
9-track, 1600 h.p.i., 80 charact.ers/lille, . 
512 lin(>s/hlock, labeled ASCI[ tape 

For CDCT600-CHAY 01' IBM (UTILITY = TAPECOPY) 
9-track, 1600 b.p.i., 80 cital'act.ers/line, 30 lines/block, 
unlabeled ASCIl (EBCDIC for IBM) tape. 

Our mailing address is 
Group AT -6, MS H829 
Los Alamos Nat.ional Laborat.ory 
Los Alamos, NM 87545. 

1 
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Once a req1lest.or has recei ved a. copy of t.he codes from liS, he will he informed 
hy newsletter when cort'ediolls and improvemellt.s are made in the codes. Should 
difficult.ies arise in rUllning of t.hc codes, assist.ance is availahle by calling any of the 
numbers on page ii. 

A.3.2 Access at Los Alamos. 

At. present. the codes for t.he eRAY a.re on t.he Common File Syst.em (CFS); t.he 
VAX versions of the codes are st.of('d 011 the CFS and on the MP-VAX complex. 
The following is a descl'ipt.ion of how t.o access the codes on these t.wo systems. AT-6 
does not maintain t.he CDC7600 version of the codes, but they do exist. 

A.3.2.1 MP-VAX Version. 

The direct.ory ATOO$OISK:[AT6HKS.VAXFILESj is i.he 10cat.ioll of the source and 
executable files. TAULE A.3.2.l gives the namcs of the files. 

TABLE A.3.2.T. VAX Files for t.he 
POISSONjSUPERFISn Codes 

Source Execut.ahle 

AUTO.FOR 
rJSSO.FOR 
FORSO.FOR 
LATSO.FUH 

MIRSO.FOR 
PANSO.rOR 
POISO.FOR 
LIDSO.rOR 
SFlSO.rOR 
TEKSO.FOR 

A UTOT\l 8SH. EXE 
SUPERFISH.EXE 
FORCKEXE 
LAT'['lCKEXE 
MIH.Ll11.0LB 
MlRl'.EXE 
PANDIRA.EXE 
POISSON .EXE 
POI1AB.OLB 
SF01.EXE 
TEKPLOT.EXE 
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To run any of the execut.ahle files on the MP-VAX complex, e.g., AUTOMESH, 
jllst type: 

RUN ATOO$DISK:[AT6HKS.VAXFILES]AUTOMESH 

HellcE'fort.h underline means "t.yped by the user." The corle generates an output file 
called TAPE73.DAT, which is used as input to LATTICE. 

AUTSO.FOR is the ouly source file independent of other files. To compile a.nd 
link it, type: 

FORT AUTSO 
LINK/EXEC=AUTOMESH AUTSO 

The POlLIn/LIB file must. he liuked to all othE'r POISSON or SUPERFISH group 
cocles. For this reason, the library must be creat.ed fit'st. jf a.uy progl'am besides 
AUTOMESn is t·o he recompiled and if the file POILIB.OLB does' not exist. To 
recreate the library, t.ype: 

[Qf.lT L.llt~.o 

LIBR/CREATE POILIB LIBSO 

Tht'l'e is an addit.ional lihrary used wit.h the code MIRT. To recreat.e t.his library 
and run MInT, t.ype: 

FO.f.lT MlRSO 
LIBR/CREATE MlaLIB PO~~O.LIBSO 
LINK/EXEC=MIRT MIRSO.MIRLIB 

To compilt' and liuk any of thE' other codes, PANDIRA for eXRmple, typE': 

f'Jl1lT P_A.N$O 
LINK/EXEC=PANDlRA PANSO,POILIB/LIB 

Table A.3.2.II summarizes t.he commands necessary t.o recompile all the codes. 
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Table A.3.2.II. Commonds for Recompilotioll of VAX SOUl'ce Files I 
FORT LmSO for l'OIL13 
LIB/CREATE POlLID LIBSO I 
FORT ALTTSO for AUTO MESH 
LlNK/EXEC=AUTOMESII AUTSO. I 
FOR.T LATSO for LATTICE 
LINK/EXEC=LATTICE LATSO, I POlLID/LIB 

FORT PANSO for PANDJRA I LINK/EXEC=PANDlRA }lANSO, 
POJLIB/LIB 

I FORT POISO for POISSON 
LINK/EXEC==POISSON POISO, 

I POlLIB/LID 

LIBR/CItEATE MID.UB POISO, for MJRLID 
LIBSO I 

FOnT MTRSO for MIRT 
LINK/EXEC=MIRT MUtSO, 

MIItLIB /LIB 

FORT FORSO for FORCE 
LlNK/EXEC=FORCE Ji'ORSO, 

POILIB/LIB 

FORT SFISO for SFOl 
LlNK/EXEC=SFOl SF1SO, 

POILlB/LIB 

FORT FISSO for SUPERFISH 
LINK/EXEC=SUPERFISII FTSSO, 

POILlB/LlB 

FORT TEKSO for TEKPLOT 
LINK/EXEC=TEKPLOT TEKSO, 

POILID/LIB, 
USER$OLB:PLOTIO/LlB 

(Tllls asswnes access to PLOT 10.) 
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A.3.2.2 The CRAY system. 

The codes are available as source files and execnt.ahle files on t.he CFS and are 
listed in Table A.3.2.111. Executahle files are for CRAYi - GRAYiS machines. 
The user must. recompile source files if running on CRAY XMP's. 

Table A.3.2.III. CRAY Files for the POISSON/SUPERFISH Codes 

Source Files 
Directory 
flacr'; poicodesf nay f src 

AUTSO 
LATSO 
FISSO 
FORSO" 
LIBSO 
MIRSO 

PANSO 
POISO 
SFISO 
TEKSO 

Execu t~hle Files 
Directory 
f lace f poicodes f eeay f xeq 

AVTOMESH 
LATTICE 
FISH 
FonCEIJ 

MJRT 
MIRLJBb 

PANDJRA 
POISSON 
SFOI 
TEKPLOT 
POIL1BC 

a AI. t.Ilt" present tim~, FORSO iR \lot 011 t.J1t" CFS. 
bM I RLIB is the hinary vt"r~ion of POISO. It is needed for MIRT only 
cPOILlB is the binary version of LIBSO. 

There also exists a direct.ory called /lacc/poicodes/cray/xmp, which contains 
examples of input and output files for severalmaguet a.nd rf-cavity problems. 

To obtain an executable program, e.g., AUTOMESH, type: 

mass get dir=/lacc/poicodes/cray/xeq automesh 

To execute the program, type: 

automesh 
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The program will ask for the name of an input. file that the IIser has creat.ed. Cre­
ation of the input file is described in Sections B.3 and C.3 below. To obtain a source 
progralll, e.g., AUTSO, type: 

/lacc/poicodes/cray/src autso 

The first lines of the source files are t.he compile instruct.ions needed for t.he XEQ 
utility. Compilation can he done wit.h the single command: 

xeq autso 

AUTOMESH is a self-cont.ained program. All ot.her programs use comlllon rout.ines 
from file LIBSO (the source me) or P01LIB (the binary file). To compile one of 
these programs, e.g., LATTIUE, t.ype either 

/lacc/poicodes/cray/src latso poilib 
xeq latso 

or 

/lacc/poicodes/cray/src latso libso 
xeq libso 
xeq latso 

The program MIRT uses an additional ('ommon file - POISO (Ule source file) or 
MIRLIB (the binary file). To compile MIRT, type either 

/lacc/poicodes/cray/src mirso poilib mirlib 
xeq mirso 

or 

/lacc/poicodes/cray/src mirso poiso libso 
xeq libso 
xeq poiso 
xeq mirso 
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Chapter A.4 

History of the 
POISSON /SUPERFISH Codes. 

The POISSON/SUPERFISn group of codes really consist.s of two set.s of codes, 
one for the design of magnets and another set for t.he desigu of rf cavities. These 
codes have been developed over R. period of 15 years. In the lat.e sixties, .lim Spoerl at. 
Lawrence Berkeley Lahoratory (LBL) began modifying a diH"usion calculation code 
written by Alan Winslow at. Lawrence Livermore Nat.ional Laboratory (LLNL). 
The result. was the TB.IM codes (MESH and FIJ~LI.)) capable of solving mathemat­
ical models or two-di1l1f"nsionallllngnets, including t.he effects of finite permeabilit.y. 
MESH const.ructed an irregular triangular mesh to fit the geomet.ry of t.he magnet. 
FlELD solved Poisson's equat.ion for the potential function over the mesh. 

Ron Holsinger, Klaus Ualhadl and other associates at. LBL found the codes 
useful but. in need of i1l1provemellt.s. They made major changes in MESH alld int.ro­
dnced t.he use of conformal t.ransfol'mat.iolls. In view of t.he extensive changes, t.hey 
decided t.o rename Ule codes LA'l"l'lCE, TEKPLOT, and POISSON. LATTICE is 
like MESHj TEKPLOT, which was split. frolll MESH, draws plot.s of eit.her the mesh 
or the field linesj and POISSON is like FIELD. Holsinger cont.inued to develop t.hese 
codes for two years while he was at. the Swiss Inst.it.ute for N llclear Research (SIN) 
and t.he European Center for Nuclear Research (CERN). Another version of t.he 
magnet codes (LATTCR, POleR, TRIPCR and FORCCR) were created by C. 
Iselin while Holsinger was at CERN. 

By 1975, when Holsillger arrived at. Los Alamos, he had complet.ed five programs: 
LATTlCE, POISSON, TEKPLOT, MlItr, and FORCE. MutT was an opt.imization 
program that iterat.ively changed the shape of pole faces and current distributions 
to obt.ain the fiel(l distrihut.ion specified by t.he llser. FORCE was creat.ed t.o calcu­
late Ule magnetic forces a.nd torques on the iron aud current-carrying coils of the 
magnet. 

While at. Los Alamos, Holsinger, ill collahOl·at.ion wit.h Halbach, Wl'ot.e three more 
programs: AUTOMESH, PANUIRA, and SUPERFISH. For many problems the in-

1 
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put. data. preparation for LATTICE is very t.ediolls because on~ lUllst. supply bot.h 
physical and logical cOOl'dinates along t he boundaries. A l1TOM_ESH eliminates t.he 
neerl for the user t.o define the logical coordinates and most of t.he physical co­
ordinat.es. PANDIRA was writ.ten in response to difficulties encount.ered ill tlsiug 
POISSON to solve problems involving permanent magnets for which the algorithm 
used in POISSON (successive point. over-relaXat.ion) diverges hadly. PANDIRA llses 
the so-called "direct method" that works well for linear prohlel1ls. Only a few iter­
at.ions are required to make t.he reludivity self-consistent. wit.h the solution for the 
pot.ential. 

At. t.he urging of DOll Swenson and Klans Halbach, Holsinger wrot.e the I'f cavit.y 
coele SUPERFISn using the teclllli<Iues developed for the magnet codes. SllPgR­
FISH has many feat.ures in common wit.h a program called MESSYMESIl, which 
was created at the Midwest Universit.ies Research Association (MURA) duriug the 
early sixties. 

SUPERFISII uot. only calclllat.es t.he fields but. also determines t.he eigenfrequen­
des of t.he cavit.y. To solve rf cavity design pl'Ohlems, one nses A UTOMESII and 
LATTICE t.o descrihe the geomet.ry, SUPERFISH to find t.he- field and frequency, 
and TEKPLOT to display t.he fields in t.he cavity. One additional program called 
SFO I. has heen written to calculat.e auxiliary q1la.nt.ities from the Ollt.put. of SU­
PERFISH. These quantities include t.ransit t.ime factors, power losses on the walls, 
and frequency shifts caused hy pertut'ha.tion of the cavit.y walls. S1"01 was writ.ten 
for Drift Tube Linac (DTL) design. Ot.her SUPEHFISH post processor codes have 
been written for special purposes but are not. included ill the code group at. present. 

Originally t.he Los Alamos version of the codes were written for t.he CDC6600 
c.ompllt.ers. In 1977, when Holsinger left. Los Alamos, he cOllverted all t.he codes to 
rUll on t.he VAX/750's. lIe continued to update and maintain the programs unt.il 
1982. At that time, he transferred the maiutenance and disl.ribut.ion responsibilit.y 
t.o Los Alamos. 

The codes have had tremendous popularity since t.he early seventies, and this 
has resulted in a proliferat.ion of versions of t.he codes. The documentation for 
these codes was adequate but incomplete. Uutil recently, Los Alamos has had very 
limit-ed resonrces for dOCltlllent.at.ion, maiut.enance, dist.ribut.ion, amI consult-at.ion 
wHh users. In October of 1983, The Depart.ment of Energy (DOE-HEN}» provided 
financial support. with which w~ have been able to undertake Ule writ.ing of a com­
prehensive manual and the standardizat.ion of codes. With c.ontinuing DOE support 
we have complet.ed this lllalItlal, established users' groups to guide improvements of 
the codes, and set up a systelll for distributing updated versions of the codes and 
documentat.ion. 
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Chapter A.5 
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Chapter B.l 

Summary of the Basic Physics 

Mat.hemat.ically, the Poisson group of compul.er codes solves Maxwell's static 
equat.ions (MSE's) in integral form.awl in two dimensions. When the MSE's are 
t.aken t.oget.her with t.he houndary condit.ions, they are equivalent to a generalized 
form of Poisson's equat.ion in two dimensions. 

The first. two c.hapters of Part. B are a primer for t.he Poisson Group Codes. 
They cont.ain a sUlllmary of t.he hasic equatious and i.he rl1l1 sequence for a simple 
ma.gnet.. If you follow the steps for finding t.he field for this simple magnet., you 
will know how to run t.he codes for ot.her cases. The codes have a large lllllnher of 
opt.ions which are explained in Chapters B-3 t.hrough B.9. Chapter 8.12 cont.ains 
three examples which illust.ral.e some of t.hese opt.ions. The rest of the chapters 
contain reference mat.erial t.hat you will find useful if you rtlll into prohlems or if 
you waut t.o uuderst.and what. the codes are doing in more detail. 

B.l.l Maxwell's static equations. 

Maxwell's st.at.ic equat.ions (MSE) are derived from Maxwell's equations under 
the assumption that all fields are independent of time. They can be divided into 
three types: 
Ampere's Law Type Equations: 

f H· dl = J.1. da ~ V x H =.1, 

f E . dl = 0 ~ yo x E = 0, ... 
Gauss's Law Type Equat.ions: 

f B . da = 0 ~ V . B = 0, 

f D . da = J pdv ~ V . D = p, 

3 

(D.1.1.1) 

(0.1.1.2) 

(B.1.1.3) 

(B.1.1.4) 
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Mat.erial Type Equations: 

Isotropic materials 

H = 1'(1 B I)B//.£o, (B.l.1.5) 

(B.1.1.6) 

Anisotropic mat.erials 

(B.1.1.7) 

.::;. 
D= Eo #i.e ·E, (B.1.1.8) 

Anisotropic, permanent magnet (electret.) material 

(B.1.1.9) 

(B.1.1.lO) 

where II and E are the magnetic and electric field, Band D are the magnetic 
induct.ion and the displacement. fields, J and p are the elect.ric Cm'l'ellt. and charge 
dellsit.ies, and l' is called the reluct.ivity. (It is the reciprocal of t.he rclat.ive perme­
ability Km.) The quantity Ke is the diel~ctric constant. For anisot.ropic materials 
bot.h ;Y and ~ are t.ensors, i.e., Hle magnetic field and magnet.it- induct.ion are not. in 
the same direction, for exam pIe. For permanent magnet (electret.) ma.terials t.here 
are magnet.ic and dispJacem~nt. fit'lds that. remain even wilen Band E are zero. 
Historically these are the coercive forces, He and Dc. III t.he Ampert"'s law fornlU­
las, da is an element of area times a unit vector perpendicular to that area, and 
dl is all element of pat.h length times a unit vector t.angent t.o t.he closed cont-our 
surrounding the area. In the Gauss's law formula, dv is the volume enclosed by the 
closed surface of the integra.) on the left. side of t.he equation. rrhe constants Ito and 
Eo depend on the system of physical units (met.ers, kilograms, seconds, Coulombs, 
for example) used to measure t.be field quantities. 

One goes from the MSE's to the generalized Poisson equation by assuming t.hat 

• B = V X A, (B.1.1.ll) 

which follows from ECI. (B.1.1.3). For two-dimensional, cartesian geomet.ry one can 
show that 

(B.1.1.12) 

and 
(B.1.1.13) 
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where ~z is a unit vcct.or in t.he z-dircdion. From this and Eq. (B.1.1.1) it follows 
that 

:.'C [')'(1 B(x, y) I)! A.(:r., y)] + ~ [')'(1 B(x, y) I) :y Az(x, Y)] = ItoJz(X, y), 

(B.1.1.14) 
which is the generalized Poisson equat.ion in cartesian coordinat.es. 

For magnet. configurations having cylindric-al symmet.ry one can use cylindrical 
coordinat.es (r, fJ, z). It is shown in Chapter 1l.13 that when 

(B.1.1.15) 

and 

(B.1.1.16) 

t.hen 

8[ 18 ] 8[ 8] - ')'(1 B 1)- -- (rA9) + -- ')'(1 B I) -A9 = jI'oJ9 8r r 8r 8z 8z 
(B.1.1.1;) 

in cylindrical coordinat.es. The cod~s find t.he vect.or pot.ential in eit.her cart.e­
sian coordinates or cylindric-al coordinates. The generalized Poisso11 equat.ions for 
anisotropic amI pcr·manent. magnet materials are mure complicated a11d can be found 
in Chapter B.13. 

Problems involving anisot.ropic mat.erial can only be solved using t.he code 
PANDIRA. POISSON treats only isot.ropic mat.erials. PAND[RA will t.reat. bot.h 
isot.ropic and anisot.ropic mat.eria.ls. Anisot.ropy is described in t.erms of t.he reluc­
tivities ')'11 along an easy axis and ')'1. alo11g a hard axis. PANDIRA aJlows t.wo 
geomet.ries for t.he easy a.xis. 111 t.he first. geomet.ry, t.he easy axis is independellt 
of posit.ion in the material. In t.he second geomet.ry, t.he direction of t.he easy axis 
changes along t.he circumference of a circle whose cent.er need not. coincide with t.he 
origiu of coordinat.es. There are no nahlral anisotropic mat.erials of t.his type, hut 
one can art.ificially approximat.e such mat.erials by assembling a 11111llber of wedge­
shaped permanent mag11et.s. We will onJy describe the first geometry here; the 
second geometry is described in Sect.ioll B.13.1. 

Figure 0.1.1.1 il1l1st.rat.es t.he direct.ion of the easy axis relat.ive t.o the axes of 
t.he larger problem. The easy axis makes an a11gle tpE wit.h respect t.o the horizontal 

=> 
axis of the coordinat.e system. The reluct.ivity t.ensor 'Y is a sYlllmetric tensor whose 
cart.esian componellt.s are: 

(B.1.1.18) 
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y 

x 

Figure B.l.1.1: Definition of coordinat.e axes fOl' anisotropic matel'ials, 

1 
I':ry = Zhll-l'.d sin2CPE, (3.1.1.19) 

·22 
I'w = I'llsm t.pE + I'.LCos CPE· (0.1.1.20) 

When (.he anisotroJlk matel'ial is also permanent. magnet material, t.he coercive force 
He is also parallel to the easy axis; its components are 

(B.1.1.21) 

and 
(B.1.1.22) 

Becanse of the paralleiism between thc:o equat.ions for t.he c:olect.ric and magnd.ic 
fields, it. is easy t.o see how one equation-solver can he used for hot.h magnet.ost.atic 
and elect.rostat.ic prohlems. If we let the elect.ric field he given as the gradient of 
t.he scalar potential V, 

E = -VV, (8.1.1.23) 

then it can be shown t.hat. the corresponding generalized Poisson equation for elec­
t.rost.at.ics in cart.esiC}ll coordinat.es is 

:z [Ke(1 ED'!"] + ~ [Ke(1 E I)~ v] (B.1.1.24) 

which is of t.he same form as t.he magnet.ost.nt.ic equation, Eq. (3.1.1.14). The 
elect.ros(;atic equation in cylindrical coordinates is 

(B.1.1.25) 
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which is slight.ly dilrc>rent, than 1.he cOl'rt-sponcling magnetost.a.t.ic equat.ion, 
Eq. (B.1.1.1T). The codes do dist.inguish between magnetostat.ic and el·~ctrost.atic 
problellls for cy lilldrical coordinates. 

l101t1ldary condit.ions IllUSt. he sllppli~d t.o give a unique solut.ion t.o the equa­
t.ions. Poisson's equa.1.ion is au dlipt.ic part.ial difft'rent.ial equation. This means that 
the most general allowed houndary comlit.ions t.ake t.he form 

(B.1.1.26) 

where Ar, is for inst.ance t.he value of the Z-colllponellt. of t.he vect.or pot.ent.ial eval­
uated on t.he hounda.ry and 8~/8n is the dt·rivat.ivc of the pot.ential in a dirt-dion 
normal t.o t.he boundary curve, evaluated 011 t.he houndetry. The qualltHies Q., band 
c are known functions eva.1uat.erl on the houndary. 'l'he Poisson group codes do not 
allow t.his t.ype of geueralit.y. On any segment of t.he bottndmy, the quant.it.ies a and 
bare eit.htc'r zero or one. The quant.ity c is always ztc'ro whtc'Jl a is zel·O. That. is, 
only two t.ypes of houndary seglllt-llt.S a.re allowed. These are rderred t.o as Dirichlet 
boundaries and Neumanll boundaries, which are defined as follows: 

Dirichlet 
(B.1. 1.2T) 

Neumann 
814/8n = O. (B.1.1.28) 

An easy lllnemonic is t.o rememher t.hat. "normal" derivative is "Neumann." The 
only known way t.o a.<;sigu the proper 'boundary condit.ious for a. problem is by 
"physical iut.uit.ion." You mllst have SOllle qualitat.ive idea how t.he field is going to 
behave at. the boundary. Because of t.he la.ck of g<'nera.lily built. int.o t.he codes, t.here 
are some magnetic fidd problems that. cannot. he solved wit.h t.hese codes. Many 
problems can be solved ollly approximat.ely. 

B.l.2 Basic Algorithms for finding the potential. 
The code POISSON sets ttP a linear equation for t.he pot.ent.ial at each point. 

on a t.opologically regula.r, t.riallgular mesh. For a picture of such a mesh, see Fig. 
B.2.; below. By t.opologirally rcgular we mt-an that t.he Illesh point.s can he put int.o 
one-t.o-one correspondence with point.s on a mesh gellerat.t'd by eqllilat.t:·ral t.riangles, 
which we will call the logical mesh since Ule point.s in t.his mesh can be numhered 
in a "logical" manner. The topologically regular mesh, which is a dist.ort.ion of 
the logical mesh, is called the physical mesh. Each point on the logica.! mesh has 
six equidistant. nearest. neighbors. SeE'! Fig. ll.1.2.1. The correspondence between 
the physical mesh and the logical mesh allows one t.o ident.ify t.he corresponding six 
neighbors on Ule physical mesh. if we call t.he pot.ential at. the ceut.er of t.he hexagon 
Ao, and call the potentials at. t.he nearest neigbbor mesh points Ai) for i = 1 to 6, 
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2 1 

3 tt_---__ ----" 6 

5 
Figure B.1.2.1: Correspondence between point.s on t.lIe logical mesh and the 
physical mesh for the six nearest neighbors. The cont.our shown in the phys­
ical mesh is the cont,our used in Ampere's law, Eq. (B.!.!.I) .. 

t.hen Ampere's Law, when disc:retized, ca.n be shown, see Appendix 13.13.6, to give 
t.he equalit.y 

I:?::::1 tl'jAi + ~ I:f=l JjQj ( 
Ao= 6 3.1.2.1) 

I:i::::1 Wi 

where aj is t.he ar('a for each t.riangle ('nciosecl hy t.he ("onl.oul' int.egral and t he 'Wi'S 

are linear functions of the reluctivities "Yi'S. For instance it can be shown that 

(8.1.2.2) 

where the angles (h and 84 are shown in Fig. 3.1.2.1. Such all equation can be set 
up at, each mesh point. The result is a sel, of "linear" equal, ions wit.h t.he values 
of the potent.ial at each mesh point. being t.he unknowns. This set of e(luations is 
solved by a numerical procedure called successive substit.ut.ion with overrelaxation. 
This proct:'dure is described in Sect.ion B.13.6. These equat.iolls_ are nonlinear, since 
the relllct.ivities "Yi are fuuct.ions of t.he Ai. The "Yi's are allowed to change during 
the solution process so that the final solution is self-consistent. 

Having obt.ained a soluti'oll for t.he potent.ial over t.he mesh, t.he codes will cal­
("ulat.e auxiliary (IUantit.ies such as t.[le magnet.ic induction B and its derivatives. 
These calculations are discussed ill the next subsedion. 

B.l.3 Calculation of auxiliary quantities. 
In principle one could oht.ain l,he fields by numerical differ(,l1tiaJion of t.he po­

tentials, but this would not be very accurate. Derivatives of the fields, for example 
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aB~/ay, would be even more inaccurate. POISSON get.s around this Iimit.(l.t.ion by 
analytically taking the derivatives of t.he potential expressed as a series of the form 

(B.1.3.1) 

where t.he quantities 1tn and 'Un are polynomial solutions of Laplace's equation ill 
eit.her cart.esian or cylindrical coordinates. The subscript n is the order of t.he 
polynomial. Table B.1.3.1 gives a short list of these polynomials for cal'tesian coor­
dinates. 

Table B.L3.I Harmonic Polynomials 
n 'Un Vn 

1 ;c Y 
2 :r2 _ y2 2zy 
3 ;c3 - 3;cy2 3:z:2y _ y3 

Magnet desigllers will recognize t.hese as dipole, qlladntpole, and sextupole magnetic 
potential funct.ioIlR. The coefficient.s ill the lllunipole E'xp8.1ll'!.ioll defined by Eq. 
(B.l.3.l) are del.ermined by the symmet.ry of the prohlem and hy a It>sst-squal'e 
fitting procedure using the first ]8 neighboring points to a given point. The details 
are described in Section B.13.2. The derivatives of the potential are easily expressed 
in terms of t.he tIn'S, bn's and the harmonic polynomials. 

In addition to calculating t.he field aud its derivat.ives, POISSON also calculates 
the energy in the field. The program FORCE is t.he postprocessor to POISSON that 
calculates the forces and torques on current-carrying coils and blocks of magnetic 
(iron) materials. Once again, t,he procedures used to calculate these quantities are 
described in Section B.13.2. 

B.l.4 Physical units used in the Poisson group 
codes. 

Maxwell's static equat.iolls E(lS. (B.1.l) through (B.1.10) have been written in 
the form suggestive of rationalized MKS units, but the units really depend 011 the 
values of £0 and 1L0. The codes, on the other hand, do assllme certain default units. 
These units are given in Table B.1.4.I. 
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Tahle B.1.4.1 Default System of Uuits 
Quant.it.y U uits 
Lengt.h cent.imeters 
Current 
J nduction B 
Field H 
Pot.ent.ial A 
Derivatives of B 
Force 
St.ored energy (cartesian) 
Stol'ed energy (cylindrical) 
ILo 

Poh·nt.ial V 
Field E 
Velocity of light c 
Charge 

amperes 
gauss 
amperes/cm 
ganss-cm 
gauss/cm 
amp-cm-gauss = 10-Elnewt.ons 
joules/meter 
joules 
0.4 1T" gauss-cm/amp* 
volt.s 
voit.s/cm 
2.99792.5 x lOlO em/sec 
coulombs 

*/10 = 47r x 10-9 volts/(amp-cm) is also used in t.he codes. One can calculate 
fo = 1/(Jl.oc2

) = 8.8542 X 10-14 coul /(volt-Clll). 

As the read('r call see, t.his is a modified rationalized MKS syst.em; meters are 
replaced by ceutimeters, and Tesla are replaced by gauss. The user can change 
the unit.s to some extent by making use of the conversion parameter in the input 
t.o AUTOMESH or LATTICE. These coues will accept length input. in any uuit.s 
the user desires (inches, feet, meters, furlongs, ... ). This conversion pa.ramet.er is 
known as CON(9). For example, if CON(9) = 2.54, then LATTlCE expect.s input 
in inciles; if CON(9) = 100, LATTICE expects meters. 

B.l.5 Trimming the poletips with MIRT. 

The POISSON post.processor called MIRT is an optimization program that al­
lows the user to t.rim the field ill a dipole magnet .. It can also be used t.o change Ule 
shapes of cm'1'ent-carrying coils, and to chauge the vallie of currents to meet. user­
defined field specificat.ions. We will only describe Ule poletip modification capability 
here. The basic procedure is to: 1. Run POISSON with a preliminary estimat.e of 
t.he current. ill t.he coil and a simple flat polet.jp; 2. Specify the desired field values at 
points in the air gap of the magnet; 3. Specify point.s 011 t.he poletip boundary that 
can he moved t.o reshape the poletip; and then 4. Let. MIRT change the magnitude 
of current itl coils and the shape of the polet.ip to give t.he desired field distribu­
tion ill the gap. MIRT uses Ule output of POISSON and an input file containing 
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-,..., 

1--------"::.:-, -------1 
Figure: B.1.S.1: Cross sectioll of II-shaped dipole magnet. 

Figure B.1.5.2: Field dist.rihl1tioll of dipole magnt"t; only one (l'IRrt.er 
of the magnet is shown. The poletip h~ been tl'illlmeUusing MiRT. 

the specHiE"d fields and polet.ip houndal'ies to make the re<juired changes. Figures 
B.l.S.1 and 0.1.5.2 shows all example of a poletip after a typical MIRT Ol)timizatioll. 

The change in the polet.ip boundary is made by adding or suhtract.ing "bumps" 
to the boundary. The purpose of this subsect.ioll is to de.scribe the shape of the 
humps. There a.re five shapes: triangular, trapezoidal, three illterva1, left-side<l 
two interval, and l'ight-sided two interval. These bumps can be eit.her posit.ive or 
negative, that. is, can add or take away iron from the poletip. The triangular and 
t·wo interval humps are specified by three POillt.s on the magnet boundary and the 
ot.her two humps requil'e four points. Figure B.1.5.3 shows t.he labeling of the point.s 
defining t.he bumps. 
The solid line is the original houndary and Ule dotted lines illustrate a typical 
distortion of the boundary. 

A hump is determined by one parameter, which we will call n. The fonnulas for 
the shape fUllctions describing the two and three interval bumps are as follows, 
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I, "", • ".,1' 

.......... ' 
-",,' . ,.-

", , , . ------.-.. ~ 
3-INTIRVAL 

· .' · .' · . · " : .... · " VLEFI'SIDB 
2-INTERVAL 

BUMP 

Figure B.1.5.3: Nomellclahtre for the five types of bumps used to trim t.he 
polet.ips in MIRT. Bumps can overlap and be posit.ive or negative. The 
solid line is the original boundary and the dotted lines illllstrate t.ypical 
distortions. A left-sided two iut.erval bump is specified by letting the left 
end and left apex points be t.he same. The right-sided two-illt.erval bump 
is specified by letting the right apex and right end points be the same. 

Y=YO-{ 
alx2 

t£ - a2(x - b)2 
a3(x - d1 - d2 - d3)2 

, 0:::; q: < d1 

, d1 :::; X < d1 + d2 

, d1 + d2 :::; X :::; d1 + d2 + d3 

(8.1.5.1) 

0:::;x<d2 

d2 < X < d2 + d3 

(B.1.5.2) 

o ~ x < d1 

d1 ~ X ~ d1 + d2 d3 =0 

(B.1.5.3) 
where t.he a's and b's are complicated funct.ions of the length of intervals bet.ween 
points and are determined hy matching the sections of the functions and their 
slopes at the apex points. (Not.e: the left-sided t.wo-int.erval bump is illcorrect.1y 
programmed in the code. It will be corrected soon.) 

indelltBumps may overlap and hence one can achieve rather complicated poletip 
shapes. The number of bumps that can be used at one time depends on the number 
of points in the airgap at which the field is being specified. The optimization 
is based on a least squares procedure and therefore the most meaningful results 
are ohtained when t.he number of points to he fitted is larger than the number of 
paranleters being adjusted. 
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Chapter B.2 

SIMPLE EXAMPLE 
H-SHAPED DIPOLE MAGNET 

B.2.1 Run on the Los Alamos CRAY Computer 

This sed-ion c:ontains the input. I~ecessary to calculate t.he magnetic field dist.ri­
but.ion in the vertical cross section of a long dipole magnet used ill circular particle 
accelerators. Beca\\se the dipole is lung, t.he calculation of the fielrl far from t.he 
ends of tbe magnet is essentially a two dimensional problem. The magnet cross 
section has fourfold symmetry and therefore it is only necessary to describe one­
fourth of t.he magnet. The first t.hing to do is make a diagl'iuu of the lUagnet. ('ross 
sed.ion and assign (x, y) cool'dinat.es to·t.he ends of straight Hne st'gments defining 
the boundaries bet.ween different mat.erials as shown ill Figure B.2.1.1. 

LI).l In •• ll.1 

1IIt10ll1 
I-

) 

11.$.'.) US. 6.) 
'i. S.5 114.S.5. 

IIIt.CMlJ 

co.' 
15.5.1.41 

10 .. 2. ) \ •• 1.2.1 
_II1II1 .'r 

'0 •• 0.1 " .. 0.1 AI"I 114.S.U.1\ IS.O.I (22 .. 0. 

Figure n.2.1.1: UPller right quadrant. of the cross section of an II-shaped dipole 
magnet showing iron, coil, alld ail' regions and the boundary segments between 
them; (x, y) coordinates are assigned t.o the endpoints of Hne segments separating 
regions. 

1 
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h-magnet test, uniform mesh 4/23/85 ~~nej st.arts in col 21 
$reg nreg=3,dx=.46,xmax=22. ,ymax=13.,npoint=6$ 

December 3, 1986 

--------~--~~-----. 

nreg: number of regions; dx: horizonl.ul mesb size 
xmax,ymax: dimensions of Fig. 8.2.1.1 
npoint: number of $po lilies 

$po x= O.O,y= 0.0$ 
$po x=22.0,y= 0.0$ 
$po x=22.0,y=13.0$ 
$po x= 0.O,y=13.0$ 
$po x= O.O,y= 0.0$ 
$reg mat=2,.npoint=10$ 
$po x= O.O,y= 2.0$ 

2nd region; nmt:::2 m('ans 1l1aterial is iron 

$po x= 5.1,y= 2.0$ 
$po x= 6.6,y= 2.4$ 
$po x= 6.6,y= 6.0$ 
$po x=16.0,y= 6.0$ 
$po x=16.0,y= 0.0$ 
$po x=22.0,y= 0.0$ 
$po x=22.0,y=13.0$ 
$po x= 0.O,y=13.0$ 
$po x= O.O,y= 2.0$ 

$reg mat=l,cur=-26456.791, npoint=6$ 
Spo x= 6.0,y= 0.0$ 
Spo x=14.6,y= 0.0$ 
$po x=14.5,y= 6.6$ 
$po x= 6.0,y= 6.6$ 
$po x= 6.0,y= 0.0$ 

3rd reg.; ma.t:-=: 1 pillS cur=(amps) means coil reg. 

Figure B.2.1.2: The input file hmagl for AUTOMESH. The first. line is a t.itle. Each 
region is described by a region line starting with t.he symbol $reg. The region line 
is followed with several point. lines ($po) defining' point.s on the bounda.ry segment.s. 
FORTRAN na.melist format is used. The title must begin in COIUlllll 2. Text ill 
boxes is cOlllment informat.ion. 

These coordinates are next used to creat.e the input. file for AUTOMESH. The 
program AUTOMESH constructs a t.riangular mesh of points over all physical re­
gions. The program LATTICE, whkh rl1ns aft.er AUTOMESH, deforms t.hflt. mesh 
t.o make Hnes ill the mesh coincide with the boundary segment-s. Figure 0.2.1.2 
shows the AUTOMESH input file corresponding to Figure. B.2.1.1. 

autome8h 1 Executes AUTmtESH; program requests name of input file I 

? type input file name 
T hmagl 
region no. 1 
ok 
region no. 2 
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ok 
region no. 3 
ok 

PART B CHAPTER 2 SECTION 1 3 

stop r--------------------------------------------------------------, 
At. completion AUTOMES gellerat.es 2 files: 
1. TAPE73: Input for LATTICE, 2. OUTAUT: Oul.put Ii~ting from AUTOMES 

automes ctss time .456 seconds 
cpu= .176 sys= .037 i/o+memory= .244 

all done 

Figure B.2.1.3: Terminal session with AUTOMESII on the CRAY. Underlined 
words are those entered by the user. 

Figure B.2.1.3 shows the t.ermit~al output when AUTOMESH is executed on 
the URAY. Henceforth any words underlined in examples of terminal.sessions are 
understood to be words typed by the user. Other text is generated by the program. 

The next step is to execut.e t.he progra.m LATTICE. All interactive session on the 
CRAY is shown in Figure B.2.1.4. 

lattice I Execute LATTICE with input file TAPE73 gellt"rated by AUTOMES I 
?type input file name 

? tape73 
beginning of lattice execution 
dump 0 will be set up for poisson 
h-magnet test, uniform mesh 4/23/86 
?type input values for con(?) 

? .6 0 .46 6 s 
r-------------------------------------------~ 
Changes to problenl c:onstants ill array CON( ) 
CON(A)=O specifies internal permeabilit.y table 
CON(46)=6 specifies symmetry type for h·magnt"t 

elapsed time = 0.7 sec. 
iteration converged 
elapsed time = 1.0 sec. 
generation completed 
dump number 0 has been written on tape36 
stop 12 output files gelletaLed: TAPE35 and otlTLAT 1 

lattice ctss time 1.457 seconds 
cpu= .954 i/o= .440 mem= .062 

all done 

Figure B.2.1.4: Interactive session with program LATTICE. 

The user ("au change program constant.s contained in t.he array CONO. The 
format for entering changes is described in Sec. B.3.1. The list of all CON's that 
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can be changed. is contained in Sec. 0.13.7. This det.a.il is not important for our 
example. It is sufficient to note that. CON's can be changed at this point. In the 
above example, CON(6) = 0 t.ells t.he program to use the permeahility t.able for iron 
as stored in t.he program itself. There are options that let t.he user specify his own 
table. Dy specifying the sYlllmetry type CON(46)=6, t.he user is making full use of 
the symmetry of the problem in finding the solut.ion, hence is saving time. 

Upon complet.ion, LATTICE generat.es t.wo output. files: TAPE35 and OUTLAT. 
TAPE35 is a binary file used as input to TEKPLOT, POISSON and/or PANDIRA. 
The file TAPE35 can have several hinary records writ.ten t.o it. The record coming 
frolll LATTICE is labeled. "dumpO." The out.put. from POISSON ("8.11 added records 
labeled "dump!", "dUlllp2", etc. This wiH be described helow. The file OUTLAT 
is a sunID1ary of input. and out.put. generated by LATTICE. Unless the program is 
generating unreasonable input to POISSON, t.here is seldol11 any reason to look at 
this file. 

The usual way t.o verify that. AUTOMESH aud LATTICE have executed prop­
erly is to run TEI{PLOT, which is a program t.ha.t plots the input geomet.ry and 
t.he mesh generated by LATTICE. FigUl'e D.2.1.5 shows an intel'active session wit.h 
TEKPLOT in which one generates Figures B.2.1.6 and 8.2.1.7 shown below. 

tekplot Executes TEKPLOT Program; requests input. data 

?type input data- num, itri, nph_i, inap, nswxy. 
? §. s means skip in FREE format; hence use default values 
input data 
num= 0 itri= 0 nphi= 0 inap= 0 nswxy= 0 
plotting prob. name = h-mag test, uniform mesh 4/23/85 
?type input data- xmin, max, ymin. ymax. I Plot; limits OIL x and y I 

? §. l~~kip; hence use d~faun values I 
input data 
xmin=O.OOO xmax= 22.000 ymin=O.OOO ymax= 13.000 
?type go or no 

'? ~ After "go", screen clears clears and TEKPLOT generates Fig. B.2.1.6 

?type input data-num, itr, nphi. inap, nswxy. <VR> clears screen & gives tIllS prompt 

? 2-..L.l I itri=l means plot the mesh I 
input data 
num=O itric 1 nphi=O inap= 0 nswxy= 0 
plotting prob. name = h-magnet test, uniform mesh 4/23/86 
?type input data- xmin, xmax, ymin, ymax. 

? .I. 
input data 
xmincO.OOO xmax= 22.000 ymin=O.OOO ymax= 13.000 
?type go or no 

If "no", will go back to correct input; "go" clears screen and generates Fig. B.2.!. 7. 

? ~ 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

December 3, 1986 PART B CHAPTER 2 SECTION 1 5 

?type input data- num, itri, nphi, inap, nswxy. <CR> gives this prompt 
? -1 S llWll=-! means dlUllV llwuber -1, hence quit.; lUusl. t.ype "5" 

tekplot ctss time .824 seconds 
cpu= .064 i/o= .711 mem= .069 
all done 

Figure B.2.1.5: Int.eradive session with TEKPLOT. By chooRing the default values 
for the parameter itri, one gets a plot of the magnet geolllet.ry without the mesh. 
On the second time arouud, we choose itri=l, which gives a plot of t.he mesh. Num 
st.ands for dump numher, hence num=O meailS get the inforlllat.ioll from the lattice 
dump. The program is terminated by let.tiug nmn=-l 011 the third go-around. 

--

.. I ••• 

Figure B.2.1.6: Plot from 1'EKPL01' oOhe magnet geomet.ry. This is a. verificat.ion 
of t.he input data to A UTOMESH for the problem "h-magnet test, uniform mesh 
4/23/85." 

Figure B.2.1.7: Plot. from TEKPLOT of t.he mesh generated by LATTICE for the 
problelll "h-magnet test, uniform mesh 4/23/85." 
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The mesh looks good. We are now ready to run POISSON. Figure B.2.1.8 shows 
t.be interactive sessioll. 

poisson 

?type I I tty" or input file name I POISSON call execute from me or terminal I 
? tty 

?type input value for num 

? Q In t.his case only dump 0 is available. 

beginning of poisson execution from dump number 0 
prob. name = h-magnet test, uniform mesh 4/23/86 
?type input values for con (?) [M8-k-e-c-:-h-a-u-ges--:-in-----:(-~O-N-----:'s-u-,si-n-g-F-R-E-E-----:fo-r-n-'a-t'] 

? !! ~=skipjmake no changes. , 

elapsed time =1.1 sec. 

o cyclo amin IIIJIlaX ro.idull'l-air ota-air rhoair xj:fact 

0 

0 
0 

0 
0 

0 
0 

0 

pax ro .. idual-iron o"a-iron rho:to 
0 0.00000+00 o .00000of()Q 1.00000+00 

4.00000-03 1 . oooooof()Q 
60 rhoair optimizod 
60 -4.72960+<l4 0.00000+00 6.73490-02 

3.90280-03 3.44070-02 
100 rho air optimizod 
100 -1.00120+06 o .00000+<lO 2.63600-02 

2.08340-02 2.09080-02 
200 rhoair optindzod 
200 -1.19680+06 0.00000+00 1.88870-04 

4.83620-02 7.93380-06 
370 -1. 19390+<l6 0.00000+00 3.73010-07 

4.83920-02 1.81360-07 ' 

solution converged in 370 iterations 
elapsed time =6.1 sec. 

1.0000 1. 9000 1. 0000 
1.0000 1.0000 
0.9903 1.9668 lambda z 9.99780-01 
0.9903 1. 9668 1.0000 
1.0039 1.0000 
0.9717 1.9678 lambda = 9.99780-01 
0.9717 1.9578 1.0000 
0.9834 1.0000 
0.8960 1.9478 lambda u 1.00030+00 
0.8960 1.9478 1.0000 
0.8900 1.0000 
0.9387 1. 9478 1. 0000 
0.9328 1.0000 

dump number 1 has been written on tape36. POISSON writes biuary record 

?type input value for num Program loops back to start 

? -1 
'r---------------------------------------------------=-~ 

stop 

-1 st.ops program. Could have continued from dump 1 if wanted 
t.o change some CON's aud rUII again. 

poisson ctss time 6.664 seconds 
cpu= 4.166 i/o= 1.014 mem= .485 

all done 

Figure B.2.1.8: Interactive session wit.h POISSON on the CRAY. 

POISSON product's two out.put. files TAPE3.'5(dumpl) and OUTPOI. Dat.a for 
plotting the field distribution is contained on TAPE35(dumpl) and can be viewed by 
running TEKPLOT again. Figure B.2.1.9 is the interactive session with TEKPLOT 
which produces the plot shown ill Figure B.2.1.1O. 
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te~lot I Executes TEKPLOT I 
?type input data-num, itr, nphi, inap, nsvxy 

? 1 0 20 s num=1 means dump1; nphi=20 is number of potential lines plotted 

input data 
num= 1 i tri= 0 nphi= 20 !nap= 0 nsWlty= 0 
plotting prob. name = h-magnet test, uniform mesh 4/23/86 
?type input data- XIIIin. max, ymin, ymax, 

? .! 
input data 
XIIIin=O . 000 XIIIax= 22.000 ymin=O.OOO ymax= 13.000 

cycle = 370 

If "no" I will go back t.o ("orrect input.; "go" dears scr('en and generates Figure B.2.1.10. 

? ~ 
ltype input data- num, i tri, nphi, inap, nswxy. CarriagE' r~t.nrn gives t.his prompt. 

----~----~~~--~--r_~----~--~ 
? -1 s llum=-l means dump number -1, bellce quit; must type usn 

tekplot ctss time 1.480 seconds 
cpu= .797 i/o= .611 mem= .073 

all done 

Figure B.2.1.9~ Iut.eractive session with TEKPLOT for generation of field plot. 

~I.· PI 

7 

Figure -B.2.1.1O: Plot of magnet.ic field lines for prohlem "h-ma.gllet test, uniform 
lUesh 4/23/85 cycle = 370." This plot. normally appears on the screen of your 
terminal if you have graphics .ca.pability. 
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but IIIlllU'u .u.t of pro'bl. • cycld70 

'11' ... ~ ",. 
.1001''' uerl1 • 1.424De+Oll J01l1 •• / uter or radio 
lr,l:tacflio 1.000000 
): 1 aCftCtor) x I bx~r!II") by(pu.) lItyallll) dby/dl.(l!fI.I./ ca) dby/dX(I····/cml &:tit 
1 1 0.0000001+00 0.00000 0.00000 0.000 16212.260 16212.260 0.0000.+00 0.0000 .. 00 6.31-04 
2 1 -I.atTlle+Ol 0.«1. 0.00000 0.000 16210.126 16210.126 0.0000.+00 -1.483&.+00 -1.lIe-03 
I 1 -1.116122 .. 04 0 • ..., .. 0.00000 0.000 1&2Oe.1D6 16208. IDS 0.0000.+00 -1.4161.+01 3.7.-OS 
4 1 -2.04III6e+04 1.14" 0.00000 0.000 15111.061 151D7.06I 0.0000"00 -2.7011.+01 5._-01 
6 1 -2.710341.+04 1.716e2 0.00000 0.000 1611O.ee6 1611O.ee6 0.0000.+00 -4.71117.+01 I.Se-03 
I 1 -1.411142.+04 2.2«10 0,00000 0.000 16151.711 16161.711 0.0000.+00 -I. 46S1.+01 7.1.-03 
'I I -4.0I05I3e+04 2.1U11 0.00000 0.000 15100.484 16100.414 0.0000.+00 -1.&014.+02 D.2.-OS 
I 1 -4.7...,. .. 04 3.1&211 0.00000 0.000 16001.404 115008.404 0.0000.+00 -2.70111h+02 1.1.-02 
D 1 -6. 4311D1 .. 04 lI.91N 0.00000 0.000 14843.604 148Q.604 0.00001+00 -4.1267.+02 2.4.-02 

10 1 -1.011737.+04 4.0101.1 0.00000 0.000 14664.876 14664.176 0.0000.+00 -1.2DOe.+02 1.1.-01 
II 1 -1.741211 .. 04 4.4IIJIO 0.00000 0.000 14071.744 14077.744 0.0000.+00 -1.31lh+03 6.1.-01 
12 1 -7.:tA221.+04 4.83171 0.00000 0.000 laatD.124 laatD.124 0.0000.+00 -1.1671.+03 1.1.+00 
1.1 I -'I.NIIOle+04 6.31711 0.00000 0.000 1243&.711 12436.711 0.0000.+00 -2.1712.+03 -7.1.+00 
14 I -I. t&TJI'1.+04 1.00000 0.00000 0.000 108DS.Oll I01Dl1.011 0.0000.+00 -2.8166.+03 1.7.+00 
16 1 -8.114711 .. 04 1.44731 0.00000 0.000 . 0813.011 1C113.otI 0.0000.+00 -2.8484.+03 1.1.+01 
11 1 -8.5UIt&e .. 04 1.11474 0.00000 0.000 8411.~ 1411.633 0.0000.+00 -2.6822.+03 5.1 .. 00 
17 1 -8.17UI1e+04 7.14211 0.00000 0.000 7364.&&2 7364.662 0.0000.+00 -2.21&.+03 1.te+00 
11 1 -1.017012 .. 06 7.7"7 0.00000 '0.000 143D.740 8438.740 0.0000.+00 -1:1 .. 7.+03 8.lI.-01 
18 1 -1.0I4M7e+06 I.ZMIN 0.00000 0.000 &a66.317 &866.317 0.0000.+00 -1.1278e+03 6.0.-01 
20 1 -1.0A700e+06 1.11421 0.00000 0.000 4171.623 4111.623 0.0000.+00 -1.411l1.+O3 2.1.-01 
21 1 -1.01"21.+06 D.lI1&1 0.00000 0.000 4387.612 4311.612 0.0000.+00 -1. 240S.+0ll 1.a.-01 
22 1 -1.1010H"06 8. 67 US 0.00000 0.000 11414.280 3884.280 0.0000.+00 -1.1015.+03 8.1.-02 
23 1 -1.12427'1.+06 10.02tS2 0.00000 0.000 3383.120 3383.120 0.0000.+00 -1.0022.+03 5.a.-02 
24 I -1.111417.+06 10.41S111 0.00000 0.000 21N14.5&O 2064.660 0.0000.+00 -8.2091"02 3.0.-02 
2& I -1.1601&0.+06 10.12106 0.00000 0.000 2617.3(1 2687.341 0.0000.+00 -I. 6711e+02 1.3.-02 
21 I -I .1114116.+06 11.3A42 0.00000 0.000 21DS.OII 2185.011 0.0000.+00 -1.0MIe+02 8.1.-04 
:t1 I -1.170620 .. 06 11.II67D 0.00000 0.000 1142.111 1842.181 0.0000.+00 -7.7082.+02 -t.Se-os 
28 1 -1.17aooo.+06 12.26311 0.00000 0.000 1604.2.66 1504.266 0.0000.+00 -7.4121e+02 -2.0.-02 
20 1 -1.1NIN.+06 12.71063 0.00000 0.000 1171.124 1171.124 0.0000.+00 -7.1882 .. 02 -3.4.-02 
SO 1 -1.111662 .. 06 13. 167H 0.00000 0.000 NO.Ot7 NO.Ot7 0.0000.+00 -7.0112.+02 -6.7.-02 
31 1 -1.111702e+06 13.Il0&2l 0.00000 0.000 648.174 641.174 0.0000.+00 -1.1D34.+02 -D.7.-02 
52 1 -1.11M73.+06 14.062a 0.00000 0.000 24l1.241 243.241 0.0000.+00 -1.7864.+02 -2."-01 
33 1 -1.113111te+06 14.60000 0.00000 0.000 -st. 748 68.741 0.0000.+00 -1.I7Ot.+02 -1.6.+00 
14 1 -1.1N67&e+06 16.00000 0.00000 0.000 -10.011 10.018 0.0000.+00 0.0000e+00 -1.0.+00 

Figure B.2.1.11: A section of output from file OUTPOI for problem "h-ma.gnet test, uniform 
mesh 4/23/85 cycle = 370". This gives the fileds along the x-axis. Note tha.t this printout 
will not give the field in iron regions. 

- - - - - - - - - -- - - - - -
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The file OUTPOI COll~~iU5 a sUllmmry of t.he inpllt dnt.a and a table of t.IJe field 
COlllpOIl~l1ts ami tht.'ir gradicllt.s. We show lilies 188 to 228 from t.hat file in Figlll'e 
0.2.1.11. 

B.2.2 Execution on Los Alamos Computers 

The POrSSON grOIl)) codes are on bot.h 1 he CRAY's and on the MP-Oivision 
VAX computers. The procecil1l'e fol' mUlling t.hese programs is sliglltly uifferent, ill 
t,he t,wo cases. Figure 0.2.2.1 list.s tht' COllllllR.nJs t.o l'llll !.he above t.est case on the 
CRAY's. U. is assumed t,hat, the tlser kllows 'how t.o sign on t.o t.he URAY. 

mass get dir=/lacc/poicodes/cray /exq automesh lattice tekplot poisson 
~l~SS g~t dir;;;r~~C7p~i~~ci~-;;cr~;~~ -ill~~-;gl~~'thr ~T~ihi -~I)~ihl 
~uJ.c;mJ,esh 

tekplo! 
p_~iSS~l~ 
~e}9?lot 
fred outpoi 

Figul'e B.2.2.1: Series of cOlllllla.uds for l'llllning test problem 011 the LANL ('RAY's. 
The Jirst. line gets t.he rull Jilt's from the l'OllllllOIl lilt' syst.(,Ill. The seconu line re­
t,rieves t.he AUTOMESII input, file lunag. The ot.her files on this line a.rc out.pllt. files 
from AUTOMESlJ, LATT[CE and POISSON. They may he useful for comparing 
your results wit,h ours. Fred is an editor for lookillg at. OUTPOI. 

FRED ATOO$DISK:[AT6HKS]HMAG1.COK 
using FREDLAST switch settings F.<lit.or opening informat.ion lint> 

$1$dua3: [Al'6HKS] RMAG1. COK,7 14 lines 
*T* [MIs F H ED to tYl~~_all t.he lil1~-i-ll-t-h-e -n-le-H-M-A-a-.]-.C-:O-M'I 

1 $COPY ATOO$DISK:[AT6HKS]HKAG1.AUT [] 
2 $FRED HMAG1.AUT 

----~----------~--~~-----------, 

3 T* Type Ute entire AUTOMESH input. filt' ElMAG) .AIJT 

4 END Leave editor 
6 $Run ATOO$DISK:[AT6HKS]AUTDKESH 
6 HfUG1.AUT 
7 $RUN ATOO$DISK:[AT6HKS]LATTICE 

-------, 
8 TAPE73 

9 *6 0 *46 6 s Change of CON's iu LA'l"l'rCB 
10 $RUN ATOO$DISK: [AT6HKS]PDISSDN 
11 TTY T;UspoiSsoN-iliat.-i;;~i-i-s -fr-o-m-t-,h-{'-t-.er-n-.i-u-a-'ll 

12 0 

13 S 

dump uumbt'r expected hy POISSON 

Skip changes in t.he C~N a.rra.y 
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clump number;;:;: -1 t.("rminat.es t.Iu' POISSON mil 

$ $ is the VAX/VMS syst.em prompt. 

Figure D.2.2.2: A listing of t.he command file HMAG l.COM using t.he FRED edit.or. 

When l'lIIUJiug on t.he MP VAX/VMS machines, all execnt.ahle files are lIndt'l" 
the dit'E"cj.ory ATOO$DISK:[ATflll KS]. The t.est: prohlem lIses a c(l1ll1l1a.ncl file called 
IlMAG1.COM t.o execut.e AlJTOMESll, LATTICE a.nd POISSON; TEl\PLOT is 
lIf't"d int.eJ'a.ct.iveiy t.o gem'l"at.e t.lle vario11s plo!.s. At. completion the 01ltvut files 
OlTTAlIT.LIS, OlTTLAT.LrS and OlfTPul.LlS Illay be cOIllI)ared wit." the cor­
responding out.put. files OAlfTH l.LIS, OLA'l'H l.LlS ami UPOUll.LlS, which are 
stored in dir~ctol'Y ATOO$DISK:[A'l'<HIKS]. The step I>y st.ep procedure is shown ill 
Figure B.2.2,2. 

B.2.3 Executing on Systellls Outside of Los Alalllos 

The magllet.ic t.ape conta.illing fhe POISSON Grottp Codes sent out.side l\seJ's 
cont.ains the above t.est. problem i'uput a.llfl output liles, The files will have difli.-I·ent 
names depending on whet.her t.he user receives t.he GRAY version or t.he VAX/VMS 
version. Figure D.2.3.1 list t.he tile names t.hat should he on t.he lllagndic t.ap<". 

VAX/VMS QRAY 

HMAG1.COM 
HKAG1.AUT HMAG1 
OAUTH1.LIS OAUTH1 
OLATH1.LIS OLATH1 
OPOIH1.LIS OPOIH1 

; 

Figure B.2.3.1: List. of input and out.put files included with POISSON Group Codes. 
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Chapter B.3 

POISSON Input t~ LATTICE and 
AUTOMESH 

Refore t.he ('ooe A lTTOMESJI, the only way to ent.er daJa des~rihil\g the physical 
geonwt.ry of tile problt~J1) was I.hl'ough LATTICE. Although llIost. IIsers will use A U­
TOMESIJ to ent.er inj)lIt, it. is wort.hwhile lI11clerst.allding t.he strudure of LATTIUE 
illPut so t.hat t.he strllct.IIl't" or AUTOMESII makes sense. Furt.llf"1'11l0re t.here may 
he occasions wllt"n t.he tlsel' wishes t.o modify t.he out.put. of AUTOME.SH, which 
hecomes t.he input. t.o LATTICE. In this case, (he user needs an underst.anding of 
the input t.o LATTICE. 

B.3.l Format-free Inp.ut Routine 
FREE (I,RAYl,Nl, ... ,RAYI,NI) 

The a.uthors of t.he Poisson Gronp programs developed t.heir own format-free 
input rout.illt" t.o make it. ~asiel' t.o enter data int.o all programs except. AUTOMESII. 
The iuput. into AUTOMESH is via t.he standard FOHTllAN NAMELlST met.hod. 

The other Poisson Group programs expect. most of t.he input t.o he in a format. 
that can be read hy one of t.he following CALL statenwnt.s: 

CALL FREE(1,RAY1,N1) 

CALL FREE(2,RAY1.N1.RAY2.N2) 

CALL FREE(3,RAY1.N1.RAY2,N2,RAY3,N3), 
\ 

where RA YI, RA Y2, and RA Y3 are a.rrays of lengt.h at. least. equal t.o N 1, N2, and 
N3 respect.iveJy. In some cases t.he arra.y iengt.h is variahle. The CALL st.at.emellt.s 
and dimensions are part of the program and hence Hot under t.he user's control, 

1 
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except. for arrays of variable lc:>ngth. Sect.ion R.3.2 spells 011t. ill ddail which of the 
t.hree CALL st.atement.s are bcing lIsed to ent.er data and what freedom t.he user 
ha.<;. 

The FREE format uses spccial characters to short.en input, a1ld to save array 
space. These charact.ers and t.heir ftllldions are described below, and an example 
is given which U!'lCS all of t.hem. When t.he forllls ill t.he left,-halld COIUlllll below are 
used for inp1lt" FREE illt.crpret,s t,hem as explained 011 t.he rigltt. The case (upper 
or lower) for t,lIe letters R, S, and C may be important. 011 some comput.ers. 

This not.at.ion mealls st.ore t.he numher X, in t.he locat.ion (I) of t,he current. 
array. If t.here are lIumhers followillg X, they are stored in locat.ions (1+1), 
(1+2), etc. 

XRN This notat.ion means st.ore t.he n1lmber X, in N s1.1ccessive locations in t.he 
current, array. A hlank between X and n. is opt.ional. (Thillk of RN as 
being shod.hand for "repeat. N t.illlcs.") 

S This symholmcans skip the rest. of file input. t.o t.he current, array and go 
t.o the lIext. array, or eud tile read if t.he curreut array is the last array in 
the CALL FHEE st.at.ement .. 

C This symhol means COllllt. the Jlllluher of values read iut.o the current array 
and save t,he u1lmher as N 1, N2 or N3 as appropriat.e. It, also acts like S 
above. The purpose of this is to read in arrays of val'iable lengt.h. 

Numbers may he eit.lu"r int,egers or float.ing poiut 111l1ll1)ers. The lat.ter can he 
in simple decimal format ± XX.XX or in scient.ific format ± X.XXXE ± xx. The 
exponent, must. cont,ain a plus or a miulls sigu. The plus s~gn in front. of the mantissa 
is opt.ional. The ouly other nou-numeric charact.ers allowed in the input field are 
t,he blank and the comma. Eit,her t.he blank or t.he comma call be used t,o separat,e 
input, values. COlllments may follow the last S or C or reqllired llumbers 011 any 
input line. 

The example below illustrat.es all t.he ahove feat. II res. A and B are dimensioned 
arrays, and K is a single variable. 

Calling sequence: N = 100; CALL FREE(3,A,5,B,N,K,1) 

input line: -3,4. +5.3E-2 R2 S *20 .1R10 C 13 THIS IS AN EXAMPLE. 
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This input produces t.he array values: 
A(l) -3 

A(2) = 4.0 

A(3) = 0.053 

A(4) = 0.053 

A (5) = ullchanged 

8( 1) t.hru B( 19) = undlanged 

8(20) thl'll B(29) = 0.1 

N 10 

K 13 

Due final import-aut. Hot.e. The 'FREE entry for III a!. requires all float.illg point 
IHl1111>e1'5 to have a decimal l)oillt.. For example, ANGLE = 90 degrees mllst, be 
eut,ered as u90." ill order to he recognized correctly. Leaving ont t.he decimal poiut. 
is a comlllon beginner's mistake. 

... 
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-~ 

B.3.2 POISSON/PANDIRA Inputs to LATTICE 

Logically t.he lIser would hegin l)y makillg an input. file to AUTOMESH, huI 
t.o understand t.he reasoning behind AUTOr\'l~Sll it. is import.ant. to uuderstaud 
t.he structure of t.he ill put Ille to LATTICE, The iuptlt file for LATTICE is called 
TAPE73 for historical reasuns. 

Read 
Title 

Read 
$REG I S r----iM 

Wri te t---i .. ~r Stop I 
TAPE73 

Read 
$PO 

Figure 0.3.2.1: Flow Diagram for Read statement.s in LATTICE for POISSON and 
PANDIRA. 

The structure of the read st.atement.s in LATTICE is shown in Fig. B.3.2.1. The 
first, data line can have anything in colttmns 2 t.hrough 80. If the first COlUlllll is 
non-blank, t.hen t.his dat.a set, is for a SUPERFISH prohlem. If t.he first, column is 
blank, t,hen this data set is for a POISSON or PANDIRA problem. The characters 
in columns 2 t.hrough 65 are st.ored and used in prillt.out.s for run ident.ification. 
Bec.ause of the smaller word size 011 t.he VAX as compared wit,It t.he CRAY, only 
columns 2 t.hrough 33 are available t.o the user for run identification when rUllning 
on t,he VAX. 

The reason t.hat, LATTICE disl.iuguishes bet.ween SUPERFISH and POISSON 
runs is hecause LATTICE init.ializes t.he elements of t.he CON alld C arrays wit,h 
t.heir default values. Some of t.he CON's and C's have different, meanings for SU­
PERFISH as compared to POISSON or PANDIRA, and t.herefore the default values 
are different. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
r 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Decf"mhrr 8, 1986 PART D CIlAPTER.3 SECTION 2 ,I) 

The next. line (or several1ines if needed) is reserved for making changes in the de­
fa.ult values of t.he CON's, (elcment.s ill lhe CON al'ray). Ouly olle CON ahsolutely 
lllusl be chang~d; t.he user lllust. t.t'll the program t.he llulllber of regions, NHEG = 
CON(2). NREG is the uppel' limit of the DO-loop for t.he next. read st.atelllellt.s. 

There are several other CON's tha.t should he examinf"d at. t.his point.. Many of 
t.hese can only be changed in LATTICE if they are t.o have allY efi'ccl at. all 011 lhe 
problem. A list and brief descript.ion are given in Table U.3.2.1. 

Ot her CON's can be changed from t.heir default. values at t.his t.ime eveu t.hough 
they have no f"ffect in LATTlCE. The changes will ('any t.hrough to the out.put file 
TAP E35 and be available t.o t.he ot.her programs w hen needed. 

The format for f"nt.ering t.he changes in t.he CON's is t.he special free format. 
writf,c>n for t.his program and described in Sec. U.3.1. The following example will 
illllstrat.e the power of this format.. Suppose we want to change CON(2), CON(9), 
and CON(21) through CON(24). The input. line might read as follows: 

*2 10 *9 2.54 *21 1 1 0 0 S 

The * occurs hf"fore t.he Jlllmher of t.he t.~I(:lllf"ut t.o he changed. \Vhen several de­
mt"nt.s in a row are to be challgf"d, only t.he first Olle need be imlicat.ed by a st.a.r. 
The liual not.at.ion S means skip the rest of the elf"lllcnts in Ute array. This same 
free forlllat is used. to ent.er clemellts illt.o t.he C alld B arrays t.hat come next;. 

• 
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NlUnber 

CON(2) 

CON(9) 

CON(21) 
CON(22) 
CON(23) 
CON(24) 

CON(32) 

Table B.3.2.1 CON's that can only be changed ill LATTICE 
POISSON 

Name 

NREG 
• 

CONY 

NBSUP 
NBSLO 
NBSRT 
NBSLF 

IPRINT 

Default 

None 

1.0 

o 
J 
o 
o 

o 

Descript:ion 

Number of Regions in tbe problt'J1l geometry. Presently, 
NlillG must. he ~ 31. 

Conversion factor for the unit.s of It'ngth in the prohlem. 
CONY = 1.U tor centimeters; CONY = 0.1 lor uLiIli­
meters; CONY = 2.54 for inches; etc. 

Indicator fOI' honndary cOlldit.ions on the UPper, 
LOwer, RighT, Rnd LeFt. h()lIlldaries of t.he rectangu­
lar region dc.>fill.illg •. he problem. For magllt't prohlems 
a dt'lault ooue of 0 hulknLes a Dirichlet bOluldary 
cOlHlit.ion, wlLich means magnetic fidel lines a1'e 
paraUd (;0 the bOlmdary lines; a default. vallie of 1 
inwcates NewnalUl bowldary conditions, which menn 
magnetic fieJd lines are perpendicular Lo the lJowldary 
line: 

An iu(licnt.or for print options. TPRTNT = 0 gives no 
print.out; IPIUNT = -1 causes LATTICE t.o wl'ite 
the (X, Y) coorc1illates of mesh point.s t.o OUTLAT 
on the CR.AY or to OUTLAT.LIS on the VAX. Th.is 
paranu't.E'1' can be changed again in POISSON or 
fANIHRA and produces ot.ht"r prillt. opt.iolls in 
t,hosp. programs. It is not often that. tllis write to 
OUTJ ... AT is of much use, but the option exist.s. 

CON(37) MAP 1 A paramE'ter itl the cOllrormnl tran!iformation 
Hi = Z * *MAP/(MAP*RZERO**(lVIAP-l). RZF.RO 
is CON(125). LATTICE needs tllis value to calculate 
the ClU'reut density in the transformed geometry. 
MAP f. 1 - the CWTent density is adjusted Lo 

conform t.o the transformed geomet.ry 
in all closecll'egiolls. 

MAP == 1 - no current density adjustment. 
Note: IT the user does not want. any current density 

adjustment: (the correct densit.y for t.he t.l'CU1S­
for1U~d geometry has been input.), MAP 
should not. be changed wItil execution of 
POISSON/PANDlRA. 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

De-cemol!'l' 8, 1986 PART B Cll1\PTEfl 3 SECTION 2 7 

Table D.3.2.I (cout.) CON's that enn only be clumgcd ill LATTICE 

NmnIJer Name 

CON(iO) ICAL 

CON(7f1) ItHOXY 

CON(81) NOTE 

CON(84.) EPSO 

CON(123) TNEGC 

CON(12.t) TPOSC 

CON(125) 

rOISSON 
Default 

o 

1.6 

1 

10-5 

0.0 

0.0 

1.0 

I)escription 

uulicat.or for the type of formula to use in calculat.­
ing Hie ClUTent associated with a mesh point. 
ICAL = 0 means lise the standal'(l fonnulaj 
ICAL = J Ilwans use the anglc fonnula. The lat.t.er 
formula gives more accW'atc fields ncar coil IJOllll­
€lades. 

The st.arting ovel'-rdaxat iOll fador for t.he irregular 
mesh gen«.>rat.ion. 1t. is seJJ.olll that Ule user will want 
to change this. 

A flag for {\l·t(>I'1lliJl..ing the ordel' ill which the mesh 
PHillt.S are relaxed. 
NOTE::: 0 gives the onl«.>r: air point.s, int.erface points, 
t.heu iron points. [Cant.iun: 1-"'01' PANOlllA rUllS 
NOTE::: U must. he used.] 
NOTE = 1 gives the order: (ail' + interfacE') point.s 
t.hell i~on point.s. 

The ronvergence crit.erion for mesh gl'neration. 
Tlwre is seldom a reason t.o cbange this number, 
hnt. if LATTICE h(l.5 trouble converging, iucreasillg 
EPSO may help. 

A pnl'ampt.er used in ("onfol'1nal transformat.ion. 
1npllt. thl' tot.alnegat.ive current. in original geometry. 
LATTICE stores t.he negative transfol'1ned 
cW'rent.s. 

A parlltlwt.(,T used in COli formal t.ransformat ion. 
Input. the tot.al posit.ive ClU'fent ill original geometry 
LATTICE st.ores the positive transformed 
currents. 

The scaling fador in t.he COnf0l'111al transfo1'mat.ion .. 
See CON(3) auove. NOl'lllaUy RZERO is the apertlll'e 
radius. 
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There are six e1~ment.s in t.he C-array for each region; th~y are call(·u "r~gion 
constants". The first of t.hese, C( 1), is an a.rbitrary region iuellt.ifl.cat.ion number. 
These uumbers need not. he in numerical order. 

The secoJld region const.ant.,C(2), is a mat.erial code t.hat t.ells t.he program 
wllet.her t he region heing defined is air or a lIIat.erial wit.h magllet.ic or didcct.ric 
propert.ies. The const.ant C(2) can take 011 12 values, which are sllllllllarized in Ta­
ble 0.3.2.11. 

Table B.3.2.1I. Materia) Codes for a Given Region. 

0(2) Mat.erial Propert.y 

o All point.s inside this region are omit.t.ed from t.he problem. 
1 Air or currellt. carrying coil (lim = lip = 1) 
2 Iron llsing permeabilit.y table int.ernal t.o POISSON or PANDTRA, or a 

('onsi-ant. r~Juct.ivity (clit·I~ct.ric const.ant.) 1'(,.,..~) when CON( G) = -1 
3 Iron (didt·dric) with external input. t.able no.l, or a second const.ant. 1'(1i~) 
4 Iron (dielectric) wit lJ ex,tt'rtIal ill put. tahle no.2, or a t.hird COllst-allt. '''r( "'e) 
5 hon (dielectric) wit.h ext.t'l'naJ iuput table 110.3, or a foul't.h constant 1(1i£) 
6 PL'l'Inalwllt magnet (elect.ret)with straight liue B(U) (D(E)) functioll 

(PANDlRA only) 
7 t.hrough 11 are the sallIe as 6 

\\Then C(2) = 0 for a region, no llIesh is s~t. up in t.his re~ion. The t.reatment. of 
t.he boundary poillts of such a region are deterlllined by t.he region cons\.allt C(6) 
discusseu below .. 

POISSON and PANDIRA have olle int.erual table of permeahilit.y vs. t.he magni­
tude of t.he magllet.ic field II .. By using options C(2) = 3,4,5, Ule user can set 11p tllree 
other tables .. How these tahles are entere(\ is descrihed ill Chapt.cr B.5. When uoillg 
prohleins wit.h permanent. magnet.ic ulat.el·ials, whkh requires using PANDIRA, oue 
can euler up to 6 ot.her permeability fuuctions. These elltries also are descdhed ill 
Chapter B.5. 

The third region constaut., C(3), for magn('t: problclIls is the t.otal current. in 
amperes at a point, along a line, or ill an area. If t.he region c011sists of a point, then 
t.he cun·ent. through the point is called a current. filament:. If t.he region is a line, 
then the current t.hrough t.he line is called a current sheet.. It. is assumed t.hat. t.he 
current is uniformly clist.ributed along the line. Likewise when t.he regioll is an a.rea, 
t.he current. is disl.rihuted uniformly over the area. The fourth regional constallt. 
C( 4) provides an alt.ernat.ive. way of ent.ering current.s. (See helow.) In elect.rostat.ic 
problems C(3) is the fixed electrical potential at the poillt. or on the line .. When this 
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region is an area, the whole area is at the const.allt potential C(3). 

. The fourt.h l'C'gion constant., (,(·1), is t.he current· dE'llsity (amps/length:!) t.!trollgh 
t.wo-dimensional regiolls. For ell'drost.al.ic problems it is t.he charge density in units 
of Coulomns/length:!. 

The fifth region const.ant., ('(5), is an int.egt'r indicating t.he type of t.riallgle to 
be lIsed iu defining the logical mesh for the region. There are t.hree choices: 

C(5) = 0, equal weight t.ria.ngles (t.he default) 

C( 5) = 1, isosceles t.riangles 

C(.5) = 2, right triangles. 

E<)11<11 weight. ;:\1ul isosceles triangles are geomet:rically t.he same in a st.dct.ly uni­
forlIl mesh. The dirrerellce comes in j he relaxat.ioll process hy wltich l.he logical 
mesh is d<'[orllled illt.o Hie physical mcsh. The dist.inct.ion bet. ween t.he logical and 
physicallllesh is disctlssed below when we discuss illpul. 1.0 the B-aITay. The default 
is probably best choice. 

The sixt.h region con~t.allt., C('6), is called a special bouudary indicat.or. This COll­
sl.alll· is used [or t.wo pllrposes. It. is' uscJ 10 illdicate special FIxed pot.ential POillt.S, 
and it is used 1.0 indicate t.he hOllllJary conclit.ioll on a boundary of t.he prohlem 
t.hat docs 1I0t coincide wit.h t.lle ext.reme rcct.angulur logical bouudary of t.he prob­
lem. When it. is used for t.he lat.l.er purpose, it. call Irave a value of 0 or J. C(6) 
= 1 indicates a Neumann houndary condit.ion and C(6) = 0 indicates a Dirichlet. 
boundary condit.oll. The default vallles fo'r C(I)) arc C(6) = 0 1'01' t.be first. region and 
0(6) = J for all ot.her regions. This latter default is suit.ahle for alll'egiolls interior 
to the prohlem area. 

When C(6) is tlsed for t.he purpose of indicating fixed pot.ent.ial point.s ill elec­
t.1·ost.at.ic prohlems, it. t.akes 011 t.he V"dl tie --1, and t.he special Jixed pot.t>nt.ial value is 
(·lltered as C(:3), as dt'scd heel ahove. Not.e Ulat se\.t.ing np coustant potellti(l.ls (mag­
lletic or declrostul.ic) call also be hundled in POISSON. See subsed.ion 0.5.3.4. 

The D-array requires a list of logical and physical coordinat.es for the bound­
ary of eHeh regioll. The fir~t. stnge or (IllY prohletll IIsing LATTICE is to set. np 
a physical picture o[ t.he geometry and assign physical coordillal.es (;r, y, to point.s 
on t.he boundaries of t.he variuus regions. The second st. age is to superimpose a 
regular t.riallgular mesh on the whole area. Each mesh poi lit. can he assigned logical 
coordiuates (K, L) as iIl11st.rat.ed ill Fig. B.3.2.2. One can HOW associat.e logical 
coordinates (K, L) wit.h physical coordillat.es (x, y) hy matching the pbysieal point. 
wit.h t.he dosesl. logical poillt.. LATTICE will use I.his associat.ioll to distort the 
logical mesh iut.o t.he so-called physical mesh, ('ollsistillg of 1'T"T'f'!}ular t.riangles as 
illust.ral.ed ill Fig. Il.3.2.3. The t.t'diollsl1ess of const.ruct.ing t.he logical mesh and 
making tbe associat.ion of coortiillates is the main reason A UTOMESH was created. 
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Since LATTICE connects point.s on h0l111darics wit.h st.raight. lilles, one need only 
specify point.s at t.he ~nds or long straight segment.s, but approximating a circular 
arc wit.h straight lines requires many poiuts. 

Once aga.in t.he special free format is used t.o ~l1t.er the values ill t.he B array. The 
order of the input. is K(l), L(l), X(J), Y(I), 1\.(2), L(2), X(2), (Y2), etc. The origjn 
of coordillates in t.he lop;ical mesh is ( I, I.), not. (0,0). This inp1lt. list. is t.erminat.ed 
with t.he free format. charader C, which stands for "Count. the numbt!r of input 
values." 

As indicat.ed in Fig. B.3.2.1, t.he data groHps for t.he C and B arrays are repeat.ed 
for each region. The first. region ddines the largest rectangular region containil\g 
t.he prohlem and it.s boundary values must. contain t.he largest. K and L values in the 
mesh. The data for t.he second region redefines, or overwrites, 1. he region coust.ant.s 
for all mesh point.s belollgiug to that. region. Data fur each following l·egiou over­
writ.es previously defined values in t.he same way. For example, suppose one wishes 
to define a coil region il1sicle of an air region. Ir t.he coil region were given first. in 
the iuput dat.a and theu the air n~gioll, the coil regioll would be overwritlcll and 
this coil would 1l0t exist ill t.he problem. 

UsuaJly each region is closed, i.e., the dat.a for t.he first a.nd last boundary points 
of t.he region are iJent.ical. However, it is possible t.o specify dat.a for a "poiut re­
gion" or a "lille region". The purpose of this specifkat.ion woulJ be to define t.he 
physical coordinates of specific point.s, and perhaps also t.he total current. at a point 
(a current. filalllt'nt) or a specinl fixed potential value at. t.hat. point for an el.edro­
st.at.ic problem. For poillt. and line regions, the iup11t. values of C(2) and C(.5) are 
not. used in t he program. Figure B.3.2.5 is all example of how t.he regional data 
is entered for the geomet.ry shown in Fig. 8.2.3.4. The logica.l mesh llumbers were 
taken from a mesh slight.ly filler t.han t.llat shown in Fig. B.3.2.2. 
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---I( ~ 

Figure 0.3.2.2: A logical mesh for t.he II-shaped magnet. 

F·~rJ2. muiE" 1f-IiCI'; yr.,; T. E.IL T R H!lfGLE$ (..-r.LE = JSIJ 

Figure D.3.2.3: The ('o1'l'espouding physical (relaxed) mesh for II-shaped magnet. 
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(22,13) 
(0,13) 

1 (IRON) 

(0,6) 

(COIL) 
J 

(0,2) 
POL[ lIP 

2 (All) II' .. (SPmAL POIf1) 

(0,0) (6,0) (22,0) 

Figure B.3.2.4: Example of input. geqmetry to LATTICE for II-shaped magnet. 

H-MAGNET TEST, UNIFORM MESH 4/23/85 

*2 3 *21 o 1 0 0 *9 1.0000 SKIP 
1 1 0.0000 0.0000 0 o REGION 

1 1 0.0000 0.0000 
50 1 22.0000 0.0000 
50 34 22.0000 13.0000 

1 34 0.0000 13.0000 
1 1 0.0000 0.0000 COUN 

2 2 0.0000 0.0000 0 1 REGION 

1 6 0.0000 2.0000 

13 6 5.1000 2.0000 
13 7 5.5000 2.4000 
14 8 5.5000 2.8000 
13 9 5.5000 3.2000 
14 10 5.5000 3.6000 
13 11 6.6000 4.0000 
14 12 6.6000 4.4000 
13 13 6.6000 4.8000 
14 14 5.6000 6.2000 
13 15 6.6000 6.6000 
14 16 6.6000 6.0000 
36 16 16.0000 6.0000 
34 16 15.0000 6.6000 

35 14 16.0000 6.2000 
34 13 16.0000 4.8000 
36 12 16.0000 4.4000 
34 11 16.0000 4.0000 
35 10 16.0000 3.6000 
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I 34 9 15.0000 3.2000 

35 8 15.0000 2.8000 

34 7 15.0000 2.4000 

I 35 6 15.0000 2.0000 

34 5 16.0000 1.6000 
35 4 15.0000 1.2000 

I 
34 3 15.0000 0.8000 
35 2 15.0000 0.4000 
34 1 i6.0000 0.0000 
50 1 22.0000 0.0000 

I 50 34 22.0000 13.0000 
1 34 0.0000 13.0000 
1 6 0.0000 2.0000 COUN 

I 
3 1 -26455.7910 0.0000 0 1 REGION 
14 1 6.0000 0.0000 
33 1 14.5000 0.0000 

I 
34 2 14.6000 0.3929 
33 3 14.5000 0.7857 
34 4 14.5000 1.1786 
33 5 14.5000 1.5714 

I 34 6 14.5000 1.9643 
33 7 14.5000 2.3571 
34 8 14.5000 2.7500 

I 
33 9 14.5000 3.1429 
34 10 14.5000 3.5367 
33 11 14.5000 3.9286 
34 12 14.5000 4.3214 

I 33 13 14.5000 4.7143 
34 14 14.6000 5.1071 
33 15 14.5000 5.5000 

I 14 15 6.0000 5.5000 
15 14 6.0000 6.1071 
14 13 6.0000 4.7143 

I 
15 12 6.0000 4.3214 
14 11 6.0000 3.9286 
15 10 6.0000 3.5357 
14 9 6.0000 3.1429 

I 15 8 6.0000 2.7500 
14 7 6.0000 2.3571 
15 6 6.0000 1.9643 

I 
14 5 6.0000 1.6714 
15 4 6.0000 1.1786 
14 3 6.0000 0.7857 
16 2 6.0000 0.3929 

I 14 1 6.0000 0.0000 COUN 

I Figure B.3.2.S: An example of a TAPEi3 file (input to LATTICE) for the II-shaped 
magnet shown in Fig. B.3.2.4. 

I 
I 
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B.3.3 POISSON/PANDIRA Input to AUTOMESH 

AUTOMESH prepares an input. file, cailed TA PE73, for LATT1CE. ft. con~t.ruct.s 
t.he logical mesh from t:l'iallgies whose size ant! shap~ are speciJiecl by the user and 
from t.he physical regiun houfl(laries. Tt. assigns logical ([(, L) coordinates and phys­
ical (X, Y) coordinates t.o points on t.he boundal'ies of the region. Extra line regions 
nm be added to t.he prohlem witt're requested. These lilies form hOll1H.ial'ies for 
chal1ging t.he size of the triangles. AUTOMESn sl't.s ollly six of the CUNs to default 
values. AUTOMESH automat.ically assigns houlldary condit.ions to the problem hy 
seUing CON(21) t.hrough CON(24). Ir t.hese houudal'y conditions are not. appro­
priate, t.hey can be changed in LATTICE when t.hal code a. ... ks for CON's changes 
or t.hey call be dmngeu diredJy I>y edit.ing t.he me TAPE73 which is produced by 
AUTOMESn. 1n addition t.o Ule boundary C'Ollditions already mellt.ioned, it. sets 
CON(2) = NREG and CUN(9) = CONY. The default. for CON(9) is 1, i.hat. is, t.he 
It·ngt.h unit. is celltimd.ersj t.his value can be overwl'illen by including CONY ill t.he 
REG nallleiist (see below). 

The inplit. to AUTOMESII is t.he sallle for l"ither SUPERFISlT rllll~ or P01SS0N / 
PANDIRA rUllS with t.wo exceptions. The first exception is the lil'st. data liue, 
which is t.he t.iUe for the ]>l'Oblem. If column 1 is bialik, AUTOMESH assigns 
POISSONjPANDlRA defaulf.s t.o sOllie variables; if column 1 is not. blank, t.he pro­
gram assigns SUPERFISII default$. Th~ second exc<'pt.iOll OCClll'S wlwn t.he user 
elect.s to lise cylindrical coordinat.es by lat.er setling CON( HI) = ICYLlN = I. For 
POISSON/PANDIRA (X, Y) corresponds t.o (R, Z); for SUPERF'ISll it is Oppol'llte, 
namely, (X, Y) corresponds to (Z, R). Mat.hematically t.his may be conf1lsing, but. ror 
most. physical problems it if; t.l1(' nat.llral choice. If the IIser is not sat.isfied wit It t.his 
convent.ioll, he can change it. to sOllle extenl hy setting NSWXY = 1 in '1'81\ PLOT. 
Of course, t.his only changes t.he plot.s, not lhe expect.ed inputs to AUTOlvlESH. 

Read 
Tit~e 

Read 
$REG I s f----i~ 

Write 1---..... 

TAPE73 

Figure B.3.3.1: Flow chart for read statements in AUTOMESH. 

Read 
$PO 

... 
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The first. line of input. t,o AUT01\,JESIl is t.he Wle ('anI. Posit.ions 2 t.hrough 
80 can he allY thing. Uolumn 1 should he hlnuk as ment iOlLcd ahove. The nexl 8 
computer words (columns 2 t.ilroHgh 65 on the CRAY, WIUllIllS 2 t.hrough 33 011 the 
VAX) are used for out.put identificat.ioll. 

Following t.he:- first line, A VTOM ~Sl I expf'd,s one:- or more groups of dat-a. Eadr 
group consists uf one R~Xl NAfvI ~LIS'l' input. followed by one or mOl'" PO NAMELIST 
input.s. The first. REG NAMELIST lllust ilH'lllde a value for NHEGj NREG is t·he 
the lltullber of REG NAMELISTS expt:'ded. The HEAD st.ructure is ShOWll in Fig. .. 
B.3.3.1. 

N AMELIST is t.he stand~u'rI PORTRAN inpnt rOl1t.ine. Each sl1cll input. st.arts 
wit.h a hlank ill column 1 followed hy $ "name" wht:'l'e "nallle" is tile name of t.he 
input. Here "name" is either nEG or PO. Any it.em in t.lle grollp may he f'nt.ered in 
any order separat.ed by commas. If -there is allY questiolJ ahout. N AMGLIST, see a 
FORTRAN ma.nual. The following is a t.ypical NAMELIST entry for t.he llameiist 
REG: 

$REG NREG=5,DX=O.08,XMAX=3.5,YMAX=2.85,IBOUND=i,NPOINT=8$ 
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B.3.3.1 The REG NAMELIST. 

Twenty-nine Cj1l8nt.it.ies can be ent.ered in this NAMELIST for eat'll region of the 
problem. Most quant.Hies en\.ered fot· t.he first. region are used for all succeedillg 
regions until changed hy a SubsNluellt REG input. This is called "successive regioll 
data overwrite". Certain quant.ities must he entered, while oillers have meaningrnl 
default. values. The [oUowing is a lis\. in alplmbet.ical O1·clt.~r descril)ing t.he quant.it ies 
as used by POISSON and PANDIRA. Some can only be <.>ntered ill tbe first REG 
N AMELIST and Illust not. be changed in subseqnellt. regions. These arc Illarkecl by 
¢ before the variable. . 

Thble B.3.3.I Region Namelist Variables. 

Name Default Descript.ion 

¢ CONY 1.0 COllversion fad.or fOi' lp.ngt.h unit.s. If CONY = l.0, unit.s 
are celltilllet.ers. To llse other unit.s, set. CONY to t.he nUlll­
b<>r of cent.imet.ers per unit. desired. CONY is the sallle as 
CON(9) in t.he input to LATTICE and should be ent.ered 
for t.be first. regioll ollly. 

CUR 0.0 The t.ota] current in t.he region in amperes, or t.he fixed 
pof.tmtial value 011 t.he boundary of t.he region for elect.ro­
static problems. This is t.he COllstallt U(3) in Sec. B.3.2, 
Input lor LATTlCE. 

DEN 0.0 The C"urrent density in t.he rp.gion for magnet prohlems; 
the charge densit.y for electrost.at.ic problcllls. Unit.s are 
amps/lengt.h:! or Coulombs/leugth:! for areas or amps/ 
length or Coulomhs/length for line regions. DEN is C( 4) 
in Sec. D.3.2, Input. for LATTICE. 

¢ DX none The re.cluest.ed widt.h of t.riangles in t.he mesh fol' tl.e first 
region. It must \lot be changed for subsequent regions. 

¢ DY (ex: DX) The requested height. of t.riangles in t.he mesh for t.he first. 
region. JJ DY is not. specified the default. value is ("it.her 
v'3* DX/2 if ITRI = 0, or 1, or UY = DX if Il.'RI = 2 
(right. triangle option). It must uot be changed [or subse­
quent regions. 

IBOUND -2 A special region bonntlary indic~.t.or. See discllssion unrler 
the sixth region const.aut C( G) in.the Input for LATTICE. 
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Name 

IPRINT 

IREG 

<> ITRI 

<> KMAX 
<> KREGl 
<> KREG2 
<> LMAX 
<> LHEG1 
<> LREG2 

Table B.3.3.! (collt'd.) Region Namelist Variables. 
Defa.ult Descript.ion 

o 

(n) 

o 

none* 
1l01lC* 
none* 
llone* 
nOlle* 
llone* 

If IPIUNT = 1, a special diagnost.ic prillt.out to OUTAUT 
is provided hy fhe subrout.ine LUGIC. If lPRINT ::f. 0 t.he 
mesh coordinat.es of lllt'sh points are print.pd out. t.o OUTAUT. 
If Il'HINT = 0, there are no prilltouts. (IPH.INT is not 
CON(32), but. a local AUTOMESn variable.) 

An aT"bit.rary ll111l1ber idt'ntifying t.lle region. The oefault. 
value is 1 for t.he Hl'st ellt.ereo REG NAr..1ELIST and is 
increlllellt.ed by 1 for each succeeding H.EG N AMELlST. 

The t.ype of t.riangle t.o be llsed for 1 he mesh in the region. 
ITHI = 0 means equal weight; ITH [ = 1 means isosceles; 
and [TRI = 2 means right .. The dist.inction between equal 
weight. alld isosceles is t.he way that the relaxat.ioll is done 
from t.he logical mesh t.o (he physical mesh. 

l T sed t.o I'efi ne t. he mesh in a user-ddinl'd recf.nllgle of t.he 
prol)lem area. \\Then t.hese valul's are entercd, t.hey asso­
ciat.e a logical mesh number wit.h a physical position. 
Thus, KMAX corre::;ponds 1.0 XMAX, LMAX corresponds 
10 YMAX, I\H~G1 to XREG1, et.c. This allows t.he user 
t.o force a slllaHer mesh st.ep in it given region. For exam­
ple, suppose XREGI = 10.0, XHEG2 = 20.0. KHEGI 
= 10, KREG2 = 110. This gives (KREG1 - 1) = 9 mesh 
steps in t.he X-direction of lengt.h 10.0/9 = 1.111 up t.o 
the locat.ion X = XREG = 10, giving a very coarse mesh. 
From X = 10.U t.o X = 20.0 t.h~re will h(' (KHEG2 -
KH.EGl) = 100 mesh st.eps of lengt.h DX = 10/100 = 0.1, 
giving a filler mesh. The size of t.he mesh heyond X = 20.0 
will depeno 011 the difference between KMAX and KREG2, 
and het.ween XMAX and XH8G2. The same principle 
applies t.u t.he Y -diredion. The values, of t.llesC:' variables 
are glubal and hence should be ent.ered for t.he first region 
and not changed in. subsequent. regions. 

* If these values are not entered, t.he code assigns proper values (see under 
XREG1, XREG2, et.c., below). 
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Table B.3.3.1 (cont'd.) Region Namelist Variables. 

Name 

o LINX 

o LINY 

MAT 

NPOINT 

ONREG 

Default. Description 

o A special illdin'l.tor for wl,t.ical line regions, 
LINX = 0 prouu('es vertical liue regions at t.he locations 
where mesh size dlallges occur (XREG1 and XnEG2), 
LINX = 1 produC"es no vertical line regions at. the 10caHons 
when' mesh size cha.llges ocnu', This pat'allletcr was intro­
duced iuto tlJe code in April of 1986, LINX = 1 can ht'lp 
LATTICE converge under some cirCll111stances. 

o A spec:ial indi('at.ol' fol' horizont.allille regions. It. works 
the same way as LINX above, hut. for horizontal line 
regions at. locations where Illesh size changes occur 
(YHEGl and YHEG2), 

1 

Hone 

none 

The lllat.t'I'lal ('ode fOl' t.he region. MAT = 0 l11cans that. 
all point.s in'the r('gioll a.re t.o be ollliUed fro111 t.he problem 
and requires I.he nse of t.he special bOlllldat·y indicator 
IBOUND. The ot.ht'1" possible values of t.his parameter are: 
MAT = 1, air or vacuum (Km = 1, Ke = ]). 

= 2, iron wHh t.he internal per11lt>a.bilit.y t.ahle, or 
const.ant rdtlctivit;y (dielectric constant.) l' (Ke) 
when CON( 6) = -l. 

= 3, iron (dieledt'ic) propert.ies from 
user-defined Table 1, or a second const·aut ..,(Ke ) 

= 4, iron (dielectric) propert ies from 
user-ddined Table 2, or a third constant 1'(~II!) 

= 5, iron (dielect.ric) properties from 
user-ddincu Table 3, or a fourth constant 1'(Kc) 

= 6 through 11, iron (dielectric) properties for 
permanent. magnets (electret.s) with straight. 
line B(lI) (D(E)) fund-iolls (PANDIRA ONLY). 

The 1l11l1\ber of I'legmellt. endpoint.s to he ent.ered in t.he 
PO N AMELIST that· follows this REG N AMELI ST. 

The number of sets of REG NAMELIST data to he en­
t.ereu for t.his run. This must he entered ill the first. REG 
set and should Hot be changed in subsequent REG sets. 

t , 
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Na11le 

OXMAX 

Table B.3.3.1 (cont'd.) 
Default 

Region Namelist Variables. 
Descript.ion 

nolle Maximull1 physical X V"dllle ill t.he prohlem. For 
3-dimcnsional pl'Oblcms with cylindrical sY1llmetry where the 
coordinates arc denoted (1', r.p = 0, z) XMAX is t.he maximulll 
value of r. 

o XMIN 0.0 Miuiml11ll physical X value ill t.he prohlem. For 
3-dilllensioJlal problems with cylindrical syuuuet.ry where t.he 
coordillat.es are dellotrd (1', <p = 0, z) XMIN is t.he minimuUl 
valne of 1'. Wilen Xl\UN oF 0 the user should consider enter­
iug values of XORG = CON(38) ill POISSON, PANDIHA or 
MUff when asked for CON changes. See Subsection 0.5.3.6. 

o XIlEGl XMAX A line rf'gion is adtlcd at. XnEGl. If KREGI is not. set, 
Ule widtll of the t.riangles will appl'Oximately double t.o the 
right. of XliEG 1. If K R J:oX:l is set., I.he triangle wtdt.h will 
be det-ermined as described ullcIt'r KMAX, et.c. above. 

o XREG2 XMAX A line l'egioll is a.dded at. XIlEG2. If KR p,n2 is not. sd, 
t.he witH It of t.lte t.ri(lllgles will al'pl'Ox.imat.eiy douhle t.o 
t.he right (If XR8C2. [f KR EG2 is set, t.lte t.riangle widt.h 
will be determined as described under KMAX, etc., above. 

o YMAX none Max.imulll physical Y vallie in the problem. For 
3-dimensioual proulems wit It cylindrical symmet.ry where t.he 
coordill(l.t.es are denot.ed (r, r.p = 0, z) YMAX is t.he maximU1~l 
value of z. 

o YMIN 0.0 Minimum physical Y value ill t.he problem. For 
3-dimcllsional problellls wit.h cylindrical sYlllmetry where t.he 
coordill(t.tes are denot.ed (r, r.p ::: 0, z) YMIN is the minimulll 
value of z. Whcn YMIN =P 0 t.he user should consider ent.er­
ing vailles of YORG ::: CON(39) ill POISSON, PANDIRA or 
MIRT when a.sked for CON changes. See Subsection Il.5.3.6. 
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Table B.3.3.1 (cont'd) Region Namelist Variables. 
Name Default Descripl.iull 

<> YREGl YMAX A line region is added at YREG1. If LREGI is not set, t.he 
height. of t.he t.riangl('s will a.ppl'OximatC'iy douhle above 
YREG 1. H LREG 1 is set, t.he t.riangle height. will be det.er­
mined as described ullder KMAX, etc., ahove. 

<> YREG2 YMAX A Iiue regioll is aoded at. YREG2. If LTlEG2 is not. set., t.he 
height. of t.ltt' trial1gles will appl'oxiIlHtI.(.'ly douhle a.bove 
YltEG2. If LREG2 is set., t.he t.riangle heigltt will be del.er­
milled as described lludt'r KMAX, above. 
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Chapter B.~ 

OUTPUT FROM LATTICE 

The fondion of LATTfCE is to find t.he physkal llIesh on which t.he problem is 
to he solven amI to writ.{" t.he nect>ssary mesh alld prohlem illfoTmatioll onto a me 
c.alled TAPE35. LATTICE also projuces au out.put file callt:u uUTLAT. 

The informat.ioll cont.ained in OUTLAT is I1sl1a.lly not. Il('edt"d ),11t. llIay somet.imes 
he helpful if somdhing goes wrong in the solut.ion process. OUTLAT cont.aills, for 
each region, t.he region mat.erial l1uml>er, t.he tot.at current., t.he current. densit.y, t.lle 
region boundary indicat.or, H30UNO, and a list. of t.he region logical and pllysical 
houn(lary poil1(.s. This is followed I>y a hist.ory of the \lIesh relaxat.ioll interat.ion, 
which consists of t he x-residual, 17." Per, y-residllal, 11)/ and (>y. The quantit.ies T1er and 
T1y are the :r. aud y mt.es of convergence of the relaxation process. The quantit.ies P;r 

and (>y are t.he over-relaxat.ion factors. 

Aft.er t.he il:erat.ion hist.ory, a t.ahle is ])I"ill(('(\ giving Ule area of each region find 
the Cllrrel1t. dt>nsit.y in each region. T1.is is foJlowed by a print.ont of t.he prohlem 
const.ants, t.hat. is, t.he CON array. Those CON's t.hat. have ueen changed in the 
input t.o LATTICE are flagged. 

In addit.ioll, any elTor messages gellPrat.t'u hy rulllling LATTICE al'e also recorded 
in this file. Finally, if CON(32) =: IPIUNT =: -1, LATTICE prints a lllap of t.he x 
and y vectors, that. is, it gives the coordinates of each mesh point.. Figure B.4.1 il­
lustrat.es an OUTLAT file. 

1 
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beginning of lattice execution 
dump 0 will be set up for poisson 
h-magnet test. uniform mesh 4/23/85 
region number ,. 1 material:: 1 total current =0.0000 
current density =0.0000 O-zoning 
region boundary indicator= 0 

k 1 x Y 
1 1 0.00000 0.00000 

50 1 22.00000 0.00000 
SO 34 22.00000 13.00000 

1 34 0.00000 13.00000 
1 1 0.00000 0.00000 

relaxation parameters. 1433 unknown points. 

elapsed time =0.5 sec. 

cycle residx etax rhox residy etay 
1 1.3783e-02 1.0000 1.6000 8.6675e-04 1.0000 
2 1.8220e-02 0.6677 1.6000 1. 182ge-03 0.6669 
3 1.2090e-03 0.6636 1.6000 8.060ge-04 0.6815 
4 8. 1228e-03 0.6718 1.6000 6.6710e-04 0.6911 
6 6.4665e-03 0.6716 1.6000 3. 9792e-04 0.7143 
6 3. 6786e-03 0.6743 1.6000 2.8638e-04 0.7197 
7 2. 6302e-03 0.6878 1.6000 2. 1345e-04 0.7454 

December 5, 1986 

rhoy 
1.6000 
1.6000 
1.6000 
1.6000 
1.6000 
1.6000 
1.6000 

42 1. 4031e-06 0.8287 1. 7674 2. 2786e-06 0.8412 1. 7496 
43 
44 

1.1684e-06 0.8266 
9. 6645e-06 0.8343 

iteration converged 
elapsed time =0.9 sec. 
generation completed. 

1.7674 1.9094e-06 0.8380 1.7496 
1.7574 1.6023e-06 0.8392 1.7496 

calculated current densities and areas 

region current densities area 
number (amps/cm"2) (cm"2) 

1 0.0000 21.3300 
2 0.0000 217.9200 
3 -644.6089 46.7600 

J 
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dump number 0 has been written on tape35. 
input or default value 
problem constants and variables 

PARTB 

con() = ,h-magnet test, uniform mesh 4/23/85 
(2) = 3,nreg 

con( 6) = o ,mode 
con( 7) = 1.000e+OO,stack 

(8) = 1.000e+1S,bdes 
(9) = 1.000e+OO,conv 

(10) = 4.000e-03,fixgam 
(18) = O,nperm 

(113) = O.OOOe+OO,angle 
(114) ::: O.OOOe+OO.rnorm 
(116) = O.OOOe+OO.angl.z 
(123) = O.OOOe+OO,tnegc 
(124) ::: O.OOOe+OO,tposc 
(125) ::: 1.000e+00,r.zero 

solution 
problem constants and variables 

( 3) "" 34.lma.x. 
( 4) = SO,kmax 
( 6) = S2,imax 

( 11) = 363 ,nair 
( 12) = 1163,nfe 
( 13) = 58.ninter 

( 91) = O,numdmp 
(106) = 1.000e+00,etaair 
(107) = 1.000e+00,etafe 
(109) = 1872,itot 
(118) = 10000,ma.x.dim 
(119) = 5000,nwdim 

Figure BA,] Sections of t.he file OUTLAT for t.he prohlem 
"lunagllet, test unifornl mesh". 

CIIAPTER 4 3 
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Chapter B.5 

Input for POISSON and 
PANDIRA 

B.5.1 Introduction 

The st.ructure of the input o at. a. for POISSON and PANDJRA is t.ht' same. Dat.a 
may he ent.ered eit.her from a data file or direct.ly from t.he terminal (TTY). Aft.er 
t.he code has asked for and rect"ived t.he name of t.he ilLput source, the flow of data 
input is as shown in Figure B.5.!.1. The dat.a is ent.ered using the special free fur­
mat descri bed in section 8.3.1. 

From the diagram Olle can see t hat. there are five hasic read st.atement.s: 1. Dump 
1lIlmher, 2. Changes in the CON array; 3. Permeahility inforlllation, 4. Fixed po­
tent.ial values, and 5. Curreut filament data. Each of these will be discussed in a 
subsection below. 

B.5.2 Dump nUlnbers 

The first line or input. dat.a collt.aius ouly one lllllllher, NUM, which is the numher 
of the TAPE35 dump to he read and processed. Dump 0 is wriU,en by LATTICE 
and Dumps 11umbered greater than zero are written hy POISSON or PANDIRA. 
There .u·t' two main lIses of Ule <lllmp feat.ure with NUM >0. The first. is t.o cont.illue 
a run t.hat has 1Iot converged, and the secoud is to calculat.e and/or print.out. some 
auxiliary quantities that had no1· been done in the original run. For example, 
suppose t.hat POISSON has run the maximulll number of cycles (say 400) wit.hout 
converging. The code will automatically write "DUMP 1" 011 TAPE35 and quit .. 
The user may change the maximum number of cycles (to 850 say) and specify the 
dump number as NUM=1. The code will contillue the problem where ii. left off and 
run an addit;ional450 iterations. Aft.er converging or after reaching tile 850 limit, it 
will write "DUMP2" 011 TAPE35. If it did not converge, the user can increase Ule 

1 
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., .... = COH(10) 

STAOC = CON(7) 

'"----~ 

RE.lD atANCi£S 
IN CONS 

(= DUWP NUYIER to be Uled ) 

r--~ 

SET UP INTtRNAl. 
~--I 7TABL£ ~D/OR 

READ EXTERNAL TA.Bl£S 

READ POTDfTIAl AC'k.L) 
AT SPEcw. POIHTS 

Figure B.S.1.l: Flow Diagram showing Input.s to POISSON or PANDIRA. 
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maximulll numher of cycles and run again. The maximum limit on the number of 
cycles in POISSON is 100,000. 

The maximum Ilulllher in PANDIRA is 20. Suppose t.he problem converged 
after 850 cycles, but. you decide later t.o do an harmonic aualysis 011 the field. YOH 
can st.art. wit-h DUM P2, ('uteI' CON values needed for t.he harmonic analysis and 
produce DUMP3, which will cont.ain t.he required analysis. This will t.ake much less 
time t.han rUllning the cycles all over again. 

B.5.3 Changes in the CON array 

There are a large Humber of opt iOlls t.hat can be exercised by changing t.he values 
in the CON array. 'We have divided this section iuto 10 subsections. 

B.S.3.1 Control of input. 

Inp1lt. of permeahility data is controlled by CON's (6)=MODE, (7)=S'TACK, 
(JO)=FIXGAM, a1l<.1 (18)=N PERM as disc1\ssed in Sec. U.5.4 below. ()ON(20) 
controls t.he lIl11nber of special fixed potent.ial values to he read in as discussed ill 
Sec. B.5.5 below. CON(49) cont.rols the uUlllber of current: filaments to be read in 
as discussed in Sec. 0.5.6 below. 

B.S.3.2 Symmetry Options. 

CON( 19)=ICYLIN coutrols t.he choice of cartesian or cylindrical symmetry; 
CON( 46)=ITYPE provides a way to make maximu1l1 use of the rot.at.ion and reflec­
tion sYll1metry of the magnet. 

If ICYLIN = 0 (the default), t.he problem is assllmetl t.o have cartesian symme­
try, t.hat. is, (x, y) coordinates and aJl fUllctions independent of z. If ICY LIN = 1, 
the problem is assumed t.o have cylindrical symmet.ry, that is, (r, z) coordinates and 
an fuuctions independent of the angle ¢. In TEKPLOT out.put.s, r is t.he horizont.al 
axis. 

There are 9 st.andard rot.at.ioll-refiect.ion sY11l1net.ry t.ypes (ITYPE ) for cart.esian 
syst.ems, 3 standard types for cylindrical syst.e1l1s, and a way to const.ruct special 
ITYPE-codes for sYlllnlt't.ries not included in the standard types. Table B.5.3.1 
shows the standard ITYPE options. 
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Table n.5.3.1. Stallual'u SYllllueh'Y Options for Magnets 

ITYPE Descripl;ioll 

CARTESIAN SYMMETRY (ICYLIN=O) 
1 No SYllulletry 
2 Midplane synunetry* 
3 Elliptical apertw'e quadrupole* 
4 Symlll~t.rical qllad.rupoles* 
5 Skew elliptical apertw-e qmllis (x-axis is a field lill~) 
6 SYllulletrical "JI" magnet or ellipt.ical apert.ure sextupole* 
7 Synulletrical sextllpole* 
8 Elliptical apel'tllre octupole* 
9 Synunet.l'icat oct.upole* 
CYLINDRICAL SYMMETRY (ICYLIN=l) 
1 No synllllet.ry 
2 Mirtplane syllUllf't.ry 

(field lines are 1.. to r-axis for Illagll<'t. prohlE'IllS; 
li lies of constant potellt.ial are 1.. to r-axis for eledrost.at.ic problems.) 

3 Midplane synulI('t.ry 
(r-axis is a line of C:Ollstallt. scalar pot~nt.iat for E'led.ro­
static problems; does not apply t.o vedor problems.) 

*Field lines are perpendicular to lhe x-axis. 

For a detailed description of these symmet.ry tYI>es, see Sec. 8.13.2. 

III general olmost. any symmetry desire(l Ill<'ly he speri fied hy ('onst rlld.i ng T'l'YP E 
as a t.hree digit code word. To tllH.lt'rstand how to const.ruct t his code, one lllust. 
understand how t.he code constructs the vedor n.nd scaler pot.ellt.iak These po­
tentials are considered to be t.he real and imaginary parts of a complex fuudioll 
F( z = x + iy) that. is givell by t.he expression 

00 

F(z) = A(x, y) +iV(x, y) = I: cn(z - Zot (0.5.1 ) 
n=1 

POISSON romput.es the (i('lds alld gr'adielJt.s by taking the npJ)l·opriat.(' derivat.ives 
of F(z). The symmet.ry of F(z) detcrlllilll's which of the coefficients Cn are nOllzero, 
pure real, or pure imaginary. There are (.wo dist.illct. t.ypes of symmet.ries: 1. reflec­
tion, and 2. rot.at.ion. Refledion sYlIlmet.ries determine whether t.he coefficient.s en 

are real, imaginary, or cOl11plex. Rut.ational symmetries imply t.hat various t·erllls 
in F(z) vanish. 

Reflection symmet.ry implies one of two conoitions on the median plane (x­
axis). Either V = 0., dAjdn = 0 (a constant scalar pot.ent.ial boulldary) or 
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A = 0., dV /dn = 0 (a constant. vedar Jlot.ent.ial hOllndary) where dA/dn means 
t.he derivat.ive in the direction normal t.o t.he x-axis. The unit.s digit. of CON( 46) = 
ITYPE encodes t.his informat.ion. If lTY PE = htu, t.hen: 

u = 0 means A = O. and Cn is pure imaginary, By(x,O) = 0, 
u = 1 means V = O. and Cn is real, Bz(x,O) = 0 
1£ = 2 means no symmet.ry and hence Cn is complex. 

There are two types of rot-at.ion symlllf>t.ry. \\7 hen. the coordinate axes are rolated 
by an angle 21T In, either t.he pot.ent.ials alld fields are identical or are identical hut 
with opposite signs. the tens and hundreds digit.s of ITY PE encode the rotat.ion 
symmetry. For example, suppose the magnel is a symmetric quadrupole and has 
dA/ dn = 0 on the median plane. Such a magnet has odd parity. Ollly one-eight. Ii 
of the magnet need be descrihed in AUTOMESH. It can be shown that the only 
nonzero coefficients Cn in t.lle summation are those for n = 2, 6, 10, .... To descrihe 
this sequence the lowest order term (11. = 2) and the interval (.6.71 = 4) need to be 
given. This is encoded by let.ting t.he t.ens-digit be 4 and t.he hundreds-digit by 2. 
In summary t.hen, since the symmetric quadrupole has reflection symmetry which 
makes the scalar potential V vanish, ITYPE would be 241, which is equivalent. 
to the standard magnet. t.ype ITYPE = 4 in Table B.S.3.J above. Ot.her special 
sYlllmetry types are constructed similarly. For a more complet.e discussion, see Sec. 
B.13.2. 

B.5.3.3 Electrostatic option. 

The t.heory of electrostat.ics and magnetost.at.ics is almost ident.ical. St'e Sec. 
B.13.1. It is mere1y a matter of int.erpret.ation of t.he ont.}>ut .. Relative relud.ivit.y 
(1/relative permeability) is rel)laced by relat.ive permittivity; the vector potential is 
replaced by the scalar potential. There is only one parameter that Ulust. be changed 
t.o switch bct.ween magnet.ostat.ics anel eled.rostatics. One must set CON(66) = 
XJFACT = O. The default value of XJFACT is 1. Furthermore, XJFAUT has 
another use which will he described ill Sec. B.5.3.4 below. 

B.5.3.4 Fixed field option. 

Many times one wishes t.o specify t.he field at. a given point., e.g., at. t.he cent.er 
of t.he gap, and somehow det.erllline the value of Ule current in t.he coil t.hat. will 
produce t.hat field. This can he done in POISSON hy specifying four parameters as 
sUlllmarized in Table B.5.3.11. 
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Table B.S.3.II. Parameters for Fixed Field Option 

Parameter 

CON(8)=BDES 

CON( 40)=KBZERO 
CON(41)=LBZERO 

CON(66)=XJFACT 

CON(67)=XJTOL 

Default Definition 

1.0E15 Absolute value of the fixed field. If BDES is not 
equal to its default value, XJFAC'l'=CON(66) will 
be adjusted so t.hat t,he field is BDES within a 
tolerance XJTOL=CON(67). 

1 The (K,L) coordinat,es specifying t.he location of 
1 BDES for adjusting the current factor. 

1.0 The factor by which all current and current 
dellsities will he scaled in POISSON and 
PANDIRA. When used in this way, the default 
va.lue is adequate 101' input. The progra.m will 
adjust. its value and print it out at the end. (As 
noted above, XJFACT = 0 indicat.es an elcc~ 
t.rostatic problem with no currents.) 

1.0E~4 The t.oll"rance on the determination of XJFACT 
from BDES. 

The correct. cnrrent is XJFACT t.imes the initial guess for the cnrrent elltered in 
tIte regional data back in AUTOMESH or LATTICE. 

B.5.3.5 Permanent magnet potential initialization. 

When solving permanent magnet problems with no currents (PANDIRA 
prohlem), the vector potential must be initialized by set.ting CON( 10 1) = JPERM = 1 
and defining a line region. The progralll automatically kllows that IPERM is the 
"initializing" current in that line region. The value of [PERM is not· important, so 
long as it is not zero. The location of the line region is also not too important. 

B.5.3.6 Field calculation options. 

As discussed in Sec. B.5.3.2 ahove, the vector and scalf"r potent.ials are assumed 
t.o be the real a.nd imaginal"Y parts of a complex potential F(z) that is expanded 
as a power series ill the variable (z - zo). The location of Zo can be specified by 
entering new values for UON(38) = XOaG and CON(39) = YORG. The default 
value of these parameters is zero. Note that for cylindrical symmetry, XORG = 0.0 
is required. 

The user can exercise some cout.rol over t,he accuracy of t.he calculation of the 
coefficients en by determining whether to use first nearest neighbor mesh poiuts 
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only, or to use first. and second nearest neighbor point.s ill the determinat.ioll of t.he 
coefficients. Also the weighting given t.o the second neighbors ca.n be controlled. 
The two parameters involved are the following: 

CON(~ah-~SECND = 0 Use first. ndghhors only 
,' •• ~'llltll.o'. = 1 Use first amI secoud neighbors (t.he default) 

, . 
, I" -, I' ,? II" . : 

CON(47)=W2ND = 0.125 is t.he default weight. fador for 
including second neighbors. 

For a further discussion of the calculation of c./s, see Sec. 8.13.2. 
11,.1/ .... ·, . 

B.5.3.7 Harmonic analysis. 

Once having oht.a,jned an expression for the pot.ential and t.he field as power 
series in the complex variable z, one can do all harmonic a.na.lysis over a region of 
the field to det.ermine the size of t.he dipole, quadrupole, sextupoJe, octupole, etc. 
components in the field. The t.hcilry of this is sllnnllRJ"ized in Sec. B.13.3. There are 
siX.' pa~&"h~te'rs tilat control the analysis; t.hey are defined in 'l'able B.S.3.111 below. 

1'·'1 d( \ ,tJ ·u: 

i.; :?rable B.5.3.III. Definition of Parameters Controlling Harmonic 
Analysis 

Parameter Default Definition 

CON( llO)=NTERM 5 The number of ha.rlllonic coefficients to be 
obt.a.illed. 

CON(ll1)=NPTC 

CON(112)=RINT 

none The numher of equidistant. points on t.he arc of a 
cirde wit.h its center at the origin, at which points 
the vect·or potential is to be obtained hy int.erpo­
lation. Fourier analysis of the vector potential at 
these points yields the harmonic coefficients. 
NPTC should he approximatf'ly equal t.o t.he 
nUIllber of lllesh points adjacent to the arc. 

none The radius of t.he arc used for t.he analysis. RINT 
should be less than, by at least one mesh space, 
the distance to the nearest interface between the 
given region and an iron or coil region. Choosing 
au arc too close to a pole face will give all errOll­
eous result. 
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Table B.5.3.III. (cont.) Definition of Parameters Controlling Harmonic 
Analysis 

Parameter Default Definition 

CON(113)=ANGLE none The angular ext~nt in degrees of the iuterpolation 
arc. The siz~ of this arc d{'ppuds on Ute sYlllmet.ry 
of t.he magnet as spedfied hy the I'l'YPE discussed 
above. For a sYlllmetric <iuadrupole, only Olle­
eigllt.h of the problcm is necessary, and hence 
ANGLE = 45 degrees is appropriat~. 

CON(114)=RNORM none The radius of the largest circle t.hat will fit. in Ute 
magnet aperhu'e, or some other Ilol'malizat.ioll 
radius. of your choice. 

CON(llS)=ANGLZ 0.0 The angle in d~grees from t.lle x-axis to where 
integration arc hegins 

B.5.3.8 Over-relaxation factors. 

The novice user probahly will not. want. t.o make adjustments of t he si~ ove~­
relaxatioll factors unless he runs into dilficulties with convergence of t.ILe prohlelll. 
A discussion of the over-relaxat.ion radars cau be found in Sec. B.13.6. Table 
B.S.3.IV gives brief descriptions of these factors. 

Table B.5.3.IV. Definitions of the Over-Relaxation Fn'Ctor Parameters 

Parameter 

CON(SO)=IHDL 

CON(74)=RHOPT 1 
CON(75)=RHOAIR 

Default 

100000 

1.~O 

1.90 

Definition 

An indicator used in POISSON only t·o detetmille 
the numhcr of cydes het.ween making <iuasi­
integrals of H . dl around the Dirichlet boundary. 
Making corrections to the solution matrix hased 
on the value of t.his integral sometimes speeds the 
cOlLvergence, part.icularly for non-symmetrical "II" 
magnet.s. 

(See CON(75)=RHOAIR below.) ... I. " 

The over-relaxat.ioll factor ill POISSON for air and 
int.erface point.s (and for iron points during a 
J.L-finite-ancl-constallt solution.)* This factor is 
autol11at.ically optilllized <..iurillg t.he iteration 
process if the initial value of RHOAIR is equal to 
.RllOPTl. 

J 

j 

I 
I 
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Table B.5.3.IV. (cont.) Definitions of the Over-Relaxation Factor 
Pal'anleters 

Parameter Default Definition 

CON(7i)=RHOFE 1.0 The over-r~laxation fador for irOll poiuts during a 
Il-fillit.e- but-variable solution. * 

CON(78)=RHOGAM .08 The under~relaxation factor for t.he rel11ct.ivity "( 
during a J-L~finite-hut-variable solution.* 

CON(80)=ISKIP 1 The Humher of cycles hetween recalculating t.he 
"('s during a J-L-fiuite-but-variable solutioll. * 

·See the description of CON(6):=MODE in Sec. 0.5.4 below for a distinct.ion between t.he It-finite­

and-constallt and the Jl-finite-but-variable cases. 

B.5.3.9 Convergence criteria. 

The prohlem is said to have converged if t.he potential has changed by less t.hen 
a specified amollut hetweell test.s of the convergencc. There is a danger in using 
such a crit.erion for Ilonlilleul' prolJlems (JL-finite-hut-V"d.riahle). The program cannot 
distinguish between slowly cllanging solutions and t.rue minima. The potent.ial is 
tested for cOJlvergence both ill air regiol1s and in t.he iron regions separat.ely. One call 
set a separate convergence crit.erion for each region. The 11I11l1her of over-re1axat.ion 
cycles hetween convergence t.ests can al~o he controlled. Table B.5.3.V defines the 
three parameters that. control the convergence tests. 

Table B.S.3.V. Definition of Parameters Controlling Convergence 

Parameter Default Definition 

CON(85)=EPSILA 5.0E-7 The lIluuher controling the convergence crit.eriolt 
for the potential solution in air and a.t interface 
poiuts (and for iron poiuts during a J.L-finite-anu­
const,ant. solut.ion). 

CON(86)=EPSILI 5.0E-i The Humber controling the convergence crit,erim.l 
for the potential solut.ioll of iron points during a 
IL-finite-but-variable solution. 

CON(87)=IVERG 10 The numher of cycles het,weell making the con­
vergence tcsts during the it.erat.ion process. The 
default value of 10 should not he altered when 
using tbe option to opt.imize the over-relaxation 

, factor RIIOAlll=CON(75). 
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B.S.3.10 Output control. 

One can choose or choose not to pl·tllt out. t.he (x, y) coordinat.es of the mesh 
points, to writ.e a TA pg35 dump, and to calculate and priut out the potentials 
and fields over a specified region of f.ile mesh. One can also decide how fref(uent.ly 
one prints out information on the itel'a.tion cycles. In some versions of the code 
one can check Ule remfl..ining time in the run and writ.e Ollt a dump to TAPE3~ 
5.0 seconds before the t.ill1e limit. This lat.ter feat.ure does not work on t.he CHAY 
version because HIe CRAY automatically creat·es cont.immt.ion files when a problem 
is t.ermilla.t.ed because of a time limit. Table D.S.3.V!. describes the parameters 
used in output cont.roi. 

Table B.5.3.VI. Definition of Parameters used in Output Control 

Parameter Default Definition 

CON(29)=LIM'l'IM 0 The indicat.or to check the remaining t.i1l1e in the 
run. Execution will be terminated .5.0 seconds 
hefore the time limit and a TAPE3S dump will he 
wl'iU.en. Set LlM'l'IM = 1 to exercise this opt.iOll. 
(Not.e: This option does not work fur the CRAY 
version of t he code.) 

CON(30)=MAXCY 100000· 

CON(31)=IPRFQ 0 

CON(32)=IPR1NT o 

The maximum numher of itera.t.ion cycles. Most 
problems converge in a few huudred t.o a iew 
thousand' cycles for POISSON runs, and abollt. 10 
to 20 cycles fur PANDIRA runs. It seldom makes 
sense t.o change t.his parameter, hut if hit.t.ing a 
machine time limit, then set MAXCY to a lower 
number Lo get. a dump. 

The cycle print frequency timing iterat.ion. The 
default value of 0 indicates t.hat t.he iteration 
information will be printed only on the first and 
last. cycles. Input. values of [PRFQ lllust be illt.eger 
lllult.ipies of IVERG in Table B.S.3.V above. 

Tht" l'Ilf.'sh and fif'ld print. opt.ioll paramet.er 
PRINT=-l: Print (x, y) coordillat.es of mesh point.s 
from LATTICE. 
PHINT=O: No mesh and no field print.s. 
PRINT=l: Prillt. the vecLor potential array when 
CON(6)=MODE=0. 
PRINT= 2: Prillt IBI in iron t.riangles. 
PRINT= 4: Print the lB:rl By) compollents in iron 
triangles. 
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Table B.5.3.VI. (cont.) Definition of Parameters used in Output 
Control 

Parameter 

CON(34)=INACT 

CON(35)=NODMP 

GON(42)=KMIN 
CON(43)=KTOP 
CON(44)=LMIN 
CON(45)=LTOP 

CON(54)=XMIN 
CON(55)=XMAX 
CON(56)=YMIN 
CON(57)=YMAX 

Default 

-1 

o 

1 
KMAX 

1 
1 

0.0 
0.0 
0.0 
0.0 

Definition 

Any combjllation of these opt.ions may be specified 
hy a addition of IP rUNT values. For example, 
IPRINT=7 prints the vector potential, I B I, and 
the components. 

An indicator to allow Ute us~r to int.eract with 
the Herat.ion dm'ing POISSON or PANDIRA 
If INACT ~ 1, the calculation is stopped at 
int.ervals and the user is asked to type: "GO"', 
"NO"., or "IN". If "GO" , it.erat.ion cont.inues; 
if "NO" , it.erat.ion stops and final results are 
writ.tell; if ''IN'', user is asked for new values 
of CON's. 

TI~e parameter cont.rolling TAPE35 dump; 
NODMP=O: \Vrit:e dump at. end of rUll 
NODMP=l: Do not. write dump 

The (K,L) limit.s of the region in which t.he 
fields and gradients are to be calculated and 
printed. This print is independent. of lPRINT. 
It prints fields only in non-iron regions even if 
KTOP a.nd LTOP would include iron. An alter­
nat.ive way of defining the region is given below. 

The (z, y) limit.s of t.he region ill which the fields 
and gradients are to be calculated and printed. 
6z and 6:y in t.his grid are spec.ified hy 
CON(43)=KTOP a.nd CON(45)=LTOP in 
the following way: 
6z = (XMAX-XMIN)/(KTOP-l) 
6y = (YMAX-YMIN)/(LTOP-l) 

·Tbis is set to 20 for PANDlRA problems. 
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B.5.4 Entering Permeability Data 

B.5.4.1 Introduction. 
Basica.lIy tht're ar{' four types of p{'rmeahilit.y inputs: 1. It-infillit.e, 2. If.-fillit.e­

and-fixed, 3. IL-flnite-but-variable, and ·1. auisot.ropic-JL. Although we have labeled 
the types by J.L, the code uses the reluctivit.y "Y defined in gE"neral by the relation 

~ 

H ="Y (IBi). B/J.La + He (B.5.1 ) 

The corresponding relat.ion in electrostatics is 

D = fa ~e (lEI)' E + Dc. (B.5.2) 

For permanE"nt. magnet.s "Y call he a t.ensor alllllHcl is ~alled t.he coercive force. This 
is cOllsisLt'nt wit.h the modern poiut. of view that(B,E) are the primary qnantit.ies 
and (H,D) are del"ived from material propert.ies. Henceforth it will he understood 
that t.he phrase dielectric COllst.ant. Ke call be su bstitnteu for the word relllctivity "Y 
everywhere ill the discussion. 

In addit.iou to t.he reluctivity ~he user has control of the st.acking or fill fador 
for the mat('ria.l. The iron in most dectrolllaguet.s is laminated hence part of the 
material in the iron region is not. f(~rromaglletic. This is taken iuto account in the 
code by assigning a stacking fador between zero and one. 

When t.here is more t.han one type of ma.t.erial (or stacking fador), HIE" user 
must assign an identification number ca,lled MATER t.o the material. This number 
is compared with the regional number MAT in assigning properties to regions. 

The next four subsections discuss t.he four types of input. The subsection after 
t.hat will summarize the allowed input and give a flow diagram for ~he read sta.te­
ments. 

B.5.4.2 It-infinite case. 

This is the default case and corresponds to CON(6) = -2. No other parameters 
are r{'cjuireu. This inplli. giVE'S a good a.pproximation t.o t.he field in t.he air region 
near soft iron if t.he field is less t.han abuut 500 gauss. It. may be a useful first. 
approximation at higher fields when used in the design of synchrotron magnet.s t.hat 
start at low fields and go 1.0 higher fields. 

B.5.4.3 fl.-fini~e-and-constant case. 

If CON(6) = MODE = -1, t.he code expects to read in from 1 t.o 4 values of 
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l' and st.acking fador depenrling on the value of CON(18) = NPERM. The combi­
nation MODE = ":"'1 and NPEItM = -1, -2, -3, 01' -4 signals the Il-finite-and­
const.ant case. Furthermore there is anoLher way to e.nt.er data for the case of one 
fixed"Y mat.erial by using just. the CON's, namely, CON(6)=-1, CON(7)=STACK, 
CON(lO)=FIXGAM, and CON(18)=NPERM=O. 

B.S.4.4 J.l-finite-but-variable case. 

\-Vhen Il is variable, it. must be defined hy a table. The code has one internal 
table corresponding to a very low carhon st.eel. The table is always printed out in 
t.he file OUTPOI. This case is signaletl by MODE = o. The code allows the use of 
t.he internal table plus up to 3 externally read in tables, depending on the value of 
NPERM = 0, 1,2, or 3. 

Thf"re is also an option t.hat. allows the user to have the internal table with up 
to 4 different stacki1lg factors. This is signaled by MODE = 0 and NPERM = -1, 
-2, -3, or -4. Furthermore t.here is another way to enter data for (.he case of t.he 
int.ernal tahle wit.h one st.acking fador. This is dune using just the CON'S, namely, 
CON(6)=0, CON(7)=STACK, and NPERM = O. 

The t.able values defining the permeability may be entered in olle of 3 forms: 
(B,I'), (B"I.), or (B,ll) as specified hy the parameter MTYPE, which is read in 
a.long with MATER and STACK. MTYPE = 1 implies (B,I'), which is the default; 
MTYPE = 2 implies (B,Il); and M'fYPE = 3 implies (B,H). Each table can con­
tain up t.o .50 points. If t.here are less t.han SO poiuts, t.he table lllUSt. be terminated 
by "s". If MTYPE < 0, t.he material is a permanent magnet. material. 

B.S.4.5 Anisotropic /1 and permanent magnet Inaterials. 

This section applies only t.o PANDJRA input .. Anisot.ropic materials are char­
aderized hy au easy axis and a hard axis perpendicular to it.. The values of Il 
are different along the two axes. The easy axis lIlay be /..I.-fillite-but-variahle (table 
required), while the hard axis lllUSt be Il-fillit.e-alld-collstallt. Permallent magnet 
ma.t.erials are usually anisot ropic with t.he easy axis characterized by a /l-fiuit.e-and­
constant relation, and a nonzero coercive force He. The code distinguishes bet.ween 
these cases by the value of the two parameters MTYPE and MATER. MTYPE = 
-1, -2, or -3 and MATER = 3, 4, or 5 implies anisotropic material; MTYPE < 0 
and MATER> 5 implies permanent magnet material. 

Df"finition of an anisotropic material requires lip to 5 parametf"rs, 4 identifying 
the easy axis and one defining the reluctivity along the hard axis. These are defined 
ill Table B.S.4.1 below. 
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Table B.5.4.I. Definition of Anisotropic ParametersG 

Parameter Definition 

ANIN(l)=ANISO The direction in degrees of the easy axis rdative to 
the horizontal axis. See Fig. 0.5.4.1. 

ANIN(2)=GAMPER Relative reluctivity "'Y perpendicular to the easy 

AN1N(3)=XOA 
ANIN(4)=YOA 

ANIN( 5 )=PHAXIS 

axIS. 

The center of a circular arc for the easy axis 
direction. This optional data is used along with 
PH AXIS wheu the easy axis caullot be deli ned by 
ANISO above. See Fig. D.5.4.2. 

The angle in degrees net.ween t.he rRdiR,l vect.or R 
Rnd t.lle easy axis. See Fig. B.5,tl.2. PIIAXIS is 
usually zero or 90 degrees. 

GThese parameters must be entered in this order using t.he free format defined ill Sec. B.3.1 

y 

x 

Figure B.5.4.1: Defiuit.ion of angle tpE = ANISO 

Most anisotropic materials ouly require the first two paramet.ers in t.his table. 
There are no naturalmat.erials where the easy axis direction changes with location 
iu the material, uut materials which Rpproximat.e this behavior can be constructed 
wit.h slabs of permanent ma.gnet mat.erial, for which this option was created. If 
MATER::; 5, the easy axis permeability is specified by a ta.ble. If MATER '2: 6 but 
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S 11, then the mat.erial is a permanent magllet and t.lIe easy axis is specified by 
t.wo parameters (HUEPT, BCEPT) ellt.ered using the free formaL IlCEPT is the 
H-axis intercept. in oersteds of t.he linear B-H relat.ion; it is a negative number with 
the value of He. BCEPT is t.hc B-axis intercept in gauss; it. is called the residual 
induction B r • This is illustrat.ed in Fig. 8.5.4.3. }<or perma.nent magnet problems 
with no electric currents remelllber to set CON(lOl) = lPERM = 1. (See Subsec. 
B.5.3.5 above.) 

B.S.4.6 Sumnlary of permeability Input. 

There are a lot. of opt-ions for entC'ring permeabilit.y data. Figure B.5.1.1 above 
shows how CON(6)=.MODE controls input.. Figure B.5.4.4 shows schematically 
what happens when CON(6)=O or -1, depending on t.he vallie of CON( 18)=NPERM. 
(The coding is actually more complicat.ed t.hall t.his.) Table B.5.4.11 illustrates which 
parameters cont.ro] which opt.iolls. The INPERMI can always be less than the value 
used in the t.able, for exa.mple, 2 instead of 3 on line 3.c of the table. The variable 
"s" means sta.cking factor. 

y 

............. 

. , . , , , 
I · , 
• • · · · · 

" ... -- ...... ~.--. 

. 
. . . . 
. 

) . 

x 
Figure 8.5.4.2: Del'inition paralllf'ters XOA, YOA, and )"..1. = PH AXIS when t.he 
easy axis direction varies over a circular arc. 
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~I 

~I 

Figure B . .5.4.3: DefinHiollof par::uneters fnr permanent IIwgnet nmt.cl'ials: 
llCEPT=ll", HCEPT=llc and GAMPER=lI.L/U.l. 

B.5.5 Input of fixed potential points. 

The ahilit.y t.o require that the potent.iA.Jhe fixed at. sOllie point., along some 
line, or in some J'egion ('"an be very useful, especially ill t:lect.ro~tat.ic prohlems. 
When CON(20)=INPUTA is great.er (.han zero, that is, is celllal to the number 
of fixed potent.ial points, t.he code expects a list. of point.s with their associat.ed 
fixed potentials. The form of each line is "K L POT" where (K, L) are t,he log­
ical coordina(.es of the point and POT is t.he fixed potent.ial value, t.lmt is, the 
vector potent,ial for magnetic problems and the scala-r pot.f"utial in vo1t.s for elec­
trostatic problems. {To get (K, L) froUl (X, Y) se\, CON(32) = -1 in LATTICE 
and look in OUTLAT.) Please note t.hat, if t.he above opt.ions are used wit.h POIS­
SON/PANDIRA programs received PRIOR (.0 9/28/86, for cylindrical coordinates 
(ICYLIN = CON(19) = 1), the PUT values input mnst. = r. pot.ent.ial. For pro­
grams aft.er 9/28/86, input just the potential values for bot.h cylindrical or Cart.esian 
coordinates. 
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::; 11, then the mat.erial is a pe-l'l1HllH'nt magnet and the easy axis is specified hy 
t.wo parameters (HCEPT, HCEPT) entered using the free format. nCEPT is the 
H-axis iutercept. in oersteds of t.he linear B-H relation; it is a negative number wit.h 
the value of He. BCEPT is t.he B-axis intercept in gauss; it. is called the residual 
induction B r • This is illustrat.ed in Fig. B..SA.3. For permanent magnet problems 
with no elecll'ic currents remember to set CON(lOl) = IPERM = 1. (See Subsec. 
B.5.3.S above.) 

B.5.4.6 Sumnlary of permeability Input. 

There are a lot of opt.ions for ent('l'illg permeahility dat.a. Figure B.S.1.1 above 
shows how CON(6)=MODE controls input. Figure B.5AA shows schemat.ically 
what happens when CON(6)=O or -1, depending on t.he value ofCON(I8)=NPERM. 
(The coding is actuaIJy more complicat.ed t.han this.) Table B.5.4.1l illustrates which 
pa.ramet.ers cont.rol which options. The INPERMI can always he less than the value 
used in the t.ahle, for example, 2 instead of 3 on line 3.c of the tahle. The variable 
"s" means stacking factor. 

y 

. . . . , , , 

. , # 

# . 
--_ .......... - . . -. 

" 

: , 
• , , , · · · 

'. .-" X . -... ----~-..... x 
Figure B.5.4.2: Definition parame-I.ers XOA, YOA, and <P A ::::: PHAXIS when the 
easy axis direction varies over a circular arc. 
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"II 

~I 

Figure 13..5.4.3: D('finit.ion of parameters for permaneut magnet materials: 
BCEPT=JJ,., HCEPT=lIc and GAMPER=Jll./lh. 

B.5.5 Input of fixed potential points. 

The ahilit.y t.o require t.hat the pot.ent.ial be fixed at, some point, along some 
Hne, or in some I'egion can be very useful, espccially in elect.roB tat.ic [>l'OblclllS. 
When CON(20)=INPUTA is great.er than zero, that is, is equal to the tllUUbel' 

of fixed potential poiuts, t.llt> code expects a list. of points with their associated 
fixed potentials, The for111 of each line- is "K L POT" where (K, L) are the log­
ical coordiuates of the point and POT is t.he fixed potent.ial value, "hat is, the 
vector poteut.ia1 for magnet.ic prohlellls aud the scala.r pot.E'lIlial in volt.s fot' dec­
trosta.tic problems. (To get (K, L) from (X, Y) set. CON(32) = -1 in LATTICE 
and look in OUTLAT.) Please note t.hat, if the a.bove options are used wHit POIS­
SON/PANDIRA programs received PRIOR t.o 9/28/86, for cylindrical coordinates 
(ICYLIN = CON(19) = 1), the POT values input must = r* pot.ent.ial. For pro­
grams aft.er 9/28/86, illputjust the potential values for bot.h cylindrical 01' Cart.esiall 
coordinates . 
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TABLE B.Ii.4.n. Examples of Permeability Options 

ISOTROPIC MATERIALS CON(6) CON(7) CON(10) CON(18) ANIN(I) HCEPT 
(POISSON/PANDmA) MODE STACK FIXGAM NPERM MATER STACK" MTYPE 1=1,5 BCEPT 

1. '" = 00 (default) -2 _" 
2. '" fulite &; constant 

a) 1 set, nsing CON's -1 8 "I 0 
b) 4 lets -1 -4 2,3,4,5 4 value 

3. '" finite but variable 
a) int. tab., 1 .tack fae. 0 8 0 
b) into tab., .. stack fae. 0 -4 2,3,4,5 4 value 
c) int. tab. + 3 ext. tabs 0 s 3 3,4,5 3 value 3 val~ 

(1.2,3) 
d) into tab. + 3 '" couto matJs. -1 s -3 3,4,5 3 value 

ANISOTROPIC MATERIALS 
(PANDmA ONL!) 

1. not a pennanent magnet 
a) (int. tab + S ext. tab-easy) 0 8 3 3,4,5 3 value 3 valli 3 set 

2. Permanent magnets 
a) int. tab. +6 perm. ma.g. 0 8 6 6,7,8 6 value 6 vale 6 sets 6 sets 

9,10,11 
b) into tab. + 3 ext. tab. 0 8 9 3-11 9 value 3 val+ 9 sets 6 sets 

+ 6 perm. mag. 6 vall 

"This stacking factors is not the same as CON(7), which only affects the intemal table. 
liThe dash means that this parameter is not used and hence its value is not significant. 
(lAny 3 numbers (depending on input table type) from set (1,2,3). 
dAny 3 numbers (depending on input table type) from the set (-I, -2, -3). 
e Any 6 numbers as long as they are negativej the value of the number is not important. 
I Any 3 numbers from the set(-l, -2, -3) and any 6 numbers <0. For MATER 26 the negative value of MTYPE is not signi6cant. 
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B.5.6 Input for current filaments. 

The main use of t.his feat.ure is to include small trim windings in magnet prob­
It'lllS. When CON(49)=NFIL is greater than zero, t.hat is, is equal to the llllJUbpr 
of lines of current filament data t.o be entered, t.he code expects a list of poiut.s and 
corresponding current. values. The forl11 of each liue is "K L CFIV' where (K, L) 
are the logical coordina.tes of the point and CFIL is t.he current in a.mperes. 

lONDCT ROD 

READ : (~O POINTS) 

7 v," e TabI, IfIt.fM'EI:: 1 
II- 'IS. B Table IfIIlTYPEI:: 2 
H VL B TabI, If 11.ITYPl:l:: l 

(Read con be terminated by"," 
if < 50 palnls) 

M V.AlU£ or I.ffYPE IS USED TO 
CONVERT 1H[ TABlES TO STANOARO 

M'£.. NAUru' "1 'Is. B 

(j) 

Fig. B.5.4.4: Flow diagram for entering pel'llleabHity data when MODE=O or -1. 
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Chapter B.6 

Output of POISSON and 
PANDIRA 

The infor·ma.t.ion put. out. hy POISSON and PANDIRA is almost identical, t.he 
principle difference beiug in t.he print of the itel'at.ion hist.ory. Because t.he (;wo codes 
solve problems hy different methods, differt!lIl ill formation on the iteration cycles is 
print.ed out. 

Bot-h cones writ.e solut.ion information t.o TAPE35 that can he used 1.0 plot. flux 
liues via TEKPLO'f. Bot.h codes' write information to output files as weB as to the 
t.t"rminal. Examples of tt"rmillal output can be found in examples iu Chap. 13.12 
bt>low. The UHtjor port.ion of the information is written to the files OUTPOI for 
POISSON and OUTPAN for PANDIRA. 

The material in t.hese oUt.p11t. files is of tbree types: 1. information used to solve 
t.he problel1l, 2. informat.ion 011 t.he jt.t"ration history, and 3. informatioll on t.he 
sol1tt.ion. Informat.ion used t.o solve t.he problem includes a list of the CON values 
at t.he begiuning of t.he run, ami tables of B2, ",,(, J,t, and II as a fuuction of B for the 
various magnetic materials appearing ill the prohlem. The internal ""( vs B tahle is 
printed out. no matt.er whet.her it is used of not. Stacking fadors are also priuted out .. 
The it.eration hist.ory is a recapit.ulat.ion of the terminal out.put., which is described 
in the examples of Chap. B.12 helow. The amount al1d type of solution informat.ion 
is controlled hy CON(32)=lPH.INT as described in the previous section. Figure 
B.6.1 shows a pOl't.ion of a potent.ial map for the quadrupole problem discussed in 
Chap., B.3. The absC"i!'lsa is the logical coordinat.e K and t.he ordinate is t.he logical 
coordinat.e L. Each logical poiut (K, L) has associated with it. two values of t.he 
pot.ential A (V for electrostatic problems). These are distinguished on t.he map by 
"u" and "l." The value Au is t.he potential found in the upper triangle associat.ed 
with the point and the value At is the pot.entia.l in the lower triangle. Figure B.6.2 
shows t.he relation bet.ween the point (K, L) and its upper and lower triangles. The 
associat.ion shown iu the figure is uniq lte ill t.he sense that each triangle is associat.ed 
wit.h one and ouly one point. ill the mesh. Maps of IBI, B~, aud By are printed in a 
similar format. 

1 
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dump number 1 has been written on tape35. 
1 the following is a map of the pptential array a, cycle 150 
o 1 

61 62 Q 64 65 66 67 68 69 70 

88u 
I 

87 u 
I 

86 u 
I 

85 u 
I 

84 u 
I 

83u 
I 

82 u 
I 

81 u 
I 1.61 

80u 1.51 
I 1.68 

79 u 1.71 1.56 
I 2.06 1.86 1.74 

78 u 2.06 1.88 1.75 
I 2.26 2.10 1.95 

77u 2.18 2.11 1.96 1.82 
J 2.45 2.31 2.16 2.03 

76 u 2.60 2.32 2.17 2.03 
I 2.90 2.67 2.52 2.38 2.25 

75 u 2.90 2.69 2.54 2.39 2.25 2.12 
1 3.12 2.94 2.77 2.61 2.47 2.35 

74 u 3.16 2.96 2.78 2.62 2.47 2.34 
1 3.36 3.19 3.02 2.86 2.71 2.58 

73 u 3.42 3.21 3.03 2.86 2.71 2.56 2.44 

January 6, 1987 

71 72 73 74 75 76 77 78 79 80 

0.00 
0.27 0.19 
0.27 0.16 0.17 
0.42 0.34 0.31 0.42 

0.43 0.82 0.27 0.30 0.42 
0.56 0.49 0.45 0.48 0.55 
'0.68 0.47 0.42 0.42 0.47 0.57 

0.85 0.71 0.64 0.60 0.59 0.62 0.68 
0.85 0.72 0.63 0.56 0.64 0.56 0.62 0.71 
1.01 0.90 0.81 0.76 0.72 0.73 0.76 0.82 O.g.( 
1.03 0.90 0.79 0.72 0.68 0.68 0.71 0.76 0.83 
1.17 1.06 0.98 0.91 0.87 0.86 0.87 0.92 0.99 

1.20 1.07 0.97 0.89 0.83 0.81 0.82 0.86 0.92 1.00 
1.34 1.24 1.15 1.08 1.03 1.00 1.00 1.02 1.06 1.13 
1.35 1.24 1.14 1.06 1.00 0.96 0.96 0.97 1.01 1.07 
1.66 1.43 1.33 1.25 1.19 1.15 1.14 1.14 1.17 1.21 
1.43 1.32 1.28 1.16 1.12 1.10 1.10 1.12 1.16 1.221 
1.62 1.52 1.43 1.36 1.31 1.29 1.28 1.29 1.31 1.35 
1.62 1.61 1.41 1.34 1.28 1.25 1.24 1.24 1.27 1.31 
1.82 1.71 1.62 1.54 1.49 1.45 1.42 1.42 1.43 1.46 
1.71 1.60 1.52 1.46 1.41 1.39 1.38 1.39 1.42 1.4~ 
1.92 1.82 1.73 1.66 1.81 1.58 1.56 1.56 1.57 1.60 
1.91 1.80 1.71 1.64 1.58 1.65 1.53 1.53 1.54 1.S7 
2.13 2.02 1.93 1.85 1.79 1.75 1.72 1.70 1.70 1.72 
2.01 1.91 1.83 1.76 1.72 1.69 1.67 1.67 1.69 1.71 
2.23 2.13 2.05 1.98 1.92 1.88 1.86 1.85 1.85 1.86 
2.22 2.11 2.02 1.95 1.89 1.85 1.83 1.82 1.82 1.83 
2.45 2.35 2.25 2.17 2.11 2.06 2.02 2.00 1.99 1.99 
2.33 2.23 US 2.08 2.03 1.99 1.97 1.96 1.97 1.98 

Fig. B.6.1: Portion of the printed map giving magnetic field values in kilogauss in the iron region 
of a quadrupole magnet. (See Section B.3.3.) 

--- - - - - - - - - - - -
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....•. :::.:::.:: ............................................... .. 

(K, L) 

..... , .... "". .... 1 . . ........•...... 
.: ............................................................ ---------* 

"'. ,'. 

.......... /""" 
...... ~.: .. 

......• . .. ; .. 
...•... . .••... 

..... :: ..................................................... .. 

Fig. 8.6.2: Each point (K, L) in t.he logical mesh has associat.ed wit.h it all upper 
and lower triangle. 

In addition t.o I.llese ma.ps, t.he user ma.y have t.he code print t,ahles that. assign 
values of pot,ent.ial and clel'iveo fidd quantities as a function of physical coordinates. 
The values are obt.aiued by a least-squares interpolatioll scheme. The tabl~s also 
give residuals (afit) for the physical point. (x,y). The quantit.y afit is a measure 
of how weB the polynomal fit. to t.he potential mat.("hes the values of t,he potential at. 
t.he (K, L) point .. The polynomial is used t.o calculate the derivat.ives oHhe potential. 
The user can sdect. t.he region covered in t,hese tahles hy using CON's 42 through 45 
or CON's 54 through 57 as described in Subsec. B.5.3.1O above. Figure 1l.6.3 shows 
a part of one of these tables. 

When ha.rmonic analysis is requested, by entering values for CON's 111 through 
115, t,he code prints t.he l'esults of the analysis in t.he out.put file. Figure B.6.4 
shows an example table. The fit'st portion is a tahle giving the coordinates aud 
interpolated veC'ior-potential values used in the analysis. The next section gives t.he 
rt'al and imaginary part.s of t.he coeflkiellt,s in t.he expansion of t.he vect.or pot,ential 
in harlllonic polynomials. The ahsolute value of the coefficient.s is also printed. The 
third section of t.he harmonic analysis gives the real, imaginary and absolute values of 
t.he coefficients for the magnetic fi~ld expansion in harmonic polyuom.ials. There is a 
direct. correspondence between the harmonic polynomials and the multi pole content 
of the field. For a more complete discussion see Sec. B.13.3. 

Finally, for problems wit.h special fixed vector potential points, there is a table 
giving tire total current required to keep the potential fixed at these points. 
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11 ... , .qu.r.. .U of protll •. qcl.8 
a,.. 'I... ~tl'J' t;yp4I 
o.to.r .. aVIJ • -8.0Nh-0'IJ Jou .. r _'v or radi .. 
xjfacP 1.000000 

Q k 1 !.(ftC'lI} x X bx(allnl Itdp .. -) lit (pan) ~\Ib!I'"alllca} jUlu(mll1cal "it 
0 1 1 0.000000.+00 0.00000 0.00000 0.000 0.000 0.000 0.0000.+00 -2.711711"'03 2.S.-01 
0 2 1 11.16417'7.+00 0.21288 0,00000 0,000 -6ISI.186 6ISI.1I81i 0.0000.+00 -2. 741h+03 -1.1.+00 
0 3 1 2."81.122.+02 0.42517 0.00000 0.000 -I1U.11I7 1118.187 0.0000.+00 -2.744311+03 -2.3.-01 
0 4 1 6.6t317f..+02 0.U808 0,00000 0.000 -1747 .267 1747 .267 0.0000.+00 -2. 7411e+03 3.1.-01 
0 1 1 0.12IS62.+02 0.15076 0.00000 0.000 -2330.81& 2.!3O.816 0.0000.+00 -2.7633.+03 1.6.-02 
0 I 1 1.6601111.+03 1.0I3f.3 0.00000 0.000 -21111.381 2IIll.aee 0.0000.+00 -2.74".+03 -2.8.-02 
0 7 1 2 • 2321311.+03 1.27812 0.00000 0.000 -3488."1 3f.88.lee 0.0000.+00 -2. 740'1J.+03 -3.4.-02 

0 II 1 3.0sun.+03 1.48111 0.00000 0.000 ~0I1.762 4011.762 0.0000.+00 -2.7_.+03 -&.3.-03 

0 51 1 3._1123.+03 1.70148 0.00000 0.000 -4H1.011 4eN.Ol11 0.0000.+00 -2.7!1S1.+03 2.2.-02 
0 10 I 6.022'n7."OS 1.11UI 0.00000 0.000 -&246.I:ze 6246.11211 0.0000.+00 -2.7138.+05 4.4.-02 

0 II 1 1.200222.·03 2.12187 0.00000 0.000 -&I2II.lf.1 61211.1"& 0.0000.+00 -2.7274.+03 1.1 ... 02 

0 12 1 7.5OOI4Ie+03 2 • .!JU56 0.00000 0.000 -840.&.762 8404.762 0.0000.+00 -2.710.+03 7.3.-02 

0 IS 1 1I.12f.402.+03 2.66224 0.00000 0.000 -11878,"6 1178.086 0.0000.+00 -2.11162 •• 03 7.8.-02 

0 14 1 1.041"1.+04 2.78413 0.00000 0.000 -7648.183 7648.183 0.0000.+00 -2.11682 •• 03 7.4.-02 

0 1& 1 1.213f. •• +04 2.17'711 0.00000 0.000 -1101.770 1107.770 0.0000e+00 -2.011.+03 6.e.-02 

0 II 1 1. 311706."04 3.11030 0.00000 0.000 -1147.202 &847.202 0.0000.+00 -2.4711.+03 2.0.-02 

0 17 1 1.681"+04 3.402t1 0.00000 0.000 -1162.271 1162.278 0.0000.+00 -2.2678.+03 -3.&.-02 

0 18 1 1.7ao&16e+04 3.11617 0.00000 0,000 -8687.004 1617.004 0.0000.+00 -1.1114.+03 -8,7.-02 

0 11 1 I.NI67h+04 3.828S1 0,00000 0.000 -11140."& 11140."6 0.0000.+00 :"1.2174.+03 -1.2.-01 

0 20 I 2.2023116.+04 4.04.104. 0.00000 0.000 -10132.461 10132.4611 0.0000.+00 -4.6803.+02 -7.7.-02 
0 21 I 2.U8118e+04 4.26373 0.00000 0.000 -101211.113 10121.183 0.0000.+00 6.2611.+02 2.7.-02 

. 0 22 1 2.131W.,,04 4.48842 0.00000 0.000 -1913.808 1113.108 0.0000.+00 1.4"Q3e+03 1.1.-01 

0 23 1 2.138703.+04 4.17110 0.00000 0.000 -1632.43& 51632.436 0.0000.+00 2.0118.+03 1.2.-01 
0 24 1 3.0118412.+04 4.111171 0.00000 0.000 -00.&1.811 80451.8" 0.0000.+00 2.3142.+03 7.1e-02 

0 2& 1 3.2234.01.+04 Ii .104.48 0.00000 0.000 -8630.271 11630.211 0.0000.+00 2.4633e+01 2.1.-02 

0 211 1 3.391130.+04 &.31711 0.00000 0.000 -1I011i.t02 8016.102 0.0000.+00 2.3&87.+03 1.!~.-02 

0 27 1 3.6840&7.+04 6.62N6 0.00000 0.000 -7628.4011 7628.4111 0.0000.+00 2.2257.+03 4.4.-02 

0 28 1 3.711717 •• 04 6.74264 0.00000 0.000 -7088.7111 7oe8.7111 0.0000.+00 2.07Ne·03 1.2.-01 

0 211 3.886448.+04 1i.16622 0.00000 0.000 -108.78& H38.7116 0.0000.+00 I.IItIU.+03 2.ie-Ol 

0 30 4.002283.+04 11.11711 0.00000 0.000 -8228.780 12211.711 0.0000.+00 1.8802.+03 2.6.-01 
0 31 4. lS06&e.+Q4 1.38080 0.00000 0.000 -6834.180 6834.180 0.0000.+00 1.113811.+03 3 .... -01 

0 32 I 4.260501.·04 1.&11328 0.00000 0.000 -541i7.2114 6467.284 0.0000.+00 1.7227.'03 -4.1.-01 

0 33 1 4.3112867.+04 1I.806SI7 0.00000 0.000 -6111.341 6111.341 0.0000.+00 1.634b·03 -1J.Se-OI 

0 34 I ".48841h+04 7.01818 0.00000 0.000 -4807.112 4807.11:1 0.0000.+00 1.4010 •• 03 -4.6.-01 

0 36 1 4.687I1Ob+04 7.23134 0.00000 0.000 -4521.072 4621.072 0.0000.+00 1.3083.+03 -1. g.-OI 
0 38 I 4.1180887.+04 7.U403 0.00000 0.000 -42451.166 4249.166 0.0000.+00 1.2847.'03 -9.11.-03 

0 37 1 4.748392.+04 7.116627 0.00000 0.000 -391l0.641 31J80.641 0.0000.'00 1.21106.+03 1. 311-01 
0 38 1 4.830206.+04 7.885140 0.00000 0.000 -3714.201 3114.201 0.0000.+00 1. 23Oh+03 1. la-Ol 

Fig. B.6.3: Portion of least squares fit table from a PANDIRA run. 
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0 

1 harmonic analysis. 
o integration radius = 1.86000. 
0 table for integrated points. 

n angle x coord y coord 

1 0.0000 1.8600 0.0000 
2 4.6000 1.8643 0.1469 
3 9.0000 1. 8371 0.2910 
4 13.5000 1.8086 0.4342 
5 18.0000 1.7690 0.6748 
6 22.5000 1. 7184 0.7118 
7 27.0000 1.6573 0.8444 
8 31. 6000 1.6859 0.9718 
9 36.0000 1.5048 1.0933 

10 40.6000 1.4144 1.2080 
11 45.0000 1.3162 1.3152 

ltable for vector potential coefficients 
Onormalization radius = 2.92000 

PARTB 

kf If 

10 1 
10 2 
10 2 
9 3 

10 4 
9 5 
9 6 
9 6 
8 7 
8 7 
8 8 

o a(x.y) = re( sum (an + 1 bn) * (z!r) **n ) 
0 n an bn 

0 2 1. 1690e+04 O.OOOOe+OO 
0 6 -1.2543e+(}1 O.OOOOe+OO 
0 10 9.3097e+00 O·.OOOOe+OO 
0 14 -6.7176e+Ol O.OOOOe+OO 
0 18 2.4653e+02 O.OOOOe+OO 

ltable for field coefficients 
Onormalization radius = 2.92000 

0 (bx - by) = 1 = sum n*(an + 1 bn)!r = 
0 n n(an)1r n(bn)!r 

0 2 8.0070e+03 O.OOOOe+OO 
0 6 -2.6774e+Ol O.OOOOe+OO 
0 10 3.18828+01 O.OOOOe+OO 
0 14 -2.7413e+02 O.OOOOe+OO 
0 18 1. 6197e+03 O.OOOOe+OO 

abs(cn) 

1.16908+04 
1.2543e+Ol 
9.3097e+00 
5.7175e+Ol 
2.4653e+02 

(z!r) n (n-1) 
abs(n(cn)!r) 

8.0070e+03 
2.6774e+Ol 
3. 1882e+Ol 
2.74138+02 
1. 5197e+03 

CHAPTER B.6 5 

vec.pot. 

4. 74254e+03 
4.68423e+03 
4.51071e+03 
4.22621e+03 
3. 83765e+03 
3.354558+03 
2. 78877e+03 
2. 15424e+03 
1.46656e+03 
7.42774e+02 
3.54835e-Ol 

Figure D.6.4: Example of the harmonic analysis iuformation wriHen t.o the 
output me. 
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Chapter B.7 

Input and Output for TEKPLOT 

B.7.1 Input to TEKPLOT 
TEKPLOT will plot the physical boundaries and mesh result.iug from a LAT­

TICE out.put. It. will also plot ,.he cqnipot.eut.ials from PUlSSON, PANOIRA, ~l1d 
MlRT out.put.. MQre t.han one pJot can be made ill Ule samE" run by repE"atillg the 
first t.wo input data groups. The st.ructurE" of t.hE" iupu(. is shown in Fig. B.7.1.1. 

READ: 
NUM t--........ ---( 

ITRf 
NPH 
INAP 

=1 

READ: 
AMIN 

AMAXt-+............J 

STOP 

READ: 
Xt.4IN 
XNAX 
YMIN 

)'MAX 

RUN 

Figure B.7.1.1. Flow diagram for RE"ad Statement.s in TEKPLOT. 

1 
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This program uses t.he special frre format described in Sec. B.3.1. The meaning 
of the parameters is givell in Table D. 7 .1.1. 

Table B.T.1.I Input Parameters to TEKPLOT. 

Name Default Description 

NUM 

ITRI 

NPHI 

INAP 

NSWXY 

XMIN 
XMAX 
YMIN 
YMAX 

o The TA PE35 "dump" number on which t.he (X,V) coordinat.es of 
t.he mesh, and (if N UI"l > 0) t.he field values have been written. 

o An indicator t.o specify whet.her the triangular mesh is to'be 
ploUed or only t.he physical houndary lines of regions. 
ITRI ::::: 0 llleallS do not. plot t.he triangular mesh; 
ITRI = 1 meallS plot t.he triangular mesh. 

o The lltullber of equipot.en1.iallines to be plot.t.ed. The program 
does not plot lines fot, t.he smallest and largest poi-ent.ial values, 
one of which is lIsually jllst. a point .. For magnet.ostatic problems 
in t.wo dimensions, the equipotential lines for t.he vect.or pot.ent.ial 
are magnetic fitllds in cartesian geomet.ry. III cylindrical gcomet.ry 
t.he program plot.s "tlux surfaces," which are r * A(r, z) = const,ant. 
For most problems a good number for NPHI is hetween 20 and 50. 

o An indicat.or for an additional Read statement .. 
INAP = 0 means do U'ot read AMIN and AMAX, 

= 1 means read (011 the next di'lta line) t.he minimum 
and maximl1m va.lues (AMJN and AMAX) of Ule equipot.ellt.ial 
lines t.o be plotted. The values plotted are 
(AMAX - A),(AMAX - 2 * A), ... ,(AM'IN + A), 
where A is (AMAX - AMIN)/(NPHI + 1). 

0° An indicator allowing an inh"l'duulge of the X and Y axes 
NSWXY = 0 means 1\0 int.erchallge; 
NSWXY = 1 means interchange. 

XMIN The limits of the plot., whkh may he any part. of the problem 
XMAX rectangle. The variables XMIN, XMAX, YMIN and YMAX 
YMIN should not. be confused wit.h variables of t.he same name that 
YMAX are entered in AU'fOMESH and determine t,he size of the 

prohlem rectangle, however, jf allowed t.o default, they will 
take on the values defined ill AUTOMESn. 

aOr last input. value, 

I 
t 
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tekplot 
?type input data- num, 

? ~ 
itri, nphi, inap, nsvxy, 

input data 
numz 0 itriz 0 nphi= 0 inap=: 0 

plotting prob. name = full size cavity 

?type input data- min, max, ymin, ymax 
? 80. 125. o. 25. 
input data 

nsvxys 0 

xmins 80.000 xmax- 125.000 ymin= 0 . 000 ymus 25.000 

?type go or no 
? ~ 

Figure B.;.1.2: All example of interactive input t.o TEKPLOT. 

cycle - 0 

After making t.he plot., TEJ(PLOT wait.s for a carriage return hefore prompt.ing 
t.he user for more input. Upon receiving t.he carriage rt"tltr1l, TEKPLOT asks for a 
dump nUlllber with accompanyilig input. 1'0 terminat.e the run the user enters -is 
for t.he dump number. 

An example of TEKPLOT input is given in Fig. B.i.1.2. 

B.7.2 Output of TEKPLOT 
In addit.ion t.o providing t.he plot.s descrihed above, TEKPLOT also makes an 

output. file named OUTTgK, which cont.ains a list. of t.he cont-our values t.hat were 
plotted. TEKP LOT will only plot dosed regions. 

B.7.3 System-dependent Plot Routines in TEKPLOT 

TEKPLOT uses PLOT 10 commands. If PLOTt 0 is not available at. t.he user's 
installation, then the user will have to go into the FORTRAN code and substitute 
commands from his own graphics system. 'I'he calls t.o PLOTlO and their functions 
are listed at the beginning of the source code to facilitate substitutions. 
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Chapter B.8 

Input and Output for FORCE 

Presently the version of FORCE that we have is not. compatihie winl t.he sian­
dard versions of POISSON, PANDIRA, aud TEKPLOT. In the nea.r future we will 
ha.ve it working, and at tha.t time we will send out the dOC\ull~llt.ation fOl' FORCE 
and a wOl'ked exa.mple. 

1 
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Chapter B.9 

Input and Output ·for MIRT 

B.9.1 Introduction 
MIRT is a nonlinear opt.illli7.at.ion program t.hat llSes POISSON as a fllnd.ion 

generat.or. It opt.imizes a S(·t of parameters defining a magnet I>y minimizing a 
weighted sum of S(lllareS of t.he deviat.iolls bet.ween the desired and the act.ual per­
formance of a magnl't., subject to rest.raining condit.ions. If {Pi, i = ], ... n} is a set 
of paramet.ers, and {Si, i = 1, ... , m > n} is a set. of performance 111l111bers desired, 
for example, values of the magnetic field at given locations, then the slim to be 
minimized is 

m I 

S == Ltt1i(Si - ~i)2 + ElIdvi - eY! (B.9.1.1) 
i=l i=) 

where the Uti's are weights chosen eit.her so t.hat. each t.erlll in the sum is approx­
imat.ely t.he same size, or ill some other user-defined fashion. Choosing weight.s 
Vi a.ud est.imat.ed values of {ei' i == 1, ""l < 11} lor some parameters, appJies what. 
are called soft restraints. The nnmbers Si are calculated by POISSON. Hard re­
straints can also be applied. Hard rest.raint.s fix some values {ri' i = 1, .'" h < n} of 
performance numbers absolut.dy. In order t.o minimize S, one mnst calculat.e the 
change of Si 's as a function of t.he Pi'S. This is contained in t.he "coefficient. matrix" 

!vIij = dsj!dpi (8.9.1.2) 

which will be referred to later. 

The principle use of MIRT is t.o t.J"im t.he poleface of dipole magnet.s t.o produce a 
more uniform field in the midplane of the gap. MJRT has also been llsed to opt.imize 
a. quadntpole magnet. However, to do so, t.he quadrupole was first transformed into 
a dipole t.hrough a conformal t.ransformation. The dipole is then opt.imized and 
t.hen transformed back to a quadrupole using t.he inverse conformal transformat.ion. 
This use of conformal transformations is described in Sec. D.13.4. 

Oplimizal.ion means least squares minimizat.ion of the difference between Lite 

1 
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field dist.ribution desirecl by the tlser amI t.he fidel produced by a given set of magJlet 
parameters. The parameters t.hat can he changed 1.0 produce t.he opt.il1lizal.ion are: 
1. the poleface profile, 2. t.he ctlrrelli. and curreut densit.y ill j.he coils, alld 3. j.he coil 
position. The paralllet.ers descrihing t.he poleface profile have be-en discllssed ill Sec. 
B.1.6. The next section descrihes the input. necessary to cOllt.rol the optimizat.ion, 
t.o define the optimal field, and to specify !.he magnet. paramet.ers t.o he adjust.ed. 
The fina.l sect.iOll descrilJes the outPllt. produced by the code. A det.ailed exalllple is 
given in Sec. 8.12.4 below. (Not.e: Sec. U.12A has not. heell writ.t.en yet.) 

B.9.2 Input to MIRT 
The input data for MIRT can be divided int.o seven groups. Thc firRt grOllp 

is the variahles cont.l'Olling the overall optimization. These variables are called t.he 
"optimizat.ion constants." Most of t.hf:'lll have default. values t.hat the user will 
seldom have need to change. The second group defines the "RUed points." Each 
fitted point. is defined by a field value, a location, and a weight. to he llsed in the 
least squares minimization. The t.hil'd gronp spedfies t.he paramet.ers t.hat. witt he 
adjusted to achieve t.he lIlinhlliza1 ion of difTert'llces hetweell t.he Optilllulll field and 
Ule act.ua.l field. The fourth group is the set. of 1ll11llhers reqllired t.o implement. 1-he 
soft rest.raints on the parameters. The fifth group cont.rols t.he regenerat.ion of the 
mesh when humps are applied t.o pold'aces and coils. The sixt.h group contains inpllt 
for t.he coefficient. mat.rix, if it. has been saved from a previous run. The seventh 
gronp is identical t.o the normal POISSON illput dat.a as descrihed in Chap. 8.5 
above. These seven groups are discussed in seven subsections below. All input. is 
entered using the special free format discussed ill Sec. B.3.!. 

B.9.2.1 Optimization constants. 
Nonlinear optimizat.ion requires special care. Pre.dicf,ions of desired parameter 

changes based on t.he linear coefficiellt. mat.rix Alij may not. he valid. The program 
takes t.he following precautions. The chauge ~Ti made by the program is t.J.e change 
suggested by the least squares process, muJt.iplied by a relaxat.ion paramet.er RLX. 
The relaxation parameter is modified from it.erat.ion to it.erat.ion depending on how 
nonlinear the problem is. The degree of nonlinearity is tcsted after every iterat.ion 
with t.he help of a test smnmat.ion 

m I h 

T tJlJt = L: Wi (s!tJlJt - §.i)2 + L: Vi(p~tJlJt - EJ 2 + L: tti(r!RlJt - Ld2 (B.9.2.1) 
a=l i=l i=l 

where the lti'S are chosen so that the cont.ribut.ion from t.he ri's is comparahle to 
that from the Si'S. The change in l' after each step 

(B.9.2.2) 

is compared wit.h t.he change .6.11in that would be eXflect.ed if the problem were 
linear. It can be shown that the change .6.Tlin depends 011 t.be coefficient matrix 
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and on t.he relaxat.ion paramet.er RLX. See Sec. n.1J.S. According t.o the value of a 
fuuction 

TEST = (6T/61jin - 1), (B.9.2.3) 

adjustment. of RLX is made. This adjustment wil1 be descrihed below. 

'The program st.ops when one of three conditions is fulfilled: 1. S given hy 
Eq.(D.9.1.1) or T givp.n hy rAI.(B.9.2.1) is less than t.he optimization parameter 
SHSUM described below, 2. H LX is great.er than 1/4 and t.he difference hetween 
t he last. calculat.ed values of eit.het' S or T is less than the opt.imizat.ion parameter 
peNT, or 3. the recommended value of IlLX, is less than t.he optimization parameter 
RLXS. 

Table D.9.2. I gives t.he meaning ane\ default values of t.hese optimizat.ion parameters, 
which are stored in an array call .. ·d peON. 

Table B.9.2.I. Definition of the PCON array. 

Constant Default 

PCON(l)=LOOP o 

PCON(2)=MATRIX o 

PCON(J)=lPUNCH o 

PCON(4)=MPRlNT 1 

PCON(5)=MUSE 1 

Definition 

If LOOP >0, It. is t.he maximuUl number of 
cycles allowed. 

=0, The code I"uns POISSON once. 
<0, The code only produces t.he coef­

ficient matrix discussed below. 

If MATRIX= 1 t Save t.he coefficient mat·fix. 
= 2, Read. in t.he coeff. matl"ix. 
= 3, Read a.nd save coPIT. matrix. 

The coe-fT. mat.rix is saved. on 
file TAPE20. 

If IPUNCII > 0, Save tbe coordinates of the fmal 
optimized poleface h01.wdary on 
the file TAPElO. 

If MPRINT= 1, Write I he coef£. matrix to the 
file OUTMIR. 

¥ 1, Do not. wri te coefT. matrix. 

The numher of solutions wit.h 
each coefficieut. matrix. The 
coefficient. matrix can be used 
for several iterations if desired. 
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Table B.9.2.I. (continued) Definition of the PCON array. 

Constant 

PCON(6)=H.LX 

PCON(7)=RLXS 

PCON(8)=TEST1 

PCON(9)=SRSUM 

PCON( lO)=PCNT 

PCON(ll)=FEMAX 

Default Definition 

0.5 The st.arting relaxat.ioll factor for the para­
met.ers. 

1/128 The minimulll value t.hat. RLX may assume. 
The opt.imizat.ion will he tenninated if a sma.ller 
relaxation factor is recommended. 

0.1 A paramt't.er. t.hat. determines the options for 
changing HLX. The code calculates an auxiliary 
«uR.ut.ity TEST and compares (See Eq. B.9.2.3) 
it wit.h TESTl before changing R LX. If S is the 
StUll of the weighted squares of difierellces at. 
the fitf:ed point.s, then TEST is the rat.to of the 
improvement. in l' to t.he "as if" linear improve­
ment in T minus 1.0. The prescription for 
changing RLX is as follows: 
If ITESTI > 4.*TEST1, halve HLX and if 
TEST>O., proceed; but if TEST<O, reject the 
previous solut.ion. 
If 4.*TESTl > l'1'ES1'1 >2 .• TEST1, halve RLX 
ano proceed. 
If 2.*TEST1> ITESTI > TEST1, proC'eed. 
If ITEStl <TEST1, double HLX and proceed. 

l.E-20 The opt.imization has converged when S, the 
sum of t.he weighted squares of differences, is 
less than SRSUM. 

0.1 An alternative convergence criterion. When 
RLX > 0.25 and IS - AFSI < AFS*PUNT, 
where A FS is the anticipated fiual sum, then 
t.he code also considers t.he optimization 
complete. 

0.5 The llla.xh~lUm height. or depth of bumps added 
to the poleface must. he less than FEMAX times 
t.he sta.rting half ga.p between the pole faces. 

• 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
J 

J 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 

I 

December 11, 1986 PART B CHAPTER 9 SECTION 2 5 

The first constant, LOOP, is usnally t.he only one that has to be changed frolll 
its defallit value. A typical value for LOOP is 10. 

B.9.2.2 Fitted points data. 
There are three types of dat.a ellt.ered here: 1. the mnnher of points, 2. t.he 

fields and weights, and 3. t.he coordillat.es of t.he point.s. The fi,·st. line of data 
consists of t.WO Ill1l1lhers, NAIR and NIRN. NAIR is the nnmher of "mu-infinit.e" 
fitted points; N I RN is the llluni>t'T of "mu-finite" fitted points. From these numbers 
t.he code calcnlatE.'s the number NF1'!' = NAIR + NIRN. The int.elIt.ion of having 
t.wo t.ypes of dat.a point.s is t.o allow one t.o Ol}t.illlize a given magne-t simultaneously 
for bot.h low field and high field operation. This is useful for instance in the design 
of dipole and quadrupole magnets for synchrot.rons. At low 'fields, t.he permeabilit.y 
of the iron is essellt.ialJy constant aud nearly infinit.e. At high fields, the efIed of 
the variahility of the permeability is ilUl>ort.ant. The importance of this type of 
opt.imizat.ion is illustrated in reference B.14.2. 

Tahle B.9.2.11 summarizes the second type of dat.s, which defines the field and 
it.s weight.s. 

Table B.9.2.1I. Data defining the field at fitted poiuts. 

Variable Definition 

FFIT(I) The desired value of the selected field quantity at point 1. ITFIT select.s 
the field qU811tity. 

WFIT(I) The weight fact.or at. point. I. This number depends on the type of points. 
If some points are fields and others are field gra.dients, then the weights 
nwst compt'llsat.e for the difference in physit-al writ.s as well a.s the illtri~­
sic relative importance of t.he points. If WFIT < 0, the code treats the 
point as havillg a hard l't'straiut. The code must fit. tills point. exactly. 

ITFIT(IJ This integer selects t.he type of quantity that call be fixed as follows: 
lTFlT := 1, fit By in gauss Elt. point. I. 

fit: Bz for cylindrical problems. 
:= 2, fit. B~ in gallss at. point r. 

fit Br for cylindrical problems. 
:= 3, fit: dBy/dz (gauss/cm) at. point I. 

fit dBz/dr cylindrical problems. 
:= 4, fit I( = (l/BII}dB,;!d~ (l/nn). 

fit n = (r/B;}dBz/dr for cylindrical problems. 
:= 5, fit. By /80 at point I. 

fit B .. /80 at point I. Where Bo is fieJd at the center 
of the gap. 
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Table D.9.2.1I. (continued) D",ta defining the field at. fitteu points. 

Variable 

= -1 

= -2 
= -3 
= -4 
= -5 
etc. 

Definition 

fit. t.he n = 1 (rlipoir) harmonic coeff. 
fit the n = 2 (quad. J harmonic cOl'ff. 
fit t.he n = 3 (sext. ) harmonic coeff. 
fit. the n = 4 (octu. ) harmonic coeff. 
fit the n = 5 (decu. ) harmonic coeff. 

The numhers FFIT, \\'FIT, and ITFIT are repeated in seqllence until NFIT sets 
have been ent.ered. 

The t.hird type of c1at.a is the roordillat.es of t.he fit.t.ed point.s, whirh are given 
hy t.he variahles XFIT(I) and YFIT(lJ. It I.he points fall on a line parallel 1.0 the 
horizontal axis, then one need not. f'nt.er all the coordinat.es. Successive values of 
XFIT will be incremented by tlte dist.an('e between the first. two values of XFlT and 
the first value of YFIT will he used for all point.s. 

When entering dat.a for a mixtm'e of 1llu-infinite and 11m-finite point.s, the NAIR 
mu-infinite points are ellt.ered first. and ill a hlock, 1= 1 to NAIR 

B.9.2.3 Fitting parameters. 
There are two tasks that Ulust· he pf'rformed to define t.he para.meters to he used 

in the optimizat.ion. These are t.he following. Firstly, if the shape of a poleface 
or a boundary of a coil is to be changed, one must define t.he original poleface or 
current boundary. Secondly, one must define number and type of paramet.ers being 
used, that is, tot.a! current, current.s in specifk regions, current filaments, or bumps 
on polefaces. Auxiliary informat.ion, like the locat.ion of the current. region or t.he 
apex of the bump, along wit,h limits on t.he size of cnrrent. changes 01' bump height.s, 
must be defined t.o keep the optimizat.ion process from going astray. The following 
paragraphs will describe the input. parameters and options available for each of these 
two tasks. 

Definition of interface or boundary to be optimized. The interface or 
boundary is described by giving the logical (K, L) coordinates of all points on the 
interface or boundary that are going to be affected by t.he paramet.ers. For example, 
consider putting a bump on the edge of the poleface for a dipole magnet. If the 
poleface is 20 em wide and you want the bump somewhere on the outer 5 cm of 
the poleface, than you must give the logical coordinates of the points on t.he outer 
5 em of the pole-face. Anot.her example is the location of a current region. Suppose 
that you want to move the coil up or down. The upper and lower boundaries of 
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t.he coil must he specified along wit.h a few point.s 011 t.he sides of t.he coils that 
might I>e effected by the movement .. If you want to change t.lJe total current or the 
cnrrent densit.y in a given region, t.hen oue noes not hav(' to specify all jnt.erface 
or a houndary. The same is t.l'lle of challging t.he current in a current. filament or 
t.he va.lue of t.he eledrostat.ic pot.ent.ial on a giVf'll surface in the case whclI one has 
specified t.hat t.he potential 011 the snrface be hf'ld constant.. The program does 
not allow one to change the location of current filaments or surfaces of COllstant 
potential. 

Two lines of inp1\t. are req1lired. The first rt"qllires one lllllnher, NPOLE, which 
is t.he number of point.s on the optimization houndary. If NPO LE is zero, the second 
line is not needed. The second line is the list of logical coordinates from I = 1 to 
NPOLF.. The format is KPOLF.(l), KPOLE(2), ... , KPOLE(NPOLE), LPOLE(l), 
LPOLE(2), ... , LPOLE(NPOLE). if the points do not lie on a vertical line, then 
one can use a short.cut by entering "KPOLE(l) S" for the first array. The code 
will fill the rest. of the array wit.h t.he llumhers KPOLE(l)+ 1, KPOLE( 1 )+2, ... , 
KPOLE(l)+NPOLE-l. The houndary points may now he addl'essed by Ule index. 
I = 1 to NPOLE inst.ead of their logical coordinates. This will be import.aut ill 
defining t.he paramet.ers. 

Number, type, location, limits, and perturbation factors of the pa­
rameters. The first line of input. fur this task is the mnllber of parameters NPAR. 
If NPAR is ne~at.ive, t.he code expect.s to receive "soft. rest.raint" dat.a, which will 
be discussed helow. The next. NPAR lines of dat.a. cont.ain three t.ypes of llllluhers 
associat.ed wit.h the arrays JTYPE, IND, and FAR. Figllre 8.9.2.1 schemat.ically 
shows the relationship he(.ween the read statements llsed t.o fill these arrays 

READ NPAR 
DO J=l,NPAR 
READ JTYPE(J) 

DO K=1,40 
READ IND(K,J) 
NEXT K 
DO K=1,5 
READ FAR(K,J) 
NEXT K 

NEXT J 

Fig. B.9.2.1: Schematic representation of the input t.o parameters JTYPE, 
IND, and FAR using BASIC language loops. 

The meaning of t,he elements in t.he index array IND depends on t.he value of 
JTYPE. Basically iND has to do wit.h the location of the bump, CllJ'rent l'egion, or 
current filament being considered. The array FAR defines a rotat.ed coordinat.e sys­
tem, the limit.s on the allowed parameter variation, a.nd t.he "perturbation factors" , 
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which will be defined later. 

Table D.9.2.II1 gives t.he definit.ions of [ND when .1TYPE = 0, t.hat. is, when 
current.s are being vaded. This is cornplicat.e:d because the cnrrent may be t.he tot.al 
current, the current density in a region, or the ("urrent. in a set of current. filaments. 
Furthefl110re, in some cases, t.he current ill one region may be the ret.urn CUrl'ellt for 
a current in another region, hence the t.wo currents must be equal. 

Table B.O.2.III The meanings ofIND when JTYPE(.J) = O. 

THE TOTAL CURRENT (XJFACT) IS THE PARAMETER 
Leave the array INlJ unchanged by skipping over this input. 

THE INDIVIDUAL REGION ClTRRENT IS A PARAMETER 
IND(l,J) == the regiolt llumb('r en I.e-red ill AUTOMESH or LATTICE 
IND(2,J) == -minus lhe region number if it ~ t·he return current. 

THE ClTRRENT IN SET OF FILAMENTS rs THE PARAMETER 
IND(l,J):::; K coordinate oft.he 1st filament 
IND(2,J) := L coordinat.e of the lst fill\meut 
IN D(3,J) == K coorriinate of I.he 2nd filament 
IND(4,J) :::; L coordinate orthe 2nd fila.ment 

INO(2N -1,J) = K coordinate of the Nth filament 
IN D(2N ,J} = L coordinate of tile Ntis filameut 
IN D(2N+ t,J) == - K coorclina.t.e of Ule 1st. rE"turn filament 
IND(2N+2,J) -= -L coordina.te of the 1st return filament 

IND(4N-l,J) == -K coordinat.e off.he Nt.h retutll fila.ment. 
IND(4N,J) = -L coordinate of the Nth return filament 

If there are no regions or filaments with return ctlrrent, t.hen of course there are no 
negative coordinates. 

There are basically two types of bumps that ("au be put on polefaces: linea.r 
bumps and smoo(.h bumps. The linear bump looks like a trapezoid (or a triangle 
when the left apex and right apex are the same point.). The smoot.h bump is a 
quadratic spline and has three vatiatiolls, which we have called Ule t.hree interval, 
left side two interval, and right side two int.erval. See Fig. B.9.2.2. The shape of 
the bump is determined by the locat.ion of {.be apex points and t.he end point.s. 
The height of the bump is the paramet.er used in the optimization. Th~ array IND 
contains the apex and end point. locations. 

Coil boundaries can be moved hy bump mechanism also. For coils only linear 
bumps are allowed. To move a coil upward for example, one would use a nega.tive 
rectangular bump on the bottom and positive rectangular bump 011 t.he top having 
t.he same width as the coil. One could then use the "soft restraint" parameters to 
make the height parameters of the two bumps nearly the same. As with polefaces, 
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t.he height. is the parameter, and the apex and end-point information is put into the 
array IND. 
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Figure D.9.2.2: Defiuition or types of bumps. 
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In t.hose POISSON solut.ions where the pot.ential 011 a given surface has heen 
constrained t.o remain const.ant (See Sec. n.s.S), one can use MUfr to vary t.hat 
potential value t.o opt.imize the field at. some other location. The pot.ential is t.he 
parameter and HIe poiuts 011 t.he surface are stored in the array IN D. 

Table B.9.2.1V snmmarizes the values of JTYPE for the above types of opt.i­
mization, and Table B.9.2. V gives the meaning of IN 0 for these ;ases. 

Table B.O.2.IV Allowed Values of JTYPE(J). 

JTYPE(J) Defintioll 

o A current. is the parampt.er, See Tahle 8.9.2.111 
1 Poletip linear bump height is t.he parameter 
2 Poll'tip smooth bump height. is t.he parameter 
3 Coil linear bump height is the parameter 

4,5 (Not. used at present.) 
6 The constallt potential is Ule paramet.er 

negative When JTYPE(J) is negat.ive, the code expects a two-digit 
number. The leftmost digit of JTYPE is called ITYPE(J). 
Normally ITYPE(J) is given its default value: 
ITYPE=l, The paramet.er effects only the It-infinite 

fitt.ed points; this is the default when 
NIRN = O. 

ITYPE=2, The paramt't.er pffeds ollly the It-finite fit.ted points; 
t.his is the default when NAIR =0. 

ITYPE=3, The parameter effects both Ule JJ-infinite aud 
II.-finit.e point.s; this is the default when both 
NAIR and NIRN are nonzero. 

Negative JTYPE allows the user ~o change ITYPE from 
its default value. The right.most digit of JTYPE sets 
the parameter type as above. 
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The location of apex points, end point.s, and points on surfacc:'s of const.ant. potc:'u­
tial are specified by giving the iudex I in ql~ coordinate pair (KPULE(I},LPOLE(I)} 
as discussed above in describing t.he opt.imization boundary. 

Table B.O.2.V Iuterpert.ation ofIND(K,J) 
tor JTYPE(J) > 0 

Type 

Triangular RumpQ 
(JTYPE == 1 or 3) 

Trapezoidnl Rnmp 
(JTYPE == 1 or 3) 

3 Tnt,erval Bump 
(JTYPE == 2) 

2 T nt.ervru left 
side bump 
(JTYPE == 2) 

2 Interval right 
side bump 
(JTYPE == 2) 

C01lstant Potential 
Surface 
(JTYPE == 6) 

Meaning of IND(K,J) 

IND(1.J) == left, elul point. 
IND(2,J) == apex 
INU(3,J) == rigllt end point 

IND( J,J) :;:: HI, end point 
lND(2,J) == len apex 
IND(3,J) == right, apex 
IN O( 4,J) == right eud point 

IND(1,J) = !efiend point 
IND(2,J) = It-ft. apex 
IND(3,J) :;:: right. apex 
IND(4,J) == right end point 

IND(l,J) == lrft em! point 
lNO(2,J) :;:: It'ft end point. 
TND(3,J) = apex 
IND('I,J) == right end point 

IND(I,.I) == left end point 
IND(2,.T) == apex 
INI>(3,J) == right t"nd point. 
IND(4,J) == right end point 

Skip the input. The code knows that the indices 
(KPOLE, LPOLE) for lhe surface are to be 
loaded into the IN D array. 

a Note that linear triangular bumps may be ")eftsided·· and "rightsided" by making t.he apex and 
one edge point. the same. This is useful al the edge of a poletip. 

The next set of ent,ries on' t.he same line wit-h JTYPE and IND go into the FAR 
array. Table B.9.2.VI describes the five enteries into the FAR array. 

Table B.9.2.VI Definition of tIle Constants in the FAR Array. 

Constant Default Definition 

FAR(l)=PHI(J) 0.0 The angle in degrees of rotation to the (x',y') 
coordinate system fur bump parameter J. 
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Table B.9.2.VI (continued) Definition of the Constants in the FAR 
Array. 

Constant Default Definition 

FAR(2)=CUMIN(J) none The minimulll allowed value of the total cur-
relit., ("urrent densit.y in a region, or currenL in a 
filament when JTYPE=Oj the minimum bump 
height. (usually a negative 1l1llnber) at. t.he pole­
face or coil boundary when JTYPE = 1, 2, or 3j 
or t.he miuimulll allowed pot.ent.ial when JTYPE 
= 6. 

FAR(3)=CUMAX(J) none The maximum a.llowed value'of t.he t.ot.al cur­
rent., currellt. dell~it.y in a. region, or current in a 
filament whc:'n JTV PE=Oj t.he maximulll bump 
height. (llsually a positive number) at. poleface 
or coil boundary when t.he JTYPE = 1, 2, or 3; 
or t.he 1l1a.."{imulll allowed potential when 
JTYPE = 6 . 

FAR( 4)=FUAIR(J) 

FAR(5)=FUIRN(J) 

. 002 The mll-iufinit.e pf"rtllJ"hat.ioll fador for para-
met.er J. If FUAlH. < 0, then FUAJR is a 
pc:'rt.nrhation amplitudej if FUAIR > 0, t.hen 
t.he perturbat.ion amplit.ude is PU AlR t.imes t.he 
half gap .at. t.he bUlllp apexes. 

.002 The nm-finit.e pert.urbation fador for paramet.er 
J. (Comment.s under FU AIH.( J) above are t.me 
for FUIRN(J) also.) 

Iuitially humps were viewed as iron added or subt.raded t.o t.he poleface of a 
dipole maguet. In t.his case the apex st.ands vertically on a horizontal surface. 
~Then a bump is t.o be put on a surface that is not. horizont.al, it. is necessary to 
rotat.e t.he coordinat.e system of t.he sUl·face so t.hat. t.he bump is vert.ical in t.he new 
(x', y') systenl. To put lHllllPS 011 non-horizontal surfaces, one should specify the 
rotation angle PIlI(J) that. carries t.he st.andard coordinat.e system (x, y) iuto t.he 
new rotated system. 

The casual user will not want. t.o change t.he pert.urhat.ion fadors FAil ( 4) and 
FAR(5) without. acquiring an uudt'rst.anding of the least-squares pro("edure used 
to opt.imize t.he parameters. The pert.urbation factors are used in the calculation 
of t.he coefficient. mat.rix, which is a derivative of the fitted point.s with respect. 
t.o t.he paramet.ers. These derivatives are calculat.ed numerkally by making small 
pert.urhations of t.he parameters and calculating the change of the fit.ted points. The 
pert.urbation factors determine the size of t.he perturhat.ions used t.o calculat.e the 
derivatives. For more information see Sec. B.13.6, ou numericalmet.hods. 
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B.9.2.4 Input for soft restraints. 

When lJot using soft rest-raints, just. p\l~ an "S" on this line and proceed to t.he 
next data group. The program is cllrrellt.ly set. lip for up t.o 10 soft restraint.s. Three 
t.ypes of llumh{'rs are required: 1. the index of t.he parameters t.o be rest.rained, 2. 
the desired values of t.he parameters, and 3. fhe weigh~ factors used in the soft 
restraint.. In Eq. (B.9.!.!.1), (.hese are like the symbols "i", "P..;,", and "Vi." The 
meanings are 110t exact.ly the same because HIe snmmat.ioll is sequential from 1 t.o 
l in Eq. B.9.!.!.1, but. t.he soft parameter iudices need 110t be sequt'nt.ial. Tahle 
B.9.2.VlI summarizes the required input.. 

Table B.9.2.VII Summary of Input for Soft Restraints 

Array Meaning 

JSOFT(I) The atTay illdex J of t.he paratueter to be rest.rained 

SOFIT(I) The desireu value of the restrained l>aratneter 

WOFIT(I) The weight. factor for the restrained parameter 

The code expects t.o read in ]0 values of JSOFT, followed by 10 values of SOFIT, 
and followed by 10 values of WOFIT in the free format described ill Sec. B.3.1. 

B.9.2.5 Input for regeneration of the lattice. 

After introducing bumps on polefa.ces or coils, it. is necessary to regel1erat.e t.he 
lat.t.ice so ~hat t.he sides of the triangular mesh conform as closely as possible t.o t.he 
physical houndaries of the mat.erial. Olle must specify Ule number, t.ype, and logical 
limits of t.he regions t.o be regenerated. The first line contains NGEN, t.he llumht"r 
of regeneration regions. The regeneration regions must enclose all mesh points that 
will be moved by "bump" paramet.ers. The regenerat.ion regions must. not enclose 
any mesh poiut.s in coil regions, ulliess a bump is being put on a coil. This first line 
is followed by "NGEN" lines contaiuing six numbers. Table B.9.2.VllI describes 
the numbers required. 

B.9.2.6 Input data for the coefficient matrix. 

This dat.a set. is optional. It allows the user t.o llse the coefficient lUat.rix from a 
previous rU1l if it has been saved.. See parameter PCON(2) in Table D.9.2.1 above. 
If PCON(2) = 2, the coefficient matrix is read in automatically at this point in t.he 
input stream. 
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T'dble B.9.2.VIII IUlmt to the Regeneration Array NAR 
fol' each value of M = 1, ••• ,NGEN 

Val'iahle 

NAR(l )=MINK(M) 

NAR(2)=MAXK(M) 

NAR(3)=MINL(M) 

NAR(4)=MAXL(M) 

NAR(5)=ITRI(M) 

NAR(6)=MTYPE(M) 

Default Defiuitioll 

none Tlte regenE'l'at.ion reJ!;ion is a red.augle for 
which MINJ\ is the lIunimwll value of the 
logical coorrunate K. 

none Maximum value of the logical coordinate I( for 
the regeneratioll region. 

none Minimwn value of the logical coordinat.e L for 
the regeneration region. 

llone Maximum value of the logical coorrullate L for 
the regellerat.ioll region 

o The type of triangles to use in the regenel'at.ed 
region. 
ITRl = 0, equal weight. triangles 
IT RI == 1, isosceles triangles 
ITRI = 2, right triangles 

ITYPE = 1., Il-lnfinite only regeneration region, 
= 2, #J-futite only regE'neration region. 
= 3,. II-infiJtite and I,-fuute regenel'ation 

region. 
The default is the same as ITYPE in Table 
B.9.IV above. 

B.9.2.7 Input data for POISSON. 

13 

Since POISSON is llsed t.o generat.e the fit.t.ed point.s, the user must supply '.he 
required input. for POISSON as defined ill Chap. B.S above. A minimulll of three 
lines is required. The first. two data lines have exact.ly the sallle meaning as ill a 
normal POISSON rUll, namely, t.he "dump" ntunher and any desil'ed ('.hanges in t.he 
default. CON values. The t.hird dat.a line terminat.es the MIRT run ("dump" = -1). 
If this t.hird line contains the dump number of the just. oht.ailled solut.ion, t.hen one 
c'an follow wit.h a fourt.h line containing some cha.nged CON values. This will ca.use 
MIRT t.o rli} again with these new CON's. In any case, t.he final dat.a line must. set 
the dump number to -1 t.o terminate the rUll. 
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B.9.3 Output from MIRT. 
MIRT directs out.put to bot.h the t.erminal and t.o an output file callt>d OUTMIR. 

The terminal output is described in the example givt'n in Sec. B.12.4. It. is an 
ahbreviated version of t.he informat.ion given ill OUTMIR, which will he descrihed 
here. The output. can be hroken into fOllr part.s: a summary of the input., an initial 
POISSON run wit.h analysis hy MIRT, t.he main MJRT it.erat.ion cycle start.ing with 
a ca1culation of the coefficient. matrix and ending wit.h 1ile converge'nee test, and 
finally a POISSON run giving t.he fiual opt.imized solutioll for t.he fidel. Each of 
t.hese parts will be described below and illustrat.ed with out.put from a simple H­
shaped dipole magnet prohlem having t.wo paramet.ers, t.he total currcnt awl one 
smooth bump. 

B.9.3.I Summary of the input data. 
This part hegins wit.h a list of CON'S, which are divided into ill 1>11 t. or defa\11t 

values and solution values. The later group contains paramet.ers which can be 
changed by t.he code, although there are some which <.10 not change. The dist illdion 
is not. clear cut. The permeabilit.y dat.a from TAPE:15 is print.ed next.. This is 
followed by a printout of the inpllt. dat.a t.o 1\1] RT, namely, t.he peON array, Ule list. 
of points t.o be fitted, the fitt.ing parameters, t.he regenerat.ion region data, and t.he 
optimizat.ion boundary data. Figure B.9.3.1 shows an example of t.he ou1pllt. Not e 
t.hat. t.he current version of the code lists a paramet.er called PCON(12) = SOFACT, 
which has no vallie. This should be ignored. II. will be delet.ed or given a value jll 

future versions of t.he program. 

problem constants for optimization 
(1) loop = 5. max. no. of optimization cycles 
(2) matrix = 0 
(3) ipunch = 0 
(4) mprint = 2 
(6) muse = 1. no. of solutions with each coeff. matrix 
(6) rlx= 0.5000000. starting relaxation factor 
(7) rlxs = 0.0078125. minimum relaxation factor 
(8) test1 = 0.1000000. relaxation factor test 
(9) araum = 0.100e-19. min. sum (wt. sqr. of delta quantities 0(10) pcnt = 0.1000000 
(11) femax = 0.500. factor for parameter limits 
(12) sofact= 
no. of fitted points = 11 
specified values of by,mu=inf. at y = 0.000 weight factors kfit lfit 

by ,mu=inf . ( 1) = 1.6000e+04 at x = 0.000 1.0000e+00 1 1 
by ,mu=inf . ( 2) = 1.6000e+04 at x = 0.500 1.0000e+00 2 1 
by,mu=inf.( 3) = 1.6000e+04 at x = 1.000 1.0000e+00 3 1 
by ,mu=in:f. ( 4) = 1.6000e+04 at x = 1.500 1.0000e+00 5 1 
by,mu=inf.( 5) = 1.6000e+04 at x = 2.000 1.0000e+00 6 1 
by,mu=inf. ( 6) 1.6000e+04 at x = 2.500 1.0000e+00 7 1 
by ,mu=inf. ( 7) = 1.6000e+04 at x = 0.000 1.0000e+00 1 4 
by,mu=inf.( 8) = 1.6000e+04 at x = 0.500 1.0000e+00 3 4 
by ,mu=inf. ( 9) = 1.6000e+04 at x = 1.000 1.0000e+00 4 4 
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specified values of by.mu=inf. at y = 0.000 
by,mu=inf.( 10) 1.6000e+04 at x = 1.500 
by,mu=inf.( 11) = 1.6000e+04 at x = 2.000 
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weight factors kfit lfit 
1.0000e+00 6 4 
1.0000e+00 6 4 

Figure B.9.3.1: Print.oul. from OUTMIR of input. dat.a t.o MIRT for an II-shaped 
magnet. containing infinitely permeahle iron. 

The fitted points are divided int.o sets wit.h fixed values of Y. The fit.t.ing paramet.ers 
are descrihed hy "t.ype", t.hat. is, TYPE = 0 means a current., TYPE = 1, 2, or 3 
is a blimp, and TYPE = 6 is a const.ant. pot.ential. An example is shown in Fig. 
0.9.3.2 for t.wo parameters. 

no. of parameters = 2 
1. type 0 current (xjfact = 

mu=i prt f. = 2.000e-03 
mu=f prt f. = O.OOOe+OO 
cum. change = O.OOOe+OO 

2. type 2 iron bump - smooth 
left n = 1 
left apex n = 2 
right apex n = 5 
right n = 6 

mu=i prt f. = 2.000e-03 
mu=f prt f. = O.OOOe+OO 

cum. change = O.OOOe+OO 

1.00000) - mu=infinit 

min. change = -5.000e-01 
max. change = 5.000e-01 

- y direct. phi = 0.00 - mu=infinit 
k = 9 1 = 7 x = 3.4000 Y = 
k = 10 1 = 7 x = 3.8250 Y = 
k = 
k = 

13 1 = 7 x = 5.1000 Y = 
14 1 = 8 x = 5.5000 Y = 

min. change = -1.000e+00 
max. change = 1.000e+00 

2.0000 
2.0000 
2.0000 
2.4000 

Figure B.9.3.2: Print.out. from OUTMIR of paramet.er data entered int.o MUtT 
for an H-shaped ma.gnet .. 

The core of t.he magnet is taken t.o be infinit.ely permeable iron. The phrase 
at the left, (mu=i prt. f.=2.000-e3) refers t.o FAR(4) = FUAIR = .002 as defined 
in Tahle B.9.2.V1 above. The phrases "min change" and "max change" refer t.o 
FAR(2) and .FAR(3). The phrase "cum. change" is an empt.y format. at. t.his point 
but. will have meaning when the parameters are changed during the it.erat.ion cycles 
of MIRT. Under t.he heading of bump parameter, t.he phrase ';phi = 0" means that 
t.he bump is on a horizont.al surface, hence PHI=FAR( 1) inuicat.es that. no rotated 
coordinate system is needed. 

The next. out.put summarizes the regenE'l'at.ion region dat.a aud t.he locat.ion of 
the original opt.imization boundaries, as shown for example in Fig. 8.9.3.3 In this 



16 PART B CHAPTER 9 SECTION 3 December l1, 1986 

example, the notat.ioll "2*" schematically shows the endpoint.s and apex point.s of 
the bump defined by parameter 2. If there had been more lhall one hump, t.hen 
t.here would be a sel of "3*'''s, "4*"'s, etc. One set for each bump. Not.e also that 
NPOLE = 6 for this example. 

If the nser had requested (PCON(2)=2) the use of a previollsly saved coefficient 
malrix or had ent.ered soft restraint. data, this input data would appear in OUTMIR 
aft:er the regeneration data. This ends the summary of the input data. 

B.9.3.2 Initial POISSON run with MIRT analysis. 
MIRT calls POISSON for an evaluat.ion of t.hE" least squares summat.ion, which 

is to be minimized. The next entry ill OUTMIR is a summary of lite POISSON 
iuterat.ion history as shown in Fig. u'9.3.1. The forma.t may be a litHe confusing 
because it is folded in on itself to save space. Table 8.9.3.1 gives t.he meanings of 
the numbers listed. 

no. of regeneration regions = 1 
1. mink = 8 maxk = 15 minl = 3 maxl = 9 itri '" 0 mgen = 1 

optimization 
boundary ... n k 1 x Y 

2* 1 9 7 3.4000 2.0000 
2* 2 10 7 3.8250 2.0000 

3 11 7 4.2500 2.0000 
4 12 7 4.6750 2.0000 

2* 5 13 7 5.1000 2.0000 
*2 6 14 8 5.5000 2.4000 

Figure 8.9.3.3: Printout from OUTMIR showing the regeneralion region and opt.i­
mizatioll boundary data. 

elapsed time eO. 2 sec. 

cycle amin amax residual-air 
gmax residual-iron 

0 O.OOOOe+OO O.OOOOe+OO 1.0000e+00 
4.0000e-03 1.0000e+00 

330 -1.1933e+05 O.OOOOe+OO 4.5818e-07 
4.7133e-02 2. 3388e-02 

poisson converged in 330 iterations 
elapsed time = 1.7 sec. 

eta-air rhoair xjfact 
eta-iron rhofe 
1.0000 1.9580 1.0000 
1.0000 1.0000 
0.9336 1.9580 1.0000 
0.9251 1.0000 
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Figure B.9.3.4: Print.out from OUTMIR of t:he iterat.ion history as POISSON 
solves Poisson's equation for the vedor potential. 

Table B.9.3.I. Defintiolls of the Parameters from POISSON. 

Variable Definition 

AMIN IvLinimulll value of the vedor (scaler) potential over the mesh. 

A MAX Maximum value of t.he vector (scaler) pot.ent.ial over t.he mesh. 

Residual-air CON(88), a para.meter I1sed to test t.he convergence of 
POISSON. If t.his paramet.t"r is less than 5.0e:.07, t.he solut.ion 
has converged for tlte air and interface points. 

Eta-air CON(lOG), a meas\\re of t.he rat.e of convergence of t.he 
solut.ion during t.he current; cycle. It. is used t.o calculat.e 
Rhoair = CON(75). 

Rhoair CON(75), the overrclaxation fador for air and interface 
point.s. This paramett'l' is autolllat.icall.y ol'timizt'd during t.he 
iut.eration if t.he int.it.ial value of Hlaoair is set equal {.o the 
value of CON(74)=lUIOPTl. 

XJFACT CON(GG), t.he fador by which all current and current densi­
ties (but. not current filaments) will be scaled. XJFACT = 0 
indicat.es the lise of a scalar pot.eut.ial for dect.roslatic 
problems. . 

Gmax The maximum value of gamma, the inverse of t.he relative 
permeability over the mesh. 

Residual-iron CON(89). residual of iron point.s; used in t.est.ing convergence 
of the PUISSON solution. 

Et.a-il'on 

Rhofe 

CON( 107), the I'at.e of cOllvergence of t.he solution at. iron 
point,s during t.he current cycle. 

CON(7i), t.he overrelaxation fador for iroll point.s ill proh­
lems with fillite but variable perllleabilit.y. 

This is fol1owed by a t.ahle of fields and t.heir derivat.ives at mesh point.s. It will 
be recalled that. t.hese fields are obt.ained by a least sqnares fit.t.illg process. The last 
column of the table is "afit". The rat.io of "afit" to "a" is a measure of the goodness 
of fit. by the edit polynomials llsed to approximate t.he field. 

The next out.put gives a graph and t.able summary of the deviat.ions of the 
specitied (given in the input) and t.he achieved (calculated from POISSON) values 
of t.he fit.t:ed points. An example is given in Fig. B.9.3.5. The last liue of this output 
is the SUIll of t.he weighl:ed squares that is to be minimized. 
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percent -5.493e.00 
1.51212e->04 

December 11, 1986 

-7.105e-13 
1.60oo0e+04 

by .1IIIl"in1'. at y-o.ooo i1iiiii1i11111i11ii1i1iiiiiii1iii1i1ii11ii1iiiiiiiii1i1iii 
0,000 x • 0 
0.500 x • 0 
1.000 x • 0 

1.500 
2.000 
2.500 

o 
o 
o 

at y~1.000 11111111ii1i1111i11111111iii1111111iiii111ii11i1111111i1ii 
0.000 x • 0 
0.500 
1.000 

x 

x • 
• o 

o 
1.500 x • 0 
2.000 x • 0 

iii1iiiii1i1ii1iiii11i11iiiiiiii1ii1i1i11iiiiii1i1ii1iiiii 
1.51212e+04 1.60000e"04 

percent -5.493e"00 -7.105e-13 

• repre.ent. the achieved value 
o represents the spec1~1ed value 
+ represents both the achieved value Qnd the specified value if they lie together 

delta by,mu=1n1'. at y .. 0.000 
delta by,mu=inf.( 1) = 7.9438+02 
delta by,mu~1n1'.( 2) g 7.geOe.02 
delta by ,mu'"1nf. ( 3) = 8.017e·02 
delta by,mu=in1'.( 4) = 8.136e->02 
delta by,mu=in1'.( 5) = 8.3610+02 
delta by ,mu=inf. ( 6) = 8.788e"02 

delta by,mu'"inf. at y = 1.000 
delta by ,1\IU=inf. ( 7) = 7.884e"02 
delta by,mu=inf.( 8) = 7.891e->02 
delta by,mu=in1'.( 9) " 7.914e+02 
delta by,mu=in1'.(10) - 7.9586->02 
delta by,mu=1n1'.(11) = 8.031e"02 

at It " 0.000 
at x " 0.500 
at x = 1.000 
at x = 1.500 
at x = 2.000 
at x '" 2.500 

at r = 0.000 
at x " 0.500 
at x = 1.000 
at x '" 1.500 
at 1< ;: 2.000 

.um no. 0 (vt .• qr.o~ delta qUQnt1tie.) ~ 7.190e.06 

by,mu=inf. 
15205.72115 
15203.99429 
15198.25744 
15186.39542 
15163.86666 
15121.17478 

by,lID1=1nf. 
16211.64494 
15210.91492 
15208.58767 
15204.16690 
15196.86214 

percent d.viation 
-4.964 
-4.976 
-5.011 
-5.086 
-5.226 
-5.493 

per.cent deviation 
-4.927 
-4.932 
-4.946 
-4.974 
-6.020 

Figure B,9.3.5: Print.out from OUTMIR of t.he specified and achieved values of t.he 
points to be fitted. 

B.9.3.3 The MIRT iteration cycle. 
MIRT now begins it.s first it.era1.ion cycle hy calculating t.he codfidt"nt llla.trix 

using the perturbation factors, ("Pert.urb. a." for mu-infinit.e specifi('d point.s and 
"Pert.urh. f" for Inu-finite point.s.) There is a POISSON run for each parameter. 
Fig. B.9.3.6 shows the out.put for t.he example we have been carrying along. 

elap.ed time = 2.0 .ec. 
calculating coe~~icient matrix 

1. type 0 current (xj~act = 1.00200) - mu=in1'in1t 

poisson converged in 160 iterations 

2. type 2 1ron buIr;J - smooth -y direct. phi = 0 .00 - lIIIl=in1'ini t 
le~t n ~ 1 k z 9 1 = 7 1<" 3.4000 y= 2.0000 

perturb. 
perturb. 

perturb. 
perturb. 

a. = 2.000e-03 
f. = 2.oooe-03 

a. = 4.000e-03 
f. .. 2.000e-03 
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le~t apex n. 2 k ~10 1 z 7 x ~ 3.8260 y. 1.9984 
~ight apex n 2 6 k ~13 1 = 7 x = 6.1000 y. 1.9986 
right n = 6 k =14 1 = 8 x = 6.6000 y2 2.4000 

poisson converged in 130 iterations 
elapsed tUne = 3.6 sec. 
coe~~icient matrix no. 1 

1 2 
1 1.03ge+04 -5.30ge+02 
2 1.03ge+04 -5.086e+02 
3 1.037e+04 -4.671e+02 
4 1.034e+04 -3.946e+02 
6 1.028e+04 -2.142e+02 
6 1.01ge+04 1.432e+02 
7 1.042e+04 -5.432e+02 
8 1.042e+04 -6.467e+02 
9 1.041e+04 -6.496e+02 

10 1.038e+04 -6.497e+02 
11 1.034e+04 -6.346e+02 

Figure B.9.3.6: Print.out. from OUTMIR of the calcttlation for t.he coefficient mat.rix 
in t.he case of two paramet.ers and 11 fitt.ed points. 

MIRT now uses t.he coefficiellt. mat.rix t.o calculate changes in t.he parameters. 
The new parameters are displayed in t.he st.andard format llsed to display paramders 
as illustrat.ed ill Fig. D.9.3.7, which also shows t.he iteration history of a POISSON 
run using these paramet.e:>rs. MIRT thel1 displays the new shape of t.he opt.imizat.ion 
boundary and t.he difference hetween t.he specified and achieved values of t.he fit.t.ed 
points. In addit.ion MIHT 'also displays the new least squares summat.ion and ot.her 
terms needed t.o calclllate a new rela.xat.ion factor. The ant.icipat.ed final sum is 
compared with t.he actual Sl11l1 t.o det.ermine if convergence has occurred. In t.he 
example being used, convergence did not. OCCllr after t.he first. iterat.ion and hence 
MIRT st.arts a new it.erat.ion cycle st.art.ing with a recalculat.ion of the coefficient 
mat.rix and ending with a convergence test .. 

The example we are following converged after t.hree it.erations. The important 
summat.ions at. t.he end of t.he third cycle are shown in Fig. B.9.3.8. Note t.hat the 
anticipated least squares sum is very dose to "Stull no. (3)." 

opt~zed solution no. 1. relaxation factor = 0.600000 

1. type 0 current (xj~act 2 1.04213) - mu=infinit 

2. 

solution a. = 4.213e-02 min. change = -6.000e-01 
cum. change = 4.213e-02 max. change. 6.000e-01 

type 2 iron bump - smooth -y direct. phi ., 0.00 - mu=infinit 
left n = 1 k 2 9 1 = 7 x 2 3.4000 y~ 2.0000 
left apex n ,. 2 k "'10 1 = 7 x s 3.8260 y= 1.9696 
right apex n .. 6 k =13 1 ,. 7 x ., 6.1000 y= 1.9709 
right n .. 6 k "'14 1 "' 8 x = 5.6000 y= 2.4000 

solution a. "' 7.676e-02 

perturb. a. = 4.000e-03 
perturb. f. = 2.000e-03 
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c~. change = 7.675e-02 

.lapsed time = 3.8 sec. 

min. change - -J. OOOe+OO 
~. change = 1.000e+OO 

cycle amin _ax residual-air eta-air rhoair 
smax residual-iron eta-iron rho~e 

o -1.2435e+06 0.0000.+00 4.6818e-07 0.9338 1.9580 
4.7133e-02 2.3388e-07 0.9261 1.0000 

230 -1.2303e+06 O.OOOOe+OO 3.2147e-07 0.9082 1.9680 
6.6221e-02 1.1848e-07 0.8776 1.0000 

poisson converged in 230 iterations 
.lap.ed time K 4.7 sec. 

December 11, 1986 

xjfact 

1.0421 

1.0421 

Figure B.9.3.7: Printout. from OUTMIR showing t.he new parameters and the resu1t.s 
of a POISSON run using these new parameters. 

optimization converged 

Cwt.sqr. of delta quantities) 

sum no. 0 = 7.190e+06 

sum no. 1 = 1.961e+06 

sum no. 2::z 4.331e+03 

sum no. 3 = 3:81ge+02 

anticipated final aum (wt.aqr.of delta quantities) ~ 3.786e+02 

dump number 1 has been written on tape36. 

Fig. B.9.3.8: Printout from OUTMIR of the least square sum and related quantities 
for the final iteration of our example. 

B.9.3.4 Final POISSON run. 
Aft.er convergence, MIRT calls POISSON for a final run and writ.es the full table 

of field quautities at. mesh points. The first. part of this final run is illustrated in 
Fig. 8.9.3.9 
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k 1 a(vector) x y bx(gauBs) by(gauss) bt(gauss) dby/ dx(gauss/cm) dby/dx(gauss/cm) aUt 

1 1 O.OOOOOOe+OO 0.00000 0.00000 0.000 16003.397 16003.397 O.OOOOe+OO O.OOOOe+OO -1.5e-04 

2 1 -6. 868602e+03 0.42867 0.00000 0.000 16002.729 16002.729 O.OOOOe+OO -3.062ge+00 6.1e-04 

3 1 -1.371646e+04 0.86714 0.00000 0.000 16000.931 16000.931 O.ooOOe+OO -6. 1826e+00 9.7e-03 

4 1 -2.067361e+04 1.28571 0.00000 0.000 16998.621 15998.621 O.OOOOe+OO -6. 224ge+OO 4.7e-03 

6 1 -2. 742966e+04 1.71429 0.00000 0.000 16997.023 15007.023 O.OOOOe+OO -1. 6646e+00 3.0e-03 

6 1 -3.428660e+04 2.14286 0.00000 0.000 15008.002 15998.002 O.ooooe+OO 6.4812e+00 1.ge-02 

7 1 -4.!14276e+04 2.67143 0.00000 0.000 16002.369 16002.369 O.OOOOe+OO 1. 1787e+01 3.4e-03 

8 1 -4.800163e+04 3.00000 0.00000 0.000 16003.667 16003.667 O.OOOOe+OO -1. 5322e +0 1 -6.7e-02 

9 1 -6.486603e+04 3.42867 0.00000 0.000 16974.202 16974.202 O.Ooooe+OO -1.4431e+02 -1.2e-Ol 

10 1 -6. 168051e+04 3.86714 0.00000 0.000 15860.199 16850.199 O.OOOOe+OO -4. 7116e+02 -8.6e-02 

1 2 O.OOOOOOe+OO 0.00000 0.33333 0.000 16003.816 16003.816 2. 6612e+00 O.OOOOe+oo -1.ge-06 

2 2 -4.097282e+03 0.25602 0.33334 -0.643 16003.568 16003.668 2.4463e+00 -2.0116e+00 5.7e-04 

3 2 -1.060700e+04 0.65666 0.33336 -1.614 16002.180 16002.180 1.8231e+00 -4.8066e+00 4.2e-03 

4 2 -1.723347e+04 1.07693 0.33336 -1.968 15999.772 16009.772 2. 1606e+Ol -6. 476ge+00 7.2e-03 

6 2 -2.403050e+04 1.60179 0.33338 -1.483 16997.153 16997.163 - 2.7332e+00 -6.3818e+00 7.ge-03 

6 2 -3.086423e+04 1.92837 0.33342 0.636 15995.984 16996.984 - 6.7020e+00 7.7012e-Ol 6.3e-03 

7 2 -3.769382e+04 2.36692 0.33349 3.804 15998.823 16998.824 - 7.1140e+00 1.3066e+o.t 6.8e-03 

8 2 -4.464824e+04 2.78426 0.33362 3.804 16006.895 16006.896 1. 2637e+01 2.2165e+Ol -2.3e-02 

9 2 -5. 142044e+04 3.21349 0.33385 -16.009 16011.027 16011.034 8.6834e+Ol -1. 6287e+Ol -1.4e-Ol 

10 2 -5. 830898e+04 3.64407 0.33426 -83.877 15971.119 16971.340 2.4620e+02 -2.oo12e+02 -3.8e-Ol 

Figure B.9.3.9: Printout from OUTMIR of a part of the final POISSON run after convergence has been achieved. 
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Chapter B.I0 

Diagnostic and Error Messages 

B.10.1 Messages from AUTOMESH 

Diagnostic and Error messages print,ed from AUTOMESH can be broken into 
t.hree cat.egories: 1. those st.arting wit.h the word "ERROR", 2. those starting wit.h 
t.he word "TROUBLE", and 3. t.wo adclitiollalmessages. In t.he sections below, we 
list the messages, briefly define t.he problem and give a possible solution. 

The following five convent.ions make the explanat.ions simpler to writ.e. 

1. CHANGE THE MESH SIZE - llsually t,he mesh is too coarse; user should rerun 
the problem wit.h a finer mesh; sometimes a slight mesh size change will suffice. 

2. (Xi. Y1) / (R1. THETA1) - the Cart,esian/polar coordinat.es of the previous 
point (from). 
(X2.Y2)/(R2. THETA2) - the Cart.esian/polar coordinates of t.he present 
pOi11t ( to). 

3. R --- (printed as the value of a variable) means t.hat this variable has been set 
out of range and not supplied by the user. 

4. (--) means computer prints out the value. 

5. REGION (--)/O.K. - AUTOMESH has successfully found pat.hs for all boun­
dary points in this, (--), region; if errors occur in one region, AUTO MESH 
proceeds to the next. 

1 
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B.I0.1.1 Messages containing "ERROR" 

1. "--- ERROR --- DATA FOR THIS CIRCLE FROM (Xl,Yl)/(R1, THETA1) 
TO (X2,Y2)/(R2, THETA2) IS INCONSISTENT ... " 
Eit.ber one or hoth coordinat.es are not given or t.he t.wo points with renter 
at. (XO, 1"0) do not. li(' on the same circl~ 1.0 a relative accmacy of 10-3 • 

Correct Ule input; data for the li"t.ed coordinat.es. The user should check 
that the coordillat.es are given RELATIVE to (XO, }'o). Message fro111 
suhrout.ine DATUPS. 

2. " __ - ERROR --- DATA FOR THIS LINE ARE INSUFFICIENT' ... ., 

3. 

4. 

5. 

6. 

Either ont' or hoth coordinates are not given. Correct t.he input data for 
the listed coordinates. ~fessage from sul)l'outillc DATU PS. 

" __ - ERROR --- DATA FOR THIS HYPERBOLA FROM (Xl,Yl) TO (X2,Y2) IS 
INCONSISTENT ,.," 
Eit.her one or hot.h coordinates are not given, R is not given, or the t·wo 
point.s do not lie 011 the same hyperbolic branch t.o a relative accuracy 
of to-3 , Message from suhruut.ine DATUPS. 

" __ - ERROR --- X/Y IS OUT XMIN, XHAX/YMIN, YMAX LIMITS ., 
The X or Y poinl printed is It'sS or greater than tIte given minimum or 
maximum valut' [01' X/V in the first IlEG input line, Correct input. 
M~ssage fmm·JJATUPS. 

"--- ERROR --- (KHAX + 2) * (LHAX + 2) = (--) IS GREATER THAN 
PROGRAM DIMENSIONS OF (--) , .. II 
The total numher of mesh point.s have ex('ee<ied thc maximum value 
dimensioned. Cut mesh size or increase para.meter MXDIM and recom­
pile as directed hy the complete diagnostic message. (Not.e: Versions 
of the code received from us before June 1986 have a different diagnos­
tic message and do not give directions for changing MXDIM.) 
Message from subroutine SETXY. 

" __ - ERROR --- TROUBLE IN FINDING THE PATH OF A POINT .. 
AUTOMESH enco1.lllt;ered trouble in bot.h "forward" and or "ba('kward" 
pass ill suhroutine LOGIC. To correct, de{'rease mesh size near t.he 
point and try again. Message from main program. 
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B.I0.1.2 Messages containing "TROUBLE" 

"--- TROUBLE --- DIMENSIONS FOR THE NSEG ARRAYS, EXCEEDED NSG OF 
(--) ... " 
AUTOMESn has exceeded t.he maximum numher of boundary segments 
dimensioned in the program. Increase pal'alllt'ler NSG and recompile 
as directed. Message [rom subroutine FISIJEG. (Note: V("rsions of the 
program mceived before .June 1986 have no dired.iotIs for increasiug 
NSEU. The user can only decrease the llum bel' of seglllent.s ill the illPU t.) 

2. "--- TROUBLE --- NPOINT = (--), EXCEEDS DIMENSION OF ( __ )n 

3. '1 __ -

The number of Po entries [or lhis regiun has exceeded the maximum 
Illlluher dimensioned. To correct, decrease I. he 1lI111lber of points or in­
crease parameter NPTX and recompile as directed. (Note: Versions of 
t.he program received before JUlie 1986 have nu direc:lions for inneaslug 
NPTX. The user can ouly decrease the nllmLer of points in t.he iuput.) 
Message from main program or subroul.ine INSERT. 

TROUBLE --- THE PROGRAU FOUND THE SAME (K, L) COORDINATES 
FOR THE FIRST AND LAST POINT OF THIS CURVE .. ," 
The program has assigned Ule same mesh point. ill eit.her vert.ical or 
horizontal direction for (XI, Yd and (X2' 1'2). This usually means 
mesh size is not fiue enough. 

3a. Message is print.ed from suhrout.ine LOGIC. Thf' last. line of the mes­
sage print.s t.he phrase "FORWARD PASS" or "BACKWORD PASS." 
AUTOMESH executes subrout.ine LOGIC twice-first in a "forward" 
search, and a second pass in a "backward" search-t.o find the pat.h 
of the current segment. Then the program chooses t.he path wit.h t.he 
smaller number of segments with no errors. A fatal error occurs if 
BOTH directions encountel' "TROUDLE." To correct, cha.nge mesh 
size. 

4. " __ - TROUBLE --- PROGRAM DIMENSIONS 1000 FOR THE KL ARRAYS ARE 
INSUFFICIENT" 
The progra.m has difficulty in finding t.he pat.h for this segment. and 
thus has exceeded the dimeusion allocated for storage of the path 
array. See 3a. a.bove. 

6. " __ - TROUBLE --- LOGICAL PATH IS TRAPPED AT K = (--)t L = ( __ )11 

The program ca.nuot find the path for this cm'rellt segment. See 3a 
above. 
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6. " __ - TROUBLF; ~,:,--"TOO MANY END POINTS FOUND FOR THE LINE" 
The program has trouble adding a. verlical/horizonlalIine region. 

6a. AUTOMESU could encounter a nUlllher of problellls in subrollf illes 
XLINER/YLINER while alt.elllpt.ing lo add vert.ical/horizont.alline 
regious. To corred, CHANGE MESH SIZE or ill versions oC the program 
received aft.er April, 1986 St"t LINX/LINY = 1 in t.ltE' first. nEG enf .. y. 
(This laUer option delet.es t.he addition of all verf ical/horizolltallille 
regions at horizonlal/vt"rt ical lllesh change locat.ions.) 

7. " __ - TROUBLE --- NO END POINTS FOUND FOR LINE" 
The program has (.l'ouble finding a mesh point. for the end point. of 
the added line l·egion. See 6a.. above. 

8. "--- TROUBLE --- ONLY ONE END POINT FOR THE LINE" 
The program has trouble finJing all end point, ft)r this added line 
region. See 6a. ahove. 

9. "--- TROUBLE --- A POINT WITH (K = KREG) HAS X NOT = TO XREG" 
" __ - TROUBLE --- A POINT WITH (L = LREG) HAS Y NOT = TO YREG" 

The progt'am has difllcult.y adding a vertical/horizont.al line region. 
Sf...'e 6a. above. 

B.IO.I.3 Additional Diagnostic Messages 

1. "DIMENSION OF 2000 FOR KR. LR ... " 

2. 

The program has run info difficulty and has exceeded the maximulIl ntllll­
hE'f of points dimensioned for a rf"gion. CHANGE MESH SIZE and t.ry again. 
Message frOlll sllbrout.ine LOGSEG. 

"DIMENSION OF 3000 INSUFFICIENT FOR KG, LG " 
The program has run illt.O dif'Rculty and has exceeded t.he t.otal number 
of points ditl1cnsioned Cor all fE'gioIlS. CHANGE MESH SIZE aud t.ry again. 
Message from subroutine SAVAGE. 
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B.I0.2 Messages from LATTICE 

LATTICE writ.es all of cliagnost.ic and t"'rror messages t.o the o11t.pUt. file, OUTLAT, 
and some to the terminal if rUlI is int.f'ract.ivt"'. Au t'xplanatioll of thtc' COll'llllon ter· 
minology used in t.hese messages is listed below. 

1. k, l 

2. :r, Y 
3. kJ, lJ 
4. (_.) 

The mesh point. numbering for t.he hOl'izontal aud vertical coordi­
nates. 
The hOl'izont.al, vertical coordinates, respt'ct.iveiy. 
The mesh point numberillg for t.he se(.'ond of the t.wo points. 
Means the computel' prints out (he value. 

B.l0.2.1 Messages Containing "ERROR EXIT" 

1. 11 __ - ERROR EXIT --- TWO MESH DATA POINTS WITH A DIFFERENT K, L 
HAVE THE SAME X, Y COORDINATES" 
followed hy values of ~'I i , ~", I " X, and y. This message is from t.he 
function ANGLF. The code has found t.be same physical coordillat.es 
assigned t.o t.wo differf'nt. l()gical point.s. Check input. data; t.ry reducing 
mesh spacing if input looks correct. 

2. " __ - ERROR EXIT --- IN SUB. ANGLE COST = (--) AT KO = (--) LO = 
(--)" 

Message from fUllct.ion ANGLF. The code has a cosine value great.er 
t.han 1.0 at l.he logical poillt (KO! LO). Cht.·(·k illput data, t.ry reducing 
mesh spacing. 

3. "--- ERROR EXIT --- NWMAX EXCEEDS PROGRAM DIMENSIONS OF (--) ... " 
Message from subl'oul.ine PRELIM. The st.orage for recalculat.ing coup­
lings ha.s been exceeded. This st.orage has dimension of 1/2 of the para· 
meter MXUIM. Illcrease MXDIM and recompile. 

B.l0.2.2 Messages Containing "INPUT DATA ERROR" 

1. " ___ INPUT DATA ERROR --- ILLEGAL CHARACTER", 
followed by a print. of t.he inp1lt. line. Message from subrollt.ine FREE. 
The code has found a character it. does not recognize in the line 
printed. Cor red input. 

2. " __ - INPUT DATA ERROR --- NO MANTISSA WITH EXPONENT", 
followed by a. print of t.he input line. Message from subroutine FR.EE. 
The code found an exponent. sta.nding alone in the line priuted. Correct 
the input line. 
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B.I0.2.3 Messages Contaiuing "DATA ERROR" 

These messages are iSSup.d whenever LATTICE encounters any errors in rea.d­
ing the input. me. Mostly, such el'l'ors occur when a lIser creates his own input file 
for LATTICE. If the input. file f0r LATTICE has been generated hy a successful 
AUTOMESH run, it is unlikely t.I1t~re would be any errors of this t.ype. In any case, 
t.he errors issned are se)[-explanat.ory. The user need only correct t.he identified error 
ill the input file and rerun. 

1. " ___ DATA ERROR --- THE NO. OF BOUND DATA VALUES (K. L, X, Y) .. 
(--) FOR THIS REGION IS NOl A MULTIPLE OF 4" 
Message froUt suhroutine REREG. The code has found t.ha.t t.he 
coordinate dat.a 011 t.he input. file is incompld.e, Correct t.he input 
file (Usllally TAPE 73). If generated by AUTOMESll, t.ry chang­
ing mesh spacing. 

2. "--- DATA ERROR --- THE FIRST AND LAST POINTS OF REGION HAVE 
SAME K, L BUT DIFFERENT X, Y COORDINATES" 
Mes~age from suhroutine HEREG. Meshing has heen donp. illcoI·rect.­
ly. Correct. inl>ut tile. If generated hy AlJ'1'UM8SII, t.ry changing 
mesh spacing. 

3. "--- DATA ERROR --- NEGATIVE OR ZERO L" 
Message from sui>rout.ine REREG. The inpnt. file has an illegal value 
for t.he logical coordinate L. Correct input. file. 

4. " __ - DATA ERROR --- NEGATIVE OR ZERO K" 
Message from subrout.iue REREG. The input file has an illegal value 
for the logical coordinate K. Correct iuput file. 

6. " __ - DATA ERROR --- L, K AND LPRIME, KPRlME NOT ON SAME LOGICAL 
LINE" 
Message from subrout.ine HEREC. There is an error ill the boundary 
input to LATTICE. Check input: file. 

6. " __ - DATA ERROR --- L EXCEEDS LMAX" 
Message from suhrollt.ille REREG. The code has found a houndary 
point. ill the input. file wit.1t a logical L coordinate greater t.ha.n the 
maximum L coordina.te. Correct input .. 
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7. It ___ DATA ERROR --- K EXCEEDS KHAX" 
Message from suhrollt.ine REREG. The coclt" has found a houndary 
point in tht" iuput file with a logical K coordillat.e greater than the 
maximulU K coordinat.e. Correct input. 

8. " __ - DATA ERROR --- YOU HAVE EXCEEDED THE MAXIMUM NUMBER OF 
REGIONS ALLOWED = ( __ )tI 
Message from suhroutine REREG. Too many regions. Increase para­
meter NRGN and recompile. 

9. " __ - DATA ERROR --- YOU HAVE EXCEEDED THE MAXIMUM NUMBER OF 
INPUT BOUNDARY POINTS PER REGION == (--) II 
Message from subrout.ine REREG. The storage for single l'egioll boun­
dary point.s has been exceeded. Illcrease parameter NPMX ancl r~com­
pile. 

10. " __ - DATA ERROR --- TWO CONSECUTIVE DATA POINTS IN THIS REGION 
HAVE SAME K, L COORDINATES" 
Message from subroutine REREG. The code has found two consecut.ive 
hounclary point.s assigned the same logical coordinates. Correct. input 
data. 

11. " __ - DATA ERROR --- TWO CONSECUTIVE DATA POINTS IN THIS REGION 
HAVE SAME X, Y COORDINATES" 
Message from suhrollt.ine REREG. The code has fonnd t.wo const"cl1t.ive 
houndary points assigned the same physical coordinates. Correct input 
data. 

12. " __ - DATA ERROR --- (KHAX+2)*(LMAX+2) EXCEEDS PROGRAM DIMENSIONS 
OF (--)" 
Message from subroutine REREG. There are t.oo many mesh points 
ill the problem. Increase the parameter MXDIM and recompile. 

B.I0.2.4 Messages Containing "TROUBLE" and "WARN­
ING" 

1. " __ - TROUBLE --- DIMENSIONS FOR NO. OF SEGMENTS EXCEEDED NSG OF 
(--) ... " 
Prints to OUTLAT and t.erminal and immediately aborts. Message from 
main progralU; follow inst.ructions given in the complete error message 
and recompile. 
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2 .. 11 __ -

3. 11 __ -

B.I0.2.5 

WARNING ---THE MESH HAS NEGATIVE AND/OR ZERO AREA TRIANGLES" 
LATTICE writ.es to t.he file OUTLAT, a message whenever it encoun­
t.ers a negative or zero area in subrout.ine FILPOT, followed by the 
t.hree coordinates that make up this t.riangle. The pl'ogram processes 
t.he triangles of all regions hefore print.ing above message to OUTLAT 
and terminat.ing. Message from main program; follow inst.ructions or 
remesh Lhe problem wHh a different Illesh spacing. 

WARNING ---THE NUMBER OF INTERIOR POINTS = 0 II 

Message from suhroutine SETTLE is self-explanat.ory ill versions 
released aft.er April 1986. For previous wrsions, the user has somehow 
set up the problem wroug. All poillt.s are boundary point-s and hence 
the potential is determined everywhere. 

Miscellaneous Messages 

1. "THE ABOVE REGION IS NOT CLOSED." 
This message is out.put. to OUTLAT from subroutine REREG anel is only a 
warning. User should check to see that. t.he same values for the first and last 
coordinat.es for Lhis region al'e specified if a closed region with interior points 

-is desired. 

2. "ITERATION TERMINATED---MAXIMUM NUMBER OF CYCLES." 
This message is out.put. t.o OUTLAT f('om stlhrout.ine SETTLE and is only 
a warning. The mesh gt."ll(·rat.ion did not converge to the re<luired accuracy 
after 100 iterat.ion cycles. Run is continued wiLh present. mesh. User could 
t.ry running the problem wit.h this mesh or CHANGE MESH SIZE and rerun. 

3. "THE LAST CORRECT POINT IS K = (--). L .. (--)" 
Message from subroui-ine REREG. This message OCCttrS after INPUT DATA 
ERROR messages numbers 3,4, 5, 6, i, lU, and 11. The logical coordinat.es 
are an aid in finding the error. 

4. "ITERATION CONVERGED II 
Message from subroutine SETTLE. The mesh relaxation process was successful. 
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B.I0.3 Messages from POISSON 

B.l0.3.1 Messages Starting with "ERROR EXIT" 
1. " __ - ERROR EXIT --- (KMAX+2)(LMAX+2) IS GREATER THAN PROGRAM 

DIMENSIONS OF (---)" 
Message from subroutine RDUMP. Too many points in problem. 
lucrease parameter !vlAXD lM and recompile. 

2. "--- ERROR EXIT --- NWMAX EXCEEDS PROGRAM DIMENSIONS OF ( ___ )" 
Message from subroutine HDUMP .. Not. enouglt storage. Increase para­
met.er fvlAXDIM and recompile. 

3. " __ - ERROR EXIT --- THE MESH HAS NEGATIVE AND/OR ZERO AREA 
TRIANGLES" 
Message from suhroutine HDUMP. The mesh has a region where 1he 
t.riallgles have collapsed or where logicallilles have crossed. Remesh wit.h 
a differellt mesh spacing. 

4. " __ - ERROR EXIT --- MATERIAL CODE .GT.5" 

Mes5age from subrout.ine TABLE. The llser has illPut. CON(18) 
= NPERM negat.ive and has read in a material code greater t.han 5. 
See instmct.ions for lise of NPEHM = CON( 18). 

B.l0.3.2 Messages Euding with "ERROR EXIT" 
1. "NAME OF MATERIAL ~S LESS THAN OR EQUAL TO 1, OR IS GREATER THAN 11" 

"---ERROR EXIT---" 
Message fro\l1 subroutine TARIN. POISSON can hall(lle lip to 11 different 
materials. The llrst. is reserved for a.ir or current. carrying coils. This message 
means t.hat the user has input an illegal material ll\lluber during t.he input. of 
magnet.ic region dat.a. Correct input. 

2. "THE NUMBER OF INPUT TABLES IS GREATER THAN FOUR" "---ERROR EXIT---II 
Message from suhroutint' TADIN. The user has tried t.o input too lllany mag­
net.ic property tahles. Oldy 4 tables can be input (1 internal and 3 external). 
Correct input.. 

3. "GAMMA = H/B, AND B = 0.0" "---ERROR EXIT---" 
Message from suhrout.ine TABIN. The user is trying to input a ~lTYPE = 3 
(H vs B) magnetic lHat.erial t.able and has entered a value of 8 = O. Since t.his 
would result in a divide by zero when convertiug to -y vs. B t.he run is st.opped. 

4. "IOU HAVE EXCEEDED THE MAXIMUM DIMENSIONS ALLOWED FOR THE GAMMA 
VS B TABLES" "---ERROR EXIT---II . 
Message from suhroutine TABIN. The llul1lher of data lines in a t.able of 
magnetic mat.erial properties (GAMMA vs B, MU vs B, or H vs B) is great.er 
than 50. Edit the input table. 
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B.I0.3.3 Messages with "DATA ERROR" 

1. " __ - DATA ERROR --- ITYPE IS NEGATIVE DR ZERO" 
Message from subrout.ill.e POWERS. CON( 46) = ITYPE is negative 
or zero which is illegal. Consult. information on CON( 46). 

B.I0.3.4 Messages with "INPUT DATA ERROR" 

1. " __ - INPUT DATA ERROR --- ILLEGAL CHARACTER II
, 

followed by a print. of the input line. Message from sllhrollt.ine FREE. 
The code has found a character it does not. recognize in the line 
printed. Correct line. 

2. " __ - INPUT DATA ERROR --- NO MANTISSA II
, 

B.I0.4 

followed hy a print, of t.he input, line. Message from suhroutine FREE. 
The code has found an exponent standing alune in the line print,ed. 
Correct input,. 

Messages from PANDIRA 

B.I0.4.1 Messages Starting with "ERROR EXIT" 

1. " __ - ERROR. EXIT --- NOTE = CON(Sl) = 1" 
Message from ll'min progra.m .. CUN(81 ):::NOTE Sf't.s t.he point, re­
laxat,ion order and Illust be 0 for PANDIRA rHns. Rerun LATTICE 
with CON(81) = O. 

2. " __ - ERROR EXIT --- (KMAX+2)(LMAX+2) IS GREATER THAN PROGRAM 
DIMENSIONS OF ( __ II) 
Message from sllbrout.ine PRDUMP. Too many points in the problem. 
Increase parameter MAXDIM and recompile. 

3. " __ - ERROR EXIT --- NWMAX EXCEEDS PROGRAM DIMENSIONS OF (--)" 
Message fr0111 suhroutine PRDUMP. Not enough st.orage. Increase 
parameter MAXDIM and recompile. 

4. " __ - ERROR EXIT --- THE MESH HAS NEGATIVE AND/OR ZERO AREA 
TRIANGLES" 
Message from subroutine PRDUMP. The mesh has a region where 
the triangles have collapsed or where logical lines have crossed. 
Reluesh wit.h a different, mesh spacing. 

5. " __ - ERROR EXIT --- NO. INTERFACE CURRENT POINTS .GT. DIMENSIONED 
ARRAY OF (--) ... " 
Message from subroutine RIIANDS. The storage ill COMMON/SINS/ 
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is ioo small. Increase parameter value INMX in PANDIRA ollly 
and recompile. 

6. "--- ERROR EXIT --- SUM OF INTER. It; IRON A'S IS ZERO." 
Message from subrout.ine RHANDS. The code is calculat.ing RE.SIDI 
= CON(89) and has fOllnd that, for the preselll. iterat.ion, Llle sum of 
t.he solutioll values at the iron and int.erface poinis is zero. This will 
result. ill a Jivide by zero so the run is stopped. Try cut.ting mesh size; 
check that. the iron region is dosed; or t.ry running POlSSUN if a.ppli­
caLle. 

7. "--- ERROR EXIT --- NAMAX EXCEEDS PROGRAM DIMENSIONS OF (--)" 
Message fr01l1 subroutine SWIND. Storage exceeded. Increase pal"a­
meter r..lAXUIM ano recOlllpile. 

8. 1' ___ ERROR EXIT --- NROW = MINO(KMAX, LHAX) = (--) EXCEEDS 
MATRIX DIMENSIONS OF (--)" 
Message from suhrout in(' 'I'R lUES. Th<:> st.orage neericd for the matrix 
illv~rsions is greater tlil''Ill allowed. Change t.he lal'gel" dimension ill 
COMMON/012/. Change the va.llle of 1l\.1X in the DATA st.at.ement 
in subrout.ine l'RIB8S to 1\eW valne. Change the a.ppropriate dimen­
sion in the DIMENSION statement.s in suhrout.ines MA'l'lNV and 
MATINP. In suhrout.ine DINO, change the value of variahle NDD 
(statement with laLel 10). Tben recompile POIL1D and PANDIRA. 

9. "---ERROR EXIT--- MATERIAL CODE .GT. 5" 
Message fro111 subroutine PTA IJLE. The tlser has illput CON( 18) := 

NPERM negat.ive and has read in a mat.erial code greater t.hau 5. See 
instructions for use of NPERM = CON(18). 

B.I0.4.2 Messages Ending with "ERROR EXIT" 

1. "NAME OF MATERIAL IS LESS THAN OR EQUAL TO 1, OR IS GREATER THAN 
11" "---ERROR EXIT---" 
Message from subrouiine TABIN. PANDIRA ca.n handle up to 11 difi'erellt 
mat.erials. The first is reserved for air ami current. carryiug coils. This mes­
sage means t.hat the user has inpnt an illegalmaterialllulllher during t.he input 
of magnetic region dat.a. Correct input. 

2. liTHE NUMBER OF INPUT TABLES IS GREATER THAN 4" "---ERROR EXIT---II 

Message from subrout.ille TABIN. The user has tried to input too many mag­
netic property tables. Only 4 tables call be input (1 iuternal aJld 3 external). 
Correct input. 

3. "GAMMA = HIB, AND B = 0.0" "---ERROR EXIT---" 
Message from subroutine TABIN. The user is trying to input' a MTYPE = 



12 PART n ClIA.PTF:R 10 SECTION·1 Decem! )('1' 1 (), 1 !)E(6 

3 (H vs il) magnetic IllRt.f'riRI t.a.ble and has ent.ered a value of B = O. Since 
t.his would result. in a divide by zero wllen converting t.o "y vs. B, the rUll is 
st.opped. 

4. "YOU HAVE EXCEEDED THE MAXIMUM DIMENSIONS ALLOWED FOR THE GAMMA 
VS B TABLES" "---ERROR EXIT---" 
Message from subrout.ine TA nIN. The I1Illnl)f'r of cIat a. lines in a table of 
magnet.ic nmt,erial prop<:"rties (GAMMA vs H, t\:lU vs 13, or II vs U) is greater 
t.hall 50. Edit t.he illPllt. lal,ie. 

B.I0.4.3 Messages with "DATA ERROR" 

1. " __ - DATA ERROR --- ITYPE IS NEGATIVE OR ZERO" 
Message from suhroutille l'UWEnS. CUN(4G) = ITYPE is negat.ive 
or zero which is ilk·gal. Cunsult. infurtllalioll Oil CON (46). 

B.I0.4.4 Messages with "INPUT DATA ERROR" 

1. "--- INPUT DATA ERROR --- ILLEGAL CHARACTER" 
followed I,y a pl'illf. of lhe input line. Message from stlb roll t ille FREE. 
The ("ode lIas tUlllld a cbarader it dues uot recognize ill the line 
prlllt.ed. Correel. Iille. 

2. " __ - INPUT DATA ERROR NO MANTISSA" 
followed by a print of t.he illput lille. l\lessage [1'0111 suhrout.ine FR8E. 
The code has fOUlld an exponeul stallding alone ill t.he lille prillll'd. 
Correct input.. 
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D.IO.5 Messages from TEKPLOT 

1. " __ - INPUT DATA ERROR --- ILLEGAL CHARACTER" 
Followed by a print. of t.he input line. Message from subroutine FREE. 
The code has found a character it does not. recognize in the line 
print.ed. Correct ill put. 

2. " __ - INPUT DATA ERROR --- NO MANTISSA" 
Followed hy a print of the illput line. Message from suhroutine FnEE. 
The code has fOllud all exponent stalldillg aloue in t.he line prilll.ed. 
Correct the input line. 

3. "NUMBER OF REGIONS ON TAPE35 = (--) LARGER THAN DIMENSION 
NRGN.RUN STOPPED" 
Message from subrout.ine TRDUMP. ThE" numher of regions to be input ex­
ceeds storage. lllcrease parameter NltGN and recoUlpilc. 
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. Chapter B.ll 

Convergence and Accuracy 

The accuracy of POISSON is diffimlt to assess hecallse POISSON calculat.es 
in t.WO dimensions and a..<;~anlles an infinit.e t.hird dilllt"llsion. Thus, t.he accuracy 
improves as t.he magllt"t. gets longer. The accuracy is also dt"pendent. on t.he qnality 
of t.he n vs.H irOIl t.ahle used. Several l1st"rs have remarked t.hat l.he internal iahle 
nsed hy PUISSON is a lit.He t.oo idealistic, especially at high values of J{. We 
are seeking a het.ter table to include in the program. If you have snggestions for 
one, ple-ase contact us. At low values of J{, hyst.ersis effect.s in real iron make it. 
very dilticnlt. t.o correctly model t.lre magnetic field. The aut.hors of t.he code feel 
t.hat. POISSON is always accurate 1.0 at least. 5% in ahsolut.e aCflll"acy, but. is more 
accurate when evaluating relative changes on the same magnet.. 

The less uniform the field riistrihut.iotl, t.he less accurate the soIUt.ioll. Conformal 
tl'<l.nsformat.ions ('an he used i.o improve t.he accuracy of t.he soll1t.io11 in cases of very 
Hon-uniform field distrilmtions. This is descri bed ill Sec. 8.13.4 below. 

This chapter is not. ('olllpl<·t.e. 111 the fut.llre we hope t.o bel1dllnark the code 
against some analyt.ically solvabc problelll, and to COlllpare it with some other well­
known codes. 
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Chapter B.12 

EXAMPLES 

B.12.1 QUADRUPOLE MAGNET 
This exam pIt' COlllp1ltes the Illaglldic fidds ane! harmonics for a ql1ad"l\po!e 

Illagnf't.. By making Ilse or sYlIlllld.ry, we need olJly ca.kulat.c ollc-eigltl.h of Ute 
lllllgllet. Figure U.12.1.1 shows t.he magnet. section eaklllateJ. 

IRON 

AIR 

pro •• __ .. qua d .a ria_ I' •• '1..... ctde • • , 

Figure B.12.1.1: Sect.ioB of quaJrnpolc used in calculat.ion. 

1 
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poisson-pandira test quad a2 
$reg nreg~4, xmax=22.5228, ymax=15.92603, dx=.2100, mat=2, Ilpoint=8 $ 
$po x~O.O, y=O.O $ 
$po r=14.2S, theta=O.O $ 
$po r=19.1883, theta=O. $ 
$po x=19.9, y=1.4 $ 
$po x=22.4421, y=1.905 $ 
$po nt=2, r=22.S228, theta=45.0 $ 
$po r=2.92, theta=45. $ 
$po x=O.O, y=O.O $ 
$reg mat:1, npoint=8 $ 
$po x=O.O, y=O.O $ 
$po r=14.25, thata=O.Q $ 
$po x=12.59852, y=6.65882, nt=2 $ 
$po x=9.5, y=3.5603 $ 
$po x=7.02870, y=2.47058 $ 
$po x=4.28368, y=.99522 $ 
$po nt=3, r=2.92. x=2.0647518, y=2.0647518 $ 
$po x=O.O, y=O.O $ 
$rag cur;::9400., npoint 11 $ 
$po x=11.86, y=5.60 $ 
$po x=7.80, y=1.60 $ 
$po x=7.15, y=2.30 $ 
$po x=5.82, y=1.0 $ 
$po x=6.~8, y=.32 $ 
$pa x=7.15, y=1.0 $ 
$po x=7.85, y:.32 $ 
$po x=8.50, y=1.0 $ 
$po x=9.1B, y=.32 $ 
$po x=13.18, y=4.14 $ 
$po x=11.86, y=5.60 $ 
$reg ibound=O, npoint~6. cur=O. $ 
$po x=O.O, y=O.O $ 
$po x=2.064751B, y=2.0647518 $ 
$po r=22.522B, theta=45. $ 
$po x=22.4421, y=1.905, nt=2 $ 
$po x=19.9, y=1.4 $ 
$1'0 x=19.1, FO. $ 

Figure 13.12.1.2: AUTOMESII input. me for quadrupole ill Fig, 13.12.1.1. 

The AUTOM1~Sn inpllt is shown in Pi!;. B.12.l.2. 1'1.(> nh~ IHl1\lt' is QTESTIN. In 
the inpllt. fi1e aU lines starl in column 2. In tht' <"aae of tilt" tit Lf.' line, W(' Heed a blauk 
t.o tell A£1TOMESH that the illPut is fol' a POISSON 01' PANDlRA prohlt'll1. All 
the fest. st.art in colttl!l1l2 hfA('811Se they art" FOflTRAN NAMEL1ST illI'll! lines.The 
first region defines t.he ollter boundary of the Pl'ObJC'lll. The HEt: NAMELlST tells 
AUTOMESH thai. there will he -1 regiolls (NREG=4), gi\'es the <.'xtJ'elUe values of 
x ami y (XMAX ami YMAX), sd" I· Itt' 1'()I1~h ll·i::lllg!e:.· base !4ize (DX), ddiucs thC' 
enlire )ll'ohlt'\ll region to be iron It"in~ I he iut.enml tahll' (MA'f=2j, and t.dls the 
code t.here are 8 PO NAMELIST's t·o follow (NPOINT=8j. 
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The se:-cond I'e:-gion illPllt. oVf'rwril:e:-s the first.. The second [lEG NAM GLlST 
se:-I.s MAT=l whidl cOl'r('~poJl(ls to lim = 1 IIsed for hoOl the ft.ir cUHl ('oil "('gions, 
The 8 following PO NAM ELlSl.'s defiue \.he suhregions. The thil'd region input. 
d",lines t.he eoi! inside t he 2nd l'e:-gion. Here CUR is set \·0 ~J.:lO(J amps. The 4t.h 
regiuJ\ is a lin(~ rt'gion. This rt'gion is put. ill 1.0 gt..'t. t.he propel' bOllndary conditions, 
IBOUND=O (IJIHIC'IILET) 01\ the 4!)() lil1e and ol1\.(,"r b01ludary. ClIR is set. 1.0 0 
becanse o(.herwise th('re would be a ("'lInenf. e<[ual t.o 9400 amps on Ihe line I>ecallse 
t.he pre\'ious {'egioll value was IIO\. oVt.'rwritt.C!Jl. 

autQmesh 

?type input file name 
?qtestin 

region no, 1 
ok 

region no. 2 
ok 

region no. 3 

ok 

region no. 4 
ok 
stop 

automesh ctss time .797 seconds 
cpu= .482 i/o= .255 mem= 

all done 

.060 

Figl\l'e B.12.1.3: AUTOMESn OHpUt. to terminal for quadrupole example. 

Aft.er pr('paring the input. tile, the:- next st.e:-p is t.o rlln AUTOMESH. Pigure 
B.12.1.3 shows the int.eractions wit.h t.he terminal for a run made 01\ a CRA Y. The 
user types the execut.able fil(' name AUTOM r~SH. The code asks [or the input. file 
name and t.he users reply t.ells it. to use <,fl'ESTIN. No ot.her input is necessary and 
AUTOMESIl executes. 

The next step is t.o rim LATTICE. The user st·art.s the run by typing the exe­
cutable file name LATTICE. Figure B.12. L.4 shows what. happens at. t.he ternlinal. 
The code asks for an inpllt file name and t.he llser replit"s wit.h TAPEi3 which is 
the t.ape that AUTOMESll has set up lor it .. LATTICE print.s messages and the 

lattice 

?type input file name 
? tape73 

beginning of lattice execution 

dump 0 Yill be set up for poisson 
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po'isson-pandira test quad a2 

type input values for con (1) 
1*6 0 *32 2 *46 4 *111 11 1.86 45. 2.92 s 

elapsed time= 1.7 sec. 
Oiteration converged 

elapsed time= 3.3 sec. 

generation completed 

dump number 0 has been written on tape3S. 
stop 

lattice ctss time 4.231 seconds 
cpu= 3.655 i/o= .439 mem= .137 

all done 

December 1 i, 1986 

Figure B.12.1.4: User terlllill~l inst.ruction during LATTICE rlln of qlladrupole ex­
ample. 

prohlf'1ll til.le followed by fI reql1est. for CON input.s. At. t.his point the user inputs 
sevell challges. The user types: 

*6 0 *32 2 ·46 4 .] II 11 1.86 45. 2.92 s 

As it. IHlppens, none of t.hf;'se CON rhan~es a.Te nf"cessary for Hlt" LATTICE. rIlll, 

Imt. can he enkred here for later use by P01SS0N. Tbey could M we]] he en eni.t.·red 
after POISSON asks fOI' CON inpuL The meaning of the CON vulues input is as 
follows: 

·6 0 sets CON(6)=MODE e(lu~1 to O. This says t.hat. some iron ill t.he problem 
has finite, noncollstant. pel'lneabiHt.y. 

*322 set.s CON(32)=lPll1NT t.o 2 which will cal1se POISSON t.o write t.he "y vs 
B tables used t.o the file OUTPUl and also to priut a IIlap of I B I in the iron. 

*46 4 set.s CON(4fJ}=JTYPE equal t·o 4 which tells t.he code t.hat the prohlelll 
is a synunt·t.rical quadrllPole. 

* III 11 1.86 45. 2.92 s changes CON's 111 t.hTU 111. These values all give 
information needed hy t.he code t.o do a harmonic analysis of t.he quadrupole field. 
CON{lll )=NPT.C=l1 says use 11 points 011 a circular arc, CON(112)=RIN'T= 
1.86 says t.he radius of t.he arc is 1.86cm., CON( 113)=ANGLE=45. indicat.es t.he 
length of t.ht' arc is t.o be /l!')o, amI finally (,ON( 1l4)~-=:RNORM=2.92 t.ells Uie code 
to use a normalization radius of 2.92nu. The final s ill t.he CON input. Iiue t.e1ls the 
code t.here is no more input. The code t.hell continues execut.ion and writes dump 
o to TAPE35. 

At this point t.he user can use TEKPLOT to examine the mesh or t.o look at 
t.he region out.lilles. Figure B.12.1.5 shows how t.he user would use TEKPLOT t.o 
see the ft!gion outlines. 

I 
I 
I 
I 
I 
I 
I 
I 
I 
r 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

December 17, 1986 PART D CIIAPTER 12 SECTION 1 5 

After 1.he execuhlhle file Ilalne TET{PLOT is t.yped, 1.he code asks for input. for 
five paralll('t.t"rs. The J'(·ply s indicat.es thaI. t.he llser wants to use the default values 
which al'e all 7.ero. Tltis will ca.use only the prnhlt:'ltl ont.line to be drawn. Aft.er 
priut.ing t.he prolJlcllI name 1.he code asks for limit.s 011 t.he region t.o be drawn. The 
user reply, O. 23., which says plot. a sqltare 23c11l Oll a side wit.h t.he lower right 
comer at. the origiu. No s is l'eqlli ['ed for t.he inp1lt. because all four values are given 
and, in 1.his ca..<;e, t.he code knows thaI. it. should cout.inue. Next t.he user replies GO. 
A ft.el' hit.t.illg t.he carriage ret.urn the ("ode draws t.he out.line shown in Fig. B.12.1.1, 
however, wit.hout. t.he printing ill t.he regions. To (>nd TEKPLOT, t.he uscr hits 
t.he cal"l'iage re1.urn and, when 1.he cooe asks for more input. dat.a, t.ype -1s. The 
terminal out.put. is shown in Fig. B.12.1.6. 

~ekplot 

7type input data- num, itri, nphi, inap, nswxy, 

input data 
num= 0 itri= 0 nphi= 0 inap= 0 

plotting prob. name = poisson-pandira test quad a2 

type input data- xmin, 
70. 23. O. 23. 
input data 

xmin= 0.000 xmax= 

7type go or no 
7go 

xmax, ymin, ymax, 

23.000 ymin= 0.000 

nswxy= 0 

cycle= o 

ymax= 23.000 

Figure 13.12.1.5: Using TEKPLOT t.oexamine 1.he prohlem boundaries. 

type input data- num, itri, nphi, inap, nswxy, 
7-18 
tekplot ctss time 1.084 se~onds 
cpu= .216 i/o= .793 mem= .076 

all done 

Figure B.12.1.6: Terminal display after carriage ret.urn. 

To run POISSON, t.he user types POISSON. (See Fig. B.12.1.7 for t.he terminal 
interaction.) The code asks where it should get input and t.he user replies TTY, 
indicating it. will he eJltereo at the terminal. The code ask!' foJ' a. dUlllP n1l1nber and 
is told O. The code t.hen reads dump 0 from TAPE35, writes the problem name 
and asks for CON input. Since all necessary changes were made in LATTlCE; and 
passed t.o POISSON t.hrough TAPE3.'5, the' user replies with an s. The code then 
solves the prohlem, writ.es the solut.ion as dump number 1. t.o TAPE35, and prompts 
the user for anot.her dump number. The user answers -is to end the run. 

type "tty" or input file name 
? tty 



6 PART B CHAPTER 12 SECTION 1 

! type input value for num 
! 9. 
beginning of poisson exedution from dump numbe~ 0 

prob. name = poisson-pandira test quad a2 

?type input values for done?) 
! ! 

elaps",d time .. 1.6 sed • 
0 eydle IUnin amax 

gmax 
0 0 O.OOOOe+OO O.ooooe+OO 

4.ooo0e-03 

re"idual-air 
re::>idu .. l-iron 

1.0000e+OO 
1.0000 .... 00 

0 100 rhoair optimiz .. d 
0 100 O.OOOOe+OO 1.3931e+04 2.6722e-02 

9. 1430e-04 1.4021e-02 
0 200 rho air optimized 
0 200 O.OOooe+OO 4.5690e+04 1.4151e-02 

1.2039 .. -02 9.7234e-03 
0 400 rhoair optimized 
0 400 O.ooooe+OO 5.7708e+04 5 .3831e.-04 

6. 129ge-03 1.2520e-03 
0 800 rhoair optimdzad 
0 800 0.0000,,+00 5.8241a+04 3.324& .. -06 

5.0758e-03 1.313ge-04 
0 1500 rhoair optimized 
0 1600 O.OOOOe+OO 5.82518+04 3.12648-08 

4.970.1e-03 1.9236e-06 
0 1860 O.OooOe+OO 5.8251e+04 6.8252e-09 

4.9691.-03 4.8982e-07 

solution converged in 1860 iterations 

elapsed time = 53.0 sec. 

dump number 1 has been written on tape35. 

typo input value for num 
'!' -111 

stop 
poisson etss time 61.292 .. econd. 
cpu2 55.3e5 i/o= 2.552 mem= 3.376 

all done 

.. ta-air rho air 
eta-iron rbofe 
1.0000 1.9000 
1.0000 1.0000 
0.9975 1.9763 
0.9975 1.9763 
1.0010 1.0000 
0.9873 1.9871 
0.9873 1.9781 
0.9911 1.0000 
0.9825 1.9775 
0.9825 1.9775 
0.9931 1.0000 
0.9923 1.9821 
0.9923 1.9821 
0.9947 1.0000 
0.9947 1.9863 
0.9947 1.9863 
0.9948 1.0000 
0.9953 1.9863 
0.9947 1.0000 

Figure H.12.1.7: Terminal display for POrSSON nUN. 

December 1;, 1986 

xjfact 

1.0000 

lambda = 9.9993.-01 
1.0000 

lambdll = 9.9994e-Ol 
1.0000 

llJlllbda z 9.9994e-Ol 
1.0000 

lambda ,. 9.9996e-Ol 
1.0000 

lambda = 9.9998e-Ol 
1.0000 

1.0000 

n1lring t.he running of the rrohlem A lTTOl\'1ESn has pl'Oduced an oufput. file 
called OUTAUT, LATTICE hac; produced OUTLAT, aud POISSON has produced 
OUTPOI. These files give various information on t.he various runs. Usually, as in 
t.his case, OUTAUT and OUTLAT are of little int.erest. becanse t.hey give mainly 
informat.ion 011 t.he mesh. Thev are useful when t.here are difficulties wit.h t.he mesh­
ing. However, t.he file OUTPuT contains informat.ion 011 t.he solution. 

Tn this cac;e the OUTPOl file cont.ains t376 U6-clmrader lines. OlTTPOI con­
t.ains a list. of t.lle CUN values llsed fol' the run, a fahle giving t.he ll1a~netic charac­
terist.ic used for mat.erial 2, allo copy of the t.ermiual out put. Since ihc l1ser asked 
for it (CON(32)=2), ULTTPO( also cont.ains a print.ed map of t.he fields in t.he iron. 
A portion of t.he map is shown ill Fig. B. J 2. 1.B. The port.ion is rcr.ognizahle 8S 

being t.he top right curner of t.he input. prohlelll geometry. The first column 011 t.he 
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61 62 63 64 66 66 67 68 69 70 71 72 73 74 76 76 77 78 79 80 
88 u 

1 
87 u 0.00 

1 0.27 0.19 
86 u 0.27 0.16 0.17 

1 0.42 0.34 0.31 0.42 
86 u 0.43 0.32 0.27 0.30 0.42 

1 0.66 0.49 0.46 0.48 0.66 
84 u 0.68 0.47 0.42 0.42 0.47 0.67 

1 0.86 0.71 0.64 0.60 0.69 0.62 0.68 
83 u 0.86 0.72 0.63 0.56 0.64 0.66 0.62 0.71 

1 1.01 0.90 0.81 0.76 0.72 0.73 0.76 0.82 0.94 
82 u 1.03 0.90 0.79 0.72 0.68 0.68 0.71 0.76 0.83 

1 1.17 1.06 0.98 0.91 0.87 0.86 0.87 0.92 0.99 
81 u 1.20 1.07 0.97 0.89 0.83 0.81 0.82 0.86 0.92 1.00 

1 1.61 1.34 1.24 1.15 1.08 1.03 1.00 1.00 1.02 1.06 1.13 
80 u 1.61 1.35 1.24 1.14 1.06 1.00 0.96 0.95 0.97 1.01 1.07 

1 1.68 1.66 1.43 1.33 1.26 1.19 1.16 1.14 1.14 1.17 1.21 
79 u 1.71 1.66 1.43 1.32 1.23 1.16 1.12 1.10 1.10 1.12 1.16 1.22 

1 2.06 1.86 1. 74 1.62 1.62 1.43 1.36 1.31 1.29 1.28 1.29 1.31 1.35 
78 u 2.06 1.88 1.76 1.62 1.61 1.41 1.34 1.28 1.26 1.24 1.24 1.27 1.31 

1 2.26 2.10 1.96 1.82 1.71 1.62 1.64 1.49 1.46 1.42 1.42 1.43 1.46 
77 u 2.28 2.11 1.96 1.82 1.71 1.60 1.62 1.46 1.41 1.39 1.38 1.39 1.42 1.46 

1 2.46 2.31 2.16 2.03 1.92 1.82 1.73 1.66 1.61 1.68 1.66 1.66 1.67 1.60 
76 u 2.60 2.32 2.17 2.03 1.91 1.80 1. 71 1.64 1.68 1.65 1.63 1.63 1.64 1.67 

1 2.90 2.67 2.62 2.38 2.26 2.13 2.02 1.93 1.86 1.79 1.76 1.72 1.70 1.70 1.72 
76 u 2.90 2.69 2.64 2.39 2.26 2.12 2.01 1.91 1.83 1.76 1.72 1.69 1.67 1.67 1.69 1.71 

1 3.12 2.94 2.77 2.61 2.47 2.36 2.23 2.13 2.06 1.98 1.92 1.88 1.86 1.85 1.86 1.86 
74 u 3.16 2.96 2.78 2.62 2.47 2.34 2.22 2.11 2.02 1.95 1.89 1.86 1.83 1.82 1.82 1.83 

1 3.36 3.19 3.02 2.86 2.71 2.68 2.46 2.35 2.26 2.17 2.11 2.06 2.02 2.00 1.99 1.99 
73 u 3.42 3.21 3.03 2.86 2.71 2.66 2.44 2.33 2.23 2.16 2.08 2.03 1.99 1.97 1.96 1.97 1.98 

Figure B.12.1.8: Portion of the printed map giving magnetic field values in kilogauss in the iron of the quadrupole. 
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It.·ft. gives a logical K coordillate al. the il1it'rs{'ci.ioJl of a coordinat.e pair tllf're are 
two values. These are the lllngnit.1Hles of t.II" field in kG in t.IIe upper (u) and lower 
(I) t.riangles associat.ed wit.h that (K, L) poilll. 

The POISSON output. file cont.nins a fal,le giving I.he values of t.hl:' vedol' po­
tt'nt.ial A, aud rt."lakd qllantities B:rl Hill I 11 I,dRII/dy,dBII/ti:r, nlong t.he x axis of 
tbe problelll. The latt.er five qllant.ities are ohtailled from t.he vect.or potential by a 
least. square nt. The goodness of t he fit is illdicated by t.he value of AFTI' given ill 
t.lIe right.most. column of tbe table. 

The finaJ printout. ill OUTPOT gives information 011 the harlllollic analysis. This 
infurmation is ShOWll in Fig. B. 12. Ln. 'I'be angle, (x, y) coordi11ates, nearest. (K, 
L) coordinat.es, and t.he inl ('J'polat.C'd vedor potent inl are given for poiut.s on t.IIe 
arc. Also given are tables of codficent.s for t.he harmonic expansion of the vect.or 
pot.ent.ial and I.IIe magnet.ic Held. 

TEKPLOT can be used to pxami1le the field pattern in the ql1adrupole. Fig1lre 
n.12.1.10 shows t.he terminal illteracliolls. The user t.ypes TEKPLOT to 11lifiate 
the run. When asked rur input data, t.he r("ply sets N lJM::::-l 1.0 t.e11 the code t.o lise 
dump 1 from TAPE35, sets ITHk (J since a drawing of t Itt' l1l('sh is not. wankel, 
and set.s NPIIL=35 to cause 35 Held lines to be drawn. The finnl s ill t.he input. lille 
It'aves INA? and NSWXY with t.heir 0 ddault values. Next the nser is asked t.o 
ent£'r t.he limit.s of the plot.t.ing regioll and replies: O. 23. 0 aT 23., ddining t he plot 
T('dangle. On rec£'iving go, the code plot.s Fig. 8.12.1.1'1. TEK PLOT is t.e1'1l1irmkd 
by hit.t.illg a carriage retul"t1 followed IJY -1s as descril)t'd in connectioll with Fig. 
B.12.1.6. 
Otable for interpolated points 
o n angle x eoord 

1 0.0000 1.8600 
2 4.5000 1.8543 
3 9.0000 
4 13.5000 
5 18.0000 
6 22.5000 
7 27.0000 
8 31.5000 
9 36.0000 

10 40.5000 
11 45.0000 

1.8371 
1.8086 
1.7690 
1.7184 
1.6573 
1.5859 
1.5048 
1.4144 
1.3152 

y coord kf 
0.0000 10 
0.1459 10 
0.29tO 10 
0.4342 9 
0.5748 10 
0.7118 9 

0.8444 9 
0.9718 9 
1.0933 8 
1. 2080 8 
1.3152 8 

1table for vector potential coefficients 
Onormalization radius = 2.92000 

If 
1 
2 

2 

vee.pot. 
4.74266e+03 
4.68434e+03 
4.5t082e+03 

3 4.22631e+03 
4 3. 83775e+03 
5 3.35463e+03 
6 2.78884e+03 
6 2. 15430e+03 
7 1 .46658e+03 . 
7 7.42792e+02 
8 3.54844e-01 

o a(x,y) = re( sum (an + ibn) • (z/r) •• n ) 
o n an bn abs (en) 
o 2 1.1691e+04 O.OOOOe+OO 1. 1691e+04 
o 
o 
o 
o 

6 

10 
14 
18 

-1.2543e+Ol 
9.3097e+00 

-5.7177e+01 
2.4654e+02 

O.OOOOe+OO 
O.OOOOe+OO 
O.OOOOe+OO 
O.OOOOe+OO 

1table for field coefficients 
Onormalization radius = 2.92000 

1.2543e+Ol 
9.3097e+00 
5.7177e+01 
2.4654e+02 

o (bx - i by) = i • sum n.(an + i bn)/r * (z/r) •• (n-1) 
o n n(an)/r n(bn)/r abs(n(en)/r) 
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0 2 8.0072e+03 
0 6 -2. 5772e+01 
0 10 3. 1882e+01 
0 14 -2.7414e+02 
0 18 1.5198e+03 

O.OOOOe+OO 
O.OOOOe+OO 
O.OOOOe+OO 
O.OOOOe+OO 
O.OOOOe+OO 

8.0072e+03 
2. 5772e+01 
3. 1882e+01 
2.7414e+02 
1.5198e+03 

• 
Figure D.12.1.9: Harmonic analysis in file OUTPOI. 

tekplot 

1type input data- num. itri, nphi, inap, nswxy, 
11 0 35 s 

input data 
num= 1 itri= 0 nphi= 35 inap= 0 nswxy= 0 

plotting prob. name = poisson-pandira test quad a2 

1type input data- xmin, xmax, ymin. ymax 
10. 2L.~ 

input data 
xmin= 0.000 xmax= 23.000 ymin: 0.000 ymax= 23.000 

type go or no 
19o 

Figure B.12.1.10: Terminal display for TEKPLOT run to get field lines. 
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• 

prob. na.e • po1sson-pandlra ~.a~ quad.2 

Figure B.12.1.11: Magnetic fidd lines ill quadrupole. 
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B.12.2 POISSON Exanlple - Electrostatic Prob­
lem 

This example comput.es t.he (lot.ent.ial distribution inside one quadrant of a coax­
ial cylinder. The inner conduct.or has an odd-shaped bump on it to provide some 
spice t.o the calculat.ion. 

The AUTOMESn input. file COAXCYL is shown in Fig. U.12.2.1. Since this 
problelll will run usiug PU ISSO N, I.he first colullln ill the first line is blank. The 
first. REG NAMELIST t.ells the codes I.hat t.here are t.wo regions, sets the triangle 
size, defines the lllaximUIll limit.s of ,.he prohlem, and gives the number of PO cards 
to be read for t.he first region. The first. region is one quadrant of a circle. 

The second REG NAMELIST card sets MAT=O t.o tell t.he code t.hat the point.s 
inside t.he region are not. in t.he prohlem. The variable CUR is set to 1000.; in au 
electrost.at.k problem, c: LT R corresponds t.o a fixed pot.eut.ial 011 the boundary of Ute 
l't:'gion. To cause the problem t.o set. this potential, IBOUND is set to -1. The eight 
PO NAMELlST cards following dc;:iine t.he central excluded region. 

1 coaxial cylinder --- electrostatic example 
2 Sreg nreg=2,dx=.l,dy=.l,xmax=5.,ymax=5.,npoint=4 $ 
3 Spo x=O., y=O. $ 
4 Spo x=O., y=5. $ 
5 $po nt=2, r=5., theta=O. $ 
6 $po x=O., y=O. $ 
7 Sreg mat=O, cur=1000., 1bound=-l,npoint=8 $ 
8 Spo x=O., y=O. $ 
9 $po x=O., y=2. • 

10 $po nt=2, r=2., theta=60. $ 
11 $po r=3 .• theta=60. $ 
12 $po nt=2. r=3., theta=30. $ 
13 .po r=2 .• theta=30. $ 
14 $po nt=2. r=2., theta=O. $ 
16 Spo x=O .• y=O .• 

Figure B.12.2.1: Input t.o AUTOMESII for electrostatic prohlem. 

Figure B.12.2.2 shows the AUTOMESH run as seen from t.he terminal. We 
type the executahle filename, automesh, followed by the input file name, coaxcyl. 
The code requests a.n input filcna.me but does not wait for it because it was on the 
execute line. 

automesh coaxcyl 
?type input file name 

region no. 1 
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ok 
region no. 2 
ok 
stop 
automesh ctss time 
cpu= .146 Sy5= 
all done 

.219 seconds 
.017 i/o+memory= .056 

Figure B.12.2.2: AUTOMESH execl1t.ion log 011 CRAY. 

lat.tice tape73 
?type input file name 
beginning of lattice execution 
dump 0 will be set up for poisson 

coaxial cylinder --- electrostat 
?type input values for con(?) 

? *2.1 0 1 0 1 *46 1 *66 0 s 
elapsed time= 0.5 sec. 

Oiteration converged 
elapsed time= 0.8 sec. 
generation completed 
dump number 0 has been written on tape35. 
stop 

lattice ctss time 1.046 seconds 
cpu= .879 Sy5= .026 i/o+memory= 
all done 

.141 

Figure B.12.2.3: LATTICE execut.ion log on CRAY. 

December 16, 1986 

The LATTICE run is showll in Pig. 0.12.2.:1. The execut.ion filename, lattice, 
is typed followed hy tape73, I he AU'l'OMESII output file. The code requests an 
input. tih.'name hut cont.inues without pause because t.he needed llame was on t.he 
execut.e line. It requests CON· changes and is givell six changes. The portion 
.21 0 1 0 1 sets the boundary condit.ions to he used ill the problem. The CON(21) 
and CON(23) are set. to 0, indica.ting Dirichlet. condit-ions 011 the upper right. curved 
houndary. In t.his case, the Dirichlet conditions mean that I;he surface is an equipo­
t.ential. Con(22) and CON(24) are set to 1, indicating a Neumann condit.ion on t.he 
bottolll and left. sides. The Neumaull condit.ions means the equipot.eut.ials are per­
pendicular to t.he boundary. The input. *46 1 set.s CON( 46)=Il'YPE=1, iudicat.ing 
t.here is no sYlllmet.ry. Setting CON(66)=XJFACT=0 is necessary because it t.ells 
the code t.hat it is doing an electrost.at.ic Ill'oblem. After reading the "s" on t.he 
CON change line, LATTICE knows all changes have beell made and proceeds to 
run. 
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?type input data- num, itri, nphi. inap. nswxy. 
?~ 

input data 
num= 0 itri= 1 nphi= 0 inap= 0 nswxy= 0 
plotting prob. name = coaxial cylinder --- electrostat cycle= 0 

?type input data- xmin. amax. ymin. ymax. 

imput data 
xmin= 0.000 xmax= 6.000 ymin= 0.000 ymax= 5.000 
type go or no 

?go 

Figure D.12.2.4: TEKPLOT execut.ion log on CRAY. 

Next, we use TEKPLOT i,o look at. t.he mesh. See Fig.B.12.2.4. Type tekplot 
and the code asks fur: a dump 1I11lllbcl" (NUM), if a mesh plot is desired (ITRI), 
how many equipotential lilies (NP HI) are required, if minimulll and maximum values 
are t.o be entered for l:he equipot.t"ntials (INAP), and if t.he X and Y axes a.re to be 
int.('rchanged (NSWXY). The f('ply shown says use dump 0 (NUM=O) and draw the 
mesh (lTRI=1). The "s", t.ells t.he code to set NPHl=O (no lines), INAP=O (no 
input), and NSWXY (leave t.he axes alone). The next request asks for t.he limits of 
t.he plott.ing area and t,he reply, "s", t.ells the code t,o use the problf'm limits. On 
receiving "go", TEKPLOT 1'I111S and produces Fig. B.12.2.S. TEKPLOT is ended 
hy two carriage returns followed by a "-is" in answer to the request for a dump 
numher. 

~. __ ._"'l.ll""-."~ ....... , 

Figure B.] 2.2.5: TEKPLOT out.put for electrostat,ic prohlem showing mesh a.nd 
regions. 
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The word poisson is typed t.o initialize execution of POISSON. The code asks 
for an i'lput file name and (after l't'ct>iving TTY) for a dump 111l1uher (see Fig. 
B.12.2.6). Aft.er heing told to use dump 0, t.he code request.s CON changes. The 
reply .43 31 1 43 s set.s limit.s on tile l'egion t.hat. t.he potent.ial and it.s gradients 
are t.o be comput.ed and writ.ten to the OUTP<)[ file. CON( 43)=KTOP is set to 
31, CON(4.1.) = LMIN is set to 1 (its default value), and CON(4S) = LTOP is set 
to 43. Since CON(42) = KMIN = 1 by default, t.he code will print out pot.entials 
and gradients for those point.s in t.he mesh wHh logical coordinat.es in t he rectangle 
delincd by (J, 1), (1,43), (31,43),31, J). 

\Vhile execut.iug, POISSON prints some iuformation at. t.he t.erminal: t.he cyrie 
numher, t.he current minimum and maximum values ill the solut.ions mat.rix, the 
current residual, the current rat.e of cOllvergence, and the current overrelaxatioll 
factor. 

poisson 
'?type "tty" or input file name 

'?tty 
7type input value for num 

7Q 
beginning of poisson execution from dump number 0 
prob. name = coaxial cylinder --- electrostat 
type input values for con(1) 

1*43 31 1 43 s 
elapsed time= 1.0 sec. 

0 cycle amin amax residual-air eta-air rhoair 
0 0 O.OOOOe+OO O.OOOOe+OO 1.0000e+00 
0 100 rhoair optimized 
0 100 O.OOOOe+OO 9.9322e+02 2.4187e-05 
0 160 O.OOOOe+OO 9.9321e+02 2.7238e-07 
solution coaverged in 150 iterations 
elapsed time= 1.5 sec. 
dump number 1 has been written on tape35 
1type input value for num 

7-1s 
stop 

poisson ctas time= 
cpu= 2.012 ays= 
all done 

3.317 seconds 
.028 i/o memory= 

1.0000 1.9000 
0.9126 1.8998 
0.9126 1.8998 
0.9136 1.8998 

1.277 

xjfact 
O.OOO(), 
lambda = 9.9864e-Ol 
0.0000 
0.0000 

Figure B.12.2.6: POISSON execut.ion log on CRAY for electrost.atic prohlem. 

Aft.er POISSON has writ.ten dump 1 Oil TAPE35, it. is t.ermillat.ed by t.ypillg 
"-1 a" ill reply to the request for another dlUllP number. 

tekplot 
?type input data- num. itri. nphi. inap. nswxy. 

?1 0 50 s 
input data 
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num= 1 itri= 0 nphi= 50 inap= 0 nswxy= 0 
plotting prob. name = coaxial cylinder --- electrostat 

?type input data- xmin, xmax, ymin, ymax 

?~ 

input data 
xmin= 0.000 xmax= 5.000 ymin= 0.000 ymax= 6.000 

?type go or no 
?go 

cycle::: 160 

Figure B.12.2.7: TEKPLOT execution log on CRAY for equipotential plot. 

15 

To see if we solved t.he correct prohlem, we use TEKPLOT to look at Ute equipo­
t.elltia.is. This time (Fig. ll.12.2.7), we sd. NliM = 1 for dumpl, ITHI = 0 to avoid 
drawing the mesh, and NPllI = 50 t.o get. 50 ("'lnipotent.io.l lim's. The final "s" 
set.s the remaining {.wo values t.o <;lefault zeroes. The "s" in respollse to the request 
for maximum and minillliuOl limits causes TEKPLOT to plot the whole problem 
area. After receiving "go" TEKPLOT plot.s, Fig. U.12.2.8, the equipotentiallilles 
are evenly spaced ou the bottom aud left bouudaries as they should be. 

Fig. D.12.2.8: TEKPLOTout.put for elect.rost.atic problem. 
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The file OUTPOI contains more informat.ion on the solut.ion. OUTPOI conta.ins 
a list. of t he CON values used ill t.he solut.ion, a copy of t.he iterat.ioll hist.ory, and 
a tahle of pot.ential and gradient.s values for tht' problem (Point.s ill t.he K-L region 
specified I>y using CONs 42 to 45). The initial part of this t.able is shown in Fig. 
B.12.2.9. The K and L columns are t.he logical coordinates of a point, while t.he X 
and Y columns give the physical posit.ion of t.he point. V is the scalar pot.entia] lhe 
code found for the point, and EX, EY, and ET are t.he X and Y component.s of t.he 
fidd and t.he total field. Vfit gives t.he difference between the potent.ial calculat.ed 
at. the mesh point and Ule pot.ent.ial calculat.ed hy the code using a least square fit 
uf solution values for the point. and it.s ucighbors. 

1 least square edit of problem, cycle 150 
none syumetry type 

o k 1 v(scalar) X y .x(Y/em) .Y(Y/~ .t(Y/em) vfit 
o 21 1 1.000000e+03 2.00000 0.00000 357.848 3.302 357.883 -5.4.-02 
o 22 1 9.84~683e+02 2.10000 0.00000 343.879 -0.174 343.879 1.1.-02 
o 23 1 9.310212.+02 2.20000 0.00000 336.778 -0.124 335.778 8.0e-03 
o 24 1 6.976641.+02 2.30000 0.00000 331.978 -0.124 331.978 7.6.-03 
o 25 1 8.645221.+02 2.40000 0.00000 331.328 -0.109 331.328 6.4e-03 
o 26 1 8.31328ge+02 2.50000 0.00000 332.854 -0.090 332.864 5.3e-03 
o 27 1 7.979091.+02 2.60000 0.00000 335.730 -0.072 335.730 4.2.-03 
o 28 1 7.841628.+02 2.70000 0.00000 339.289 -0.056 339.289 3.3.-03 
o 29 1 7.3OO481e+02 2.80000 0.00000 343.009 -0.042 343.009 2.4e-03 
o 30 1 6.95S706e+02 2.90000 0.00000 346.490 -0.028 348.490 1.6e-03 
o 31 1 8.607690.+02 3.00000 0.00000 349.449 -0.017 349.449 1.1e-03 
o 21 2 1.0000008+03 1.99730 0.10470 351.841 
o 22 2 9.791931e+02 2.06894 0.10380 345.541 
o 23 2 9.465788e+02 2.15265 0.10276 336.397 
o 24 2 9.133672.+02 2.25222 0.10199 331.400 
o 25 2 8.803115e+02 2.35226 0.10139 329.952 
o 28 2 8.472403.+02 2.46238 0.10090 331.032 
o 27 2 8.139690.+02 2.55250 0.10047 333.744 
o 28 2 7.8037718+02 2.65282 0.10007 337.357 
o 29 2 7.464068e+02 2.75273 0.09970 341.291 
o 30 2 7.120465.+02 2.85284 0.09934 345.097 
o 31 2 6.77329Oe+02 2.96294 0.09899 348.447 
o 21 3 1.000000e+03 1.98900 0.20910 342.170 
o 22 3 9.818349.+02 2.10270 0.20624 331.352 
o 23 3 9.285665e+02 2.20404 0.20452 328.587 
o 24 3 8.958943.+02 2.30435 0.20325 325.&40 
o 25 3 8.631924.+02 2.10461 0.20222 327.118 
o 28 3 8.302357.+O~ 2.50488 0.20133 330.417 
o 27 3 7.96898ge+02 2.80513 0.20052 334.688 
o 28 3 7.631136.+02 2.70536 0.19975 339.307 
o 29 3 7.288762.+02 2.80558 0.19902 343.803 
o 30 3 6.942161e+02 2.90578 0.19832 347.805 
o 31 3 8.591948.+02 3.00597 0.19786 351.071 
o 21 4 1.000000.+03 1.97540 0.31290 322.987 
o 22 4 9.738058.+02 2.05749 0.30989 318.497 
o 23 4 9.428293e+02 2.15606 0.30740 316.031 
o 24 4 9.1098788+02 2.25627 0.30548 318.808 

18.521 362.328 1.1.-01 
14.004 345.825 4.7.-02 
8.126 338.495 8.1e-03 
3.618 331.419 1.78-03 
0.414 329.952 1.08-03 

-1.735 331.038 8.0.-04 
-3.038 333.758 8.0e-04 
-3.670 337.377 4.7.-04 
-3.779 341.312 2.98-04 
-3.499 345.115 2.8.-04 
-2.994 348.480 2.ge-05 
36.170 344.656 -1.0.-02 
20.088 331.960 -9.9.-03 
9.747 326.732 -3.7.-04 
2.430 325.549 8.8.-04 

-2.591 327.128 6.88-04 
-5.771 330.488 7.2.-04 
-7.475 334.769 5.8.-04 
-8.017 339.401 3.4.-04 
-7.672 343.889 2.1.-04 
~e.888 347.869 2.0.-04 
-5.279 351.111 -2.3.-05 
50.768 326.932 2.1.-02 
33.287 320.229 -3.1e~04 

17.204 318.499 3.4.-06 
5.222 316.849 3.1.-04 

Figure B.12.2.9: Part. of OUTPOI file for electrostat.ic problem. 
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B.12.3 PANDIRA Example - Permanent Mag­
net Solenoid 

The layont. for t.his problem is shown ill Fig. B.12.3.1 and the AUTOMESII 
input file, whirl. we have chosen t·o call "soll," is showll ill Fig. B.12.3.2. N ut.e 
tha~ for POISSON and PANIHRA prohlems wit.h cylindrical symml't.ry, the Y co­
onlinat.e corresponds to t.he direction of the cylindrical axis, and t.he X-coordinate 
corresponds to t.he radial direction. The prohlem involves six regions. The first 
region defines t.he boundary of the prohlem. The material is assumed to be air. 

AIR 

REGION 6 
t.4AT=2 

REGION 2 
MAT = 6 

REGION 4 
MAT = 2 

AIR 

V 
REGON 3 
MAT=7 

~ 

REGION 5 
(UN( REGION) ,;""j 

--(0.0) (1.0) 

Figure B.12.3.1: Physical layout of regions for solenoidal permanent magnet.. 
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The first. REG NAMELIST liue tells t.he cod~s t.hat there are six regions (NREG=6), 
t.hat triangle sizes are to be changt"d at XREGl=3.58 and at ynEGl=3, and to 
define t.he t.riallg1e size (DX) aud the maximum limits of the pl"Oblem (XMAX, 
YMAX). The following PO NAMELlST lines define the boundary of t.he first region. 
III t.his case and also ill t.he succeeding regions, ext.ra points are defined 011 t.he 
boundary. These points ensure that AUTOMESH and LATTICE will pJace nodes 
at. locations that will be- needed later ill t.he mcsh assembly. The use of "sure points" 
is not· always necessary, but tht"y may often be used t.o get around mesh generation 
problems. 

1 pm magnet solenoid 
2 $reg nrege 6,npoint=10.dx=.102,xregl=3.S8,yregl=3.,xmax=6.8,ymaxa6. $ 
3 $po x=O.,y=O .• 
4 $po x=I.,y=O. $ 
5 $po x=3.58, y=O. $ 
6 $po x=5.58, y=O. $ 
7 $po x=6.58, y=O. $ 

8 $po x=6.S8. y=4 .• 
9 $po x=6.58, y=5. $ 

10 $po x=3.58. y=5. $ 
11 $po x=O .• y=5. $ 
12 $po x=O., yeO. $ 
13 $reg mat=6.npoint=7 $ 
14 $po x=I.58. y=l. $ 

15 Spo x=3.68. y=l. $ 
16 $po x=3.58. y=3. $ 
17 $po x=I.58. y=3 .• 
18 $po x=I.58. y=2.6 • 
19 $po x=I.58. y=I.S $ 
20 $po x=I.58, y=l. $ 
21 $reg mat=7, npoint=S $ 
22 $po x=3.5B, yeO. $ 
23 $po xe S.5B. yeO .• 
24 $po x=5.58. y=l. $ 
25 $po x=3.58. yet. $ 
26 $po x=3.SB, yeO. $ 
27 'reg mat=2. npoint=7 • 
28 $po x=I .• yeO .• 
29 'po x=3.5B, yeO .• 
30 $po x=3.58. y=l. $ 
31 $po x=1.58, y=I.0 • 
32 $po x=I.58, y=I.S • 
33 .po x=I.0. y=I.5 $ 

34 $po x=I., yeO .• 
35 $reg mat=I, den=6400 .•. npoint=2 $ 
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36 $po x=3.68, y=1. $ 
37 $po x=5.68, y=1. $ 
38 trag npoint=12, mat=2, den=O. $ 
39 $po x=S.58, y=O. • 40 $po x=6.58, y=O. $ 
41 $po x=6.48, y=4. $ 
42 .po x=3.68, y=4. $ 
43 $po x=1.0, y=4. $ 
44 $po x=1., y=2.5 $ 
45 $po x=1.68, y=2.5 $ 
46 $po x=1.58. y=3 . • 47 • po x=3.58, y=3. $ 
48 $po x=5.58. y=3. $ 
49 $po x=5.58. y=1. $ 
50 Spo x=5.58, y=O. $ 

Figure B.12.3.2: AUTOMESH input file 5011 for permanent manget solenoid. 

The second region in t.he problt:m has a mat.erial nmuher equal to 0; t.his indicates 
all allisot.l'opic magndic ma1.E"rial. Region 3 has a mat.eria:i number equal to 7, 
anot.her anisotropic mat.erial. In this prohlem, boUt materials will be the same, 
except that t.hey have different. easy axis directions. Regions 4 and 6 both have 
material ll\uuher 2, indicat.illg t.hat the program is t.o assume iron corresponding 
to t.he intemal table in PANDlRA. Region 5 is a line regioll, which has a CUl'l'ent 
density of 6400 Aim and acts as the sonrce of 1.he lllagnet.ic field ill the problem. 
Not.e tllat. in t.he sixt.h REG NAM ELIST, DEN is set t.o O. Ot.herwise, the sixth 
region would have a 6400 A/m2 current density. 

automesh soll 
?type input file name 

Note: Since we entered the file name on the first 
line. we don't need to answer this question 

region no. 1 
ok 
region no. 2 
ok 
region no. 3 
ok 
region no. 4 
ok 
region no. S 
ok 
region no. 6 
ok 
stop 



20 PART B ClI.t1PTER 12 SECTION 3 December 16, 1986 

automesh ctss time .346 seconds 
cpu= .266 5yS= .021 i/o+memory= .059 
all done 

Figure B.12.3.3: Interaction with AUTOMESH on the CRAY for solenoid problem. 

After making up t.he input. file, the llsp.r t.ypes t.he A UTOMESn execut.able 
filename, automesh, fl)llowec..l by Hit> inp1lt m{" name, soll; see Fig. n.12.3.3. The 
program asks the user t.o t.ype t.he input file name and gl·tS it rrolll t.he execut.e line so 
no fut.hel' answer is needed. AUTOl\.1ESn execut.es producing t.he t.erminal out.put 
shown in Fig. B.12.3.3. The user now types t.he LATT[C~ execut.able filename, 
lattice, followed hy tape73. St'e fig. B.12.:t4. LATTICE starts t.o execute by 
asking for an inpnt. file name. However, it. dues not st.op since it. hau it.s answer 
(TAPE73) from t.he execut.e line. LATTICE t.hen a.c;ks the user for changes in 
t.he prohlem CUNs. In t.he reply, the user changes eight CON val1tes. The input 
*21 0 0 0 0 sets CON(21), CON(22), CON(23), and CON(24) t.o O. These are t.he 
bouudary condit.ions as t.he upper, lower, right, and left. sides. The value 0 means 
t.hat. t.he bounuary has a Dirichlet. condit.ion; t.hat. is, t.he houndary is a lllagnet.ic 
field line. 

lattice tape73 
?type input file name 
beginning of lattice execution 
dump 0 will be set up for poisson 

pm magnet solenoid 
?type input values for con(?) 

7*21 0 Q 0 0 *6 0 *19 1 *101 1 *81 0 s 
elapsed time= 0.5 sec. 

o interation converged 
elapsed time= 0.7 sec. 
generation completed 
dump number 0 has been written on tape35. 
stop 

lattice ctss time 
cpu= .766 
all done 

ays= 
.984 seconds 

.023 i/o+memory= .196 

Figure B.12.3.4: Interaction wit.h LATTICE on CllAY for solenoid problem. 

The entry *60 sets CON(6)=MODE=O. This t.ells the code that. some materia.ls 
in t.he problem will have finit.e and variahle permeabilit.y (f.l). Sett.ing CON( 19)=ICYLIN = 1 
tells t.he code it. is dealing wit.h a proulelll having cylindrical sYlllluet.ry ahout. t.he ver-
t.ical axis. The st.atement *101 1 St'ts CON(10I)=lPERMj t.his will t.ell PANDIRA 
to initialize the vector potent.ial using currents in the SOURCE vect.or. In this case, 
the SOURCE vedo!" is set by the surface current of region S. The entry *81 0 
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sets CON(81)=NOTE=.:0. This sets the order of the point relaxation. NOTE-O 
is required for all PANDIRA prohlems. The fiual liS" tells LATTICE there are 110 

furiher changes. 

tekplot 
type input data- num. itri. nphi. inap. nswxy, 

?Q.J.J. 
num: 0 itri= 1 nphi= 0 inap= 0 
plotting prob. name = pm magnet solinoid 
?type input data- xmin. xmax. ymin. ymax. 

11. 
input data 
xmin= 0.000 
?type go or no 

19o 

xmax= 6.580 ymin= 0.000 

nswxy= 0 

ymax= 5.000 

Figure B.12.3.5: Interaction with TEKPLOT on CRAY for solenoid problem. 

At t.his point, TEKPLOT call he llsed t.o look at the mesh. Figure B.12.3.5 show 
t,he TEKPLOT session. The- user t.ypes t.he exe("utable filename, tekplot, and is 
asked for values for NUM, 1'1'HI, NPHI, INAP, and NSWYY. The reply "0 1 a" 
sets NUM=o and I'fRI=l. The following t.hree parameters are left hy default with 
values oro. The NUM=O arullTRI=l I.ells TEKPLOT to use dump 0 and to display 
the t.riangles in t.he mesh. The user is t.hen asked for the miuimum and maximulll 
limits of the pioUing region. The reply' "s" tells t.he code to use the internal values 
for these variahles. After heing toM to "go", the code produces Fig. D.12.3.6. 

Figure 8.12.3.6: TEKPLOT output for solenoid problem showing mesh and regional 
boundaries: 
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pandira 
?type •• tty" or input file name 

1tty 
?type input value for num 

1.Q 
beginning of pandira execution from dump number 0 

prob. nue· pm magnet solenoid 
type input values for con(?) 

1*30 30 .18 2 *43 1 1 46 a 

number of permeability tables to be read in ... 2 
1type input for table - mater, stack, mtype 

16 1. -1 
1type input for table - aniso, gamper, xO, yO. phi 

1270. 1. s 
1type input for table - hcept, bcept 

1-8600. 8600. 
1type input for table - aater, atack. atype 

17 1. -1 
type input for table - aniao, guper. xO, yO. phi 

1180. 1. • 
?type input for table - hcept. bcept 

1-8600. 8600. 
elapsed time- 2.4 sec. 
cycle amin amax 

bmax residual-fe eta-fe 
o O.ooooe+OO 0.0000e+00 

O. 0000e+00 1.oooe+00 1.0000 
solution time- 1.2 sec. 

1 O. OOOOe+OO 3. O6OOe+04 
1.4661e+04 9.813e-03 1.0000 

solution time- 2.0 sec, 
2 -9.7940.+03 2.3201e+04 

2.729Oe+04 4.21ge-02 3.6058 
solution time- 1.8 sec. 

January 7, 1987 

3 -9.9147e+03 

solution time-

4 -9.9336e+03 

solution time-

6 -9,9473e+03 

solution tillle= 
6 -9.9616e+03 

solution time-
7 -9. 9520e+03 

solution time-
8 -9. 9520e+03 

2. 3157e+04 
2. 2828e+04 2,634e-02 
0.9 sec. 

2.3150e+04 
2. 1476e+04 1.528e-02 
0.8 sec. 

2.3146e+04 
2. 1474e+04 7.177e-03 
0.9 sec. 
2.3143e+04 
2. 1642e+04 1.676e-03 
0.9 aec. 
. 2.3143e+04 
2. 1561e+04 
0.8 sec. 
2.3143e+04 

2.681e+04 

0.6221 

0.5804 

0.4697 

0.2336 

0.1540 

solution time-
9 -9.9520e+03 

2.1563e+04 3.313e+04 0.0128 
0.8 sec. 
2.3143e+04 
2.1563e+04 6.087e-10 0.0002 

solution converSed in 9 interations 
elapsed time- 14.5 aec. 
dump number 1 baa written on tape36. 
?type input value for Bum 

Figure 8.12.3.7: Interaction of PANDIRA on CRAY for solenoid magnet problem . 

- - - -- - - ---------
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...... -.- ... --' _1._1411 -.-.. .., 

Figure D.12.3.8: TEKPLOT out.put. showing field in solenoid magnet .. 

The next. step is to run PANDIRA. The user types t.he eXf':cutahle file name, 
pandira (Fig. 3.12.3.7). The progrl\lU asks for the name of the source of input 
and is (.old 'ITY. It. t.hen asks for a dump number and is t.old O. The next request 
is for CON changes. The reply is *30 30 * 18 2 *43 1 1 46 S. The entry *30 30 
changes CON(30}=MAXCY to 30. This is the maximum number of cycles allowed. 
The entry *182 sets CON( 18)=NPERM=2j there are two penneability tables to be 
entered. The entry *43 1 1 46 gives values for CON(43), CON(44), and CON(45). 
These values set the limits in t·erms of (K, L) coordinates to the region in which fields 
and gra.clients are to be calcull\ted. The two permeability tables . are constructed 
from three input lines each. See Sec. B.5.4 for all expla.nation of the variables. 
After reading the final "s", PANDIRA executes and converges in nine cycles. The 
user ca.n look at the field patLern using TEKPLOT. This time, he sets NUM=I, 
ITRI=O, and NPHI=50. On being told to "ao", TEKPLOT produces Fig. B.12.3.8. 

The result.s of t.he calculat.ion are in t.he file OUTPAN. This file contaills a 
lists of the CON values in the solutions, a t.able giving the magnet.ic properties of 
material 2 (the iuternal iron table), tables giving the properties of materials 6 and 
7, t.he history of the it.eration, and an edit of the solut.ion in t.he region defined 
bt CON(43) t.hrough CON( 45). A port.ion of this edit is shown in Fig. B.12.3.9: 
The (K,L) and (R,Z) columns give the logical and physical coordinates of a point. 
The ra( vector) column gives the values of r A, found by the program at that point. 
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The br, bz, aud bl. columns are the radial, z, and tot.al magnet.k field at the point. 
The field index is given in Ule n-cohml1l. The final column, ra.fit, is t.he difference 
bet.ween Ule r As value at. t.he point found during the solut.ion and the value found 
using the least. squares fit.ting. The codes does a least squares fit with a polynomial 
and then gets t.he necessary derivatives of As for t.he field fro111 t.he polynomial. 
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Chapter B.13 

Appendices 

B.13.1 Theory of Electrostatics and 
Magnetostatics. 

Let us begin wit.h Maxwell's equat.iol\s:4 

v x E + 8BIBt 0 

v x H - aD I Bt .I 

V·B=O 

V.D=p. 

Equations (B.13.1.2) and (B.13.l.4) imply the equation of contiuuity 

V·J+8pIBt=o. 

(B.13.1.1) 

(B.13.1.2) 

(D.13.1.3) 

(B.13.1.4) 

(D.13.1.5) 

Maxwell's equations ca.nnot; be solved without assuming some relat.ioll between t.he 
vectors E, B, D, H and.l. III vacuum the relat.ion are 

D = toE (B.13.1.6) 

II = B/ILo (B.13.1.7) 

(B.13.1.8) 

1 
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where 

N 

P = LPi, 
i;;.:l 

dJ;jdt = L(e/m)ApjE + Jj x Bl, i = 1, ... , N, 
j# 

JaJlUary 7, 1987 

(0.13.1.9) 

(D.13.1.1O) 

and where the summation is over all ionic species present. Equat.ion (RI3.1.1O) is 
the Lorentz force equa.t.ion under the assllIJlptioH that. charge a,nd l11ass are (Illallt.ized 
and that rela.HvisUc and radiation-damping eJfects can he ignored. This relat.ion 
for J is just. illustrative of the type of equation needed t.o close t.he system hut. will 
not he used here. 

In isotropic solids, which are the only mat,erials POISSON can handle, one can 
writ,e with adequate generalit.y 

D = {(x, t, IEI)IEI = ~(x, t, IEJ)foE (B.13.1.ll) 

H = I'(x, t, IBI)B/lto (B.13.1.12) 

J = cr(JC,t, IEI)E, (B.13.1.13) 

where Hle dielectric constant /('e, t.he reluct.ivit.y I' ann. t.he c.ol1durtivit.y cr are l1sually 
piecewise constant functions of x. Note that. the reilldivity I' is the rt!ciprocal of the 
relat.ive peameability lim .• For fields slowly varying in time, t.he time-dependeuce of 
E and I' call be ignored. The case of ra.pidly osdllat.illg fi<.·lds will be discussed later 
when exatuiuillg the capa.bilities of SUPERF'lSH. Let liS look at stat.ic problems 
first. 

POISSON a.nd PANDIRA solve a generalized intergal form of Poisson's equa­
tion in two-dimensional, cartesian coordinat.es or in cylindrically sYlllllletric thl'ee­
dimellsional coordillat.es. This integral form of Poisson's equat,iQIl WOl'ks for hOUl 
lllagnetostatics and electrostatics. It also handles bot.1t isotropic and anisotropic 
materials. In the following suhsections we will st.art wit,h the integral equation and 
show how it is related to Maxwell's and Poisson's equations. 

B.l3.l.l Isotropic Magnetostatics in Cartesian Coordinates. 

The integral form of Eq.(B.13.1.2) is 

fc l'(x, IBI)V x A . dI = Ito £ J . da, (B.13.1.14) 

where we have assumed tha.t. the displacement field D has no time dt.'pendence. 
The contolU' C encloses the al'ea A. See Fig. n.13.i.1. The magnetic illduct.ioll B 
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c 

dl 
Fig.B.l3.Ll The geometry of the line and area integrals. 

is related to the vector potential A hy t.he eqnation 

B = Vx A. (B.l3.1.15) 

Oue obtains the generalized Poisson equation by the following two steps: 

1 "'(v x A . dl = r V x ("'(V x A) . da = r p·oJ· da Jc JA'" JA (B.13.1.l6) 

v x bV..x A) l£oJ. (B.13.1.l i) 

Equa.t.ion (B.13.I.l i) does not. look like Poisson'~ eqllation, hilt. in t.he case of two­
dimensional cartesian coordinat.es, it. redltces to Poisson's equat.ioll in the following 
way. Let llS assume that A is only a function of two coordinates (x,y) and that B 
has only two nOll-zero compollents, Bz and B II• Equation (B.13.LI5) requires that 

B:r: = 8Az 8Ay 8Az 
8y - 8z = 8y 

(B.13.1.l8) 

(B.13.1.19) 

(B.13.1.20) 

Equation (B.13.1.20) is sat.isfied if Az and Ay are required t.o be identically zero. 
This requirement also satisfies the guage relatiOll 

V A 
8A;'I! 8AlI 8.4: 0 . --+-+--- 8z 8y 8z - . (B.13.1.21) 
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It. is easily seen t.hat Eq. (n. 13.1.17) becomes 

(B.13.1.22) 

(8.13.1.23) 

The lat,t.er e(luat.ioll forces the current t.o he parallel t.o A and 
Eq. (0.13.1.22) is the gt"nt'ralizt'd form of Poisson's cquat.ion. Equation (0.13.1.14) 
in t.wo dimensions reduces to 

J [DA. a.,1. 1 j J~ 1'(x, y, IBI) ay~ dx - ax~ dy = 1'0 A J;;.dxdy. (B.13.1.24) 

For a small enough area A, we can assume that1' and Jz; are nearly cOllstant and 
Az is a linear fllndion of x and y, which we can write as 

(B.13.1.25) 

The integrals become 

(B.13.1.26) 

This is a nOll-linear e(]llClt,ion with t,wo unknowns, h;r and b,1' It is t.he sort of 
equCI,lion t.hat is created at. each mesh poiut .. Sed.ion 0.13.6 explains how the set of 
mesh-point equnt;iolls are solved t.o oht.ain llumerically t.he vector pot,cntial A.z;. 

B.13.1.2 Isotropic Electrostatics in Cartesian Coordinates. 

The integral form of Eq.(B.13.1.4) is 

J K,,(X, IEI)VY(x) . ds = -~ r p(x)dv, 
J~ fo lv 

(8.13.1.27) 

where l-r( x) is t.he scaler pot.entia 1 and the integral on t.he right is over a volume V 
whose surface is denoted I)y S. The eledric field E is given by 

E = _V~T. (B.13.1.28) 

It. is well known that Eq.(B.13.1.2i) is e(luivalellt t·o t.he differential equat.ion 

(8.13.1.29) 

In t.wo-dimensional cartesian coordinn.t.es this hecomes 

(B.13.1.30) 

I 
I 
I 
I 
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y 

x 

Z 

Fig.B.13.1.2: CyHlldrical voluJlle V of uniform cross sectioll A and leugth L. 

The similarity to Eq.(D.13.1.22) is ohvious. The integral form of the equation can 
also he made to resemhle Eq.(D.13.1.24). This is done as follows. Suppose t.hat Ite , 

"'(x) and p(x) are functions of ouly (x, y). Take the volume V t.o be a generalized 
cylinder of cross sed-ion A and lengt.h L as shown in Fig.B.13.1.2. Since V(x) is 
only a funct.ioll of (:r, y), VV has only x- and y-components. This immediat.ely says 
t.hat the surface int.egral over t.he fiat. ends of the volume cannot cont.ribut,e because 
t.he direction of these areas is perpendiCular to VV. The integral over the area of 
the cylindrical sm'face can be written as 

Is "'e VV . ds = fc lL K.e VV . fidzdl, (B.13.1.31) 

where fi is t.he outward norJllal to Ule surface aud dl is an element of length on 
the contour C. The integral over z is just L aJld the quallt.ity ndl can be written ill 
cartesian components as . 

fidl = dl cos gex + dl sin Oey • (B.13.1.32) 

From Fig.B.13.1.2 we see t.hat 

d:r = -dl sin9, (B.13.1.33) 

aud 
dy = dl cosO, (B.13.1.34) 

and hence 
(B.13.1.35) 



.. 
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\VhCll this reIat.ion is put int.o Eq.(B.13.1.31) the result is 

.l .l [8(1" 8V 1 JS'''f! 'VV . ds = -L J'c Kc By dx - ax dy . 

The integral over the volume V can be wri Uen as 

~ r pdV 
t.o iv 

L r pdxdy. 
fo iA 

This means that ECl.(B.13.1.27) can he written as 

i [av all 1 11 N:e(:r., y, lEI) ·::;-dx - -a-dy = pdxdy. 
c (~Z ~ A 

J all u ary i, 1987 

(8.13.1.36) 

(0.13.1.37) 

(13.13.1.38 ) 

Comparison with E(1.(B.13.1.24) makes it dear that there is a correSI)OfldaJ.1ce be­
tween the quantities 

~7 ~ .4;: (13.13.l.30) 

N:e ~ "Y (D.13.1.40) 

1 
(B.13.1.41) - --+ Po 

to 

P --+ J%.. (B.13.1.42) 

The same correspondallces come out of a comparison between 
Eqs.(B.13.1.22) and (B.13.1.30). 

B.13.1.3 Isotropic Magnetostatics ill Cylindrical Coordinates. 

We assume t.hat A is only a funct.ion of (r, z) and not the cylindrical angle e. The 
expression for B is 

D .. = (V x A),. = ! 8A:; _ B.A., = _ 8.11e 
r 80 8z 8= 

(D.13.1.43 ) 

1 a 18;1.. 1 a ( 
B z = - (rile) - --- = - rA,) 

r8r r 8e rar 
(8.13.1.44) 

(D.13.1.4.5 ) 
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z 

Fig.B.13.1.3: The goomct.ry of t.he area and cnnt.our int.egrals in cylinddcal coordi­
nat.es. If t.he cOlltOlll' is takt>ll in t.he count.er-clockwise diJ't~ctjol1, t.hen the area bas 
a normal in the -e9 dired-ioll. This is important. in deriving Eq.(B.13.1.47}. 

Here we have assumed t.hat: B lies in the rz-plalle. We choose the condition 

(B.13.1.46) 

which aut.omatically sat.isfies the guage, condition V· A = O. Equation (B.13.1.14) 
writ.ten in cylindrical coordinat.es is 

11 [~(rA9)dr - !!-(rA9)dz] = Jto ( J9 drdz , 
fe r az 8r JA 

(B.13.1.47) 

where we have artifidn.lly introduced a factor of r into t.he derivat.ive wit.h respect 
to z for symmetry. The geometry is shown in Fig.B.l3.l.3. 

There is a clear correspondance between quantities in cylindrical and cartesia.n 
coordinates given by the rela.tions 

r ----+ Z (B.13.1.48) 

z----+y (B.13.1.49) 

(B.13.1.50) 

(B.13.1.51 ) 
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z 

rd' 

/ 
Fig.D.13.1A: The geometry of t.he volume V, surface S, cross sectional area A, and 
contour C. Note Hmt. the normal t.o. the an'a, A is ill t.he -ell direction. 

(13.1:3.1.52) 

These relat.ions are used in the corles. 

B.13.1.4 Isotropic Electrostatics in Cylindrical Coordinates. 

We assume t.hat t.he scaler potent.ial is onl."" a fll1lct.iol1 of (r, z). The electric field 
has only r- and z-component.s, which ate given by 

8V 
E .. = --­Dr 

8V' 
Ez = --. 

8z 

(8.13.1.53) 

(B.13.1.54) 

The volume of int.egral ion in Eq.(B.13.1.27) is CI t.orus of <TOSS sed-ion A as illus­
t.rated in Fig.B.13.IA. Integrat.ion over t.he angle (} can he done immediat.ely and 
Eq.(B.13.1.2i) can be expressed as 

211' J lie V'V . nrdl = _ 211' r prdrd=. 
J'c ~o JA 

(D.13.1.55) 

In analogy lo Eq.(B.13.1.35), it can be shown t.hat. 

(D.13.1.56 ) 

and hence Eq.(B.13.1.55) becomes 

,[ K.er [8V dr - 8V d~l = ~ J prdrdz. 
fe 8z 8r fO A 

(B.13.1.57) 
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Com parison wi th the magnetostat.ic equation in Cartesian coordinates, Eq. (B.13.1.24) 
give the correspondances 

r --+ x (B.13.1.58 ) 

z --+ y (B.13.1.59) 

II --+ A z (8.13.1.60) 

lier --+ "'Y (B.13.1.61) 

1 
(B.13.1.62) - --+ /10 

(0 

rp --+ Jz. (D.13.1.63) 

These correspondances are used in t.he codes. Comparison wjt.h Eqs.(B.13.1.48) 
through (B.13.1.52) shows that A/I(r, z) is not. analogous to V'(r, z) in cylindrical 
coordin at.es. 

B.l3.lo5 Anisotropic Magnetostatics. 

Hist.orically, there was an at.t.empt, to modify POISSON t.o handle t.wo-dimensional 
anisotropic materials, hut t.he convergence was extremely poor. It. was decided 
to write a new program called PANDIRA, which uses t.he so-called direct. method 
rather t.han the successive over-relaxat.ion method for the numerical solution of 
Maxwell's equat.ions. Maxwell's equat.ions hecome 

VxH=J (8.13.1.64) 

(B.13.1.65) 

B=VxA (8.13.1.66) 

(B.13.1.67) 

=> 
where"'Y is t.he relllctivit.y t.ensor and He is the field when B = 0, that. is, the perma-

nent magnetic field. PANDIRA handles anisotropic materials having an "easy-axis" 
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and a "hard-axis" perpendicular to the easy axis, 

II = HII +H.L (B.13.1.68) 

(B.13.1.69) 

(B.13.1.70) 

or one can write the inverse relations 

(3.13.1.71) 

(B.13.1. 72) 

where 

(0.13.1.73) 

(B.13.1.74) 

(B.13.1.75) 

and where BII is parallel t.o t.he easy axis and B.L is along the hard axis. The 
permeahility reiR.t.iolls are different in t.he two special directions. Figure n.13.1.5 
shows typicall'elations. The easy axis is characterized. by the coercive force He and 
a remanent field B r • 

PANDIRA allows t.wo geomehies for the easy axis. In the first geometry t.he 
easy axis is independent. of position in the mat.erial. In the second .geometry, t.he 
direction of the easy axis changes along the circumfereuce of a circle that is not 
concentric with t.he origin of coordinates. These two geometries will be more fully 
explained below. 

Easy axis in a fixed direction. Figure B.13.1.6 shows the direct.ions of the 
easy and hard axes relative to the axes of the region of int.erest. The field B call be 
expressed in t.erms of the unit vectors for Ule two coordinate systems as 

B = Bxex + Byey = Bllell + B.Le.L. (B.13.1. (6) 

The unit. vectors are related by the matrix transformat.ion 

sincPE ) ( ~x ) . 
COStPE ey 

(B.13.1.77) 
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Fig.B.13.U]: A plot of typical anisot.ropic B-H relations . 

y 

x 

Fig.B.13.1.6: Defmitioll of 4>E and unit vectors ell and el.. 
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The field H takes the form 

(B.13.1. 78) 

from which one can deduce that 

(D.13.1. 79) 

By using the inverse transformation on t,he unit, vectors, namely, 

( ee:Xy) ( cos ¢E 
- SilUPE 

- sin¢E ) ( ~II ) , 
COS<PE e1. (B.13.1.80) 

one can show that 

(8.13.1.81) 

This gives BU and B 1. (and hence HU and H 1. in terms of Bx and By. 
After making the suhstitut.ions, one finds t,hat 

Hx = [h'lIcos2<PE + 'YLsin2<pE)BxhLo +sin2<pEh'II-"Y1.)By/(2J1o) - Hecos<pe], 
(B.13.1.82) 

and 

Hy = [sin2<pEbn- "Y1.)Bx/(2JLo) + ("Yllsi1l2<pE + "Y1. C052 <PE)By/p,o - Hr.sin<PEJ. 
(8.13.1.83) 

This can be written as 

where 

( 
Hx ) 1 ("Yxx 
Hy = JLo "YXY 

(Xy ) ( Rx) (Hex) 
"yyy By - HeY , 

2A. • 2A. "Y x x = "YII cos 'I' E -+ "Y 1. 5111 'I' E 

"YXY = sin 2<PEbll - "Y1.)/2 

• "'", 2", "YI'Y = "YII 5J1l- 'I' E + "Y 1. cos 'I' E 

HeX = He cos <PE 

HeY = He sin <PEl 

(B.13.1.84) 

(B.13.1.85) 

(B.13.1.86) 

(B.13.1.87) 

(B.13.1.88) 

(B.13.1.89) 
=:> 

which defines the symmet.ric reluctivit.y t.ensor "Y anti the coercive force H(" 
Easy axis on an off-center circle. Although there is no nat.ural mat,erial 

for which the direct.ioll of t.he easy axis is a function of position in the plane, one 

I 
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Fig.B.13.1.7: Au example of a magnet constructed from wedge-shaped blocks of 
permanenl magnel material with the easy axis in each Llock having a different 
orient.at.ion. 

y 

i/ 
: 
= 

\, 

........•........ "'" 

" " . ...................... ""' ........ . I 

Fig. B.13.1.8: Definitions of parameters ill off-cent.er anisotropic materials. 
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can const.ruct a magnet from blocks of permaJll·nt. magnet nlat.t'rial wHh each hlock 
having its own onentaHon. An example of t.his is shown in Fig. 0.13.1.7. PANDIRA 
will hanclle the case when the direction is a fUIld.ion of angle around the center of 
a circle. The cent.er of t.he circle need not coincide with the origin of coordinat.es. 
Figure B.13.1.8 shows t.he geometry of t.he easy axis in such a mat.erial. The ori­
entation of the easy axis is cict.ennined by t.hl'ee parameters (X A, r'A, <P A). Relating 

:::) 

these paramet.ers to the reluct.ivit.y t.ensor l' and t.he coercive force vector He is 
a mat.t.er of coordinate transformat.ions. There are t.hree cOOl'clinate systems that. 
enter into the formulation, 

(8.13.1.90) 

In the (e(, ef1) system, the t.e11sor ;Y and t.he vector He are the same as clesnihed in 
Eqs.(B.13.1.8.5) through (8.13.1.89) above. The axes (e(,e'1) change as a function 
of (x,y). The (x,y) coordinates are related to (X,Y) hy a linear transfOl'mat.ioll. Let 

(B,13.1.91 ) 

and 

( 
~() (co~ 9 
e 17 - Sill 9 

sin () ) ( ~x ) 
cos () ey' 

(D.13.1.92) 

where 
(8.13.1.93) 

and 
sin 9 = (Y - YA)/[(X - XA)2 + (Y - YA fIP/2. (D.13.1.94) 

From Fig. B.13.1.8 one sees that 

sin <PA ) ( ~x ) . 
cos <PA ey 

(B.13.1.95) 

Either by multiplicat.ioll of the matt'ices or hy looking at Fig.B.13.1.8 again, one 
can show that 

sin(<pA + 9) ) ( ex ) 
COS(<PA + 0) ey' (B.13.1.96) 

:::) 

The derivat.ion of the components of l' can he complt'ted as we did before for t.he 
fixed direction case. The only difference is that <PE is replaced by <PA + 9(X, Y). 
The reillctivity t.ensor ;Y and Ute vector He are now functions of posit.ion in t.he 
mat.erial. 

In the input to PANDIRA, t.he parameters are clefined by the equations 

AN ISO = <pE,GA~fPER = 1'1., HCEPT = -He, (B.13.L97) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

January· 7, 1987 PART B CHAPTER 13 SECTION 1 15 

and I'll is determined from B r , that is, from Fig.B.13.1.5 we see that 

(B.13.1.98) 

With t.his as a hackground, we now write down t.he integral equat.ion used ill 
PANDIllA to find the vector potential, namely, 

fJ::r . V x A + IloHcJ . dl = J..Lo L. J . da. (D.13.1.99) 

In Cartesian coordinat.es we once more choose the gauge 

V· A = 0, (0.13.1.100) 

which requires that 
(B.13.1.101) 

and 
(B.13.1.102) 

Equatiol1 (D.13.1.24) becomes 

(B.13.1.103) 

This complication does not prevent one from applying the same Ilumerical method 
discussed in Section B.l3.6 below to find the solution. If Az is a linear function of 
x and y as in Eq.(B.13.1.25), then Eq.(B.13.1.103) reduces to 

~t~+~f~~+~t~+~t~~= 
P1l[JzA - H= t d;r; - llCJI f dy]. (B.13.1.104) 

This, like Eq.(B.13.1.26) is still a non-linear equation il1 bz and by. Since the 'Y's are 
fundions of bz and bll , the equation must be solved iteratively. 

B.13.1.6 Auisotropic Electrostatics ill Cartesian Coordinates. 

The basic equations for ferroelectric materials are 

V·D=p (B.13.1.105) 

VxE=O (B.13.1.106) 
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E = -\7V (B.13.1.107) 

=> 
D = eo Ke • E + Dc (B.13.1.108) 

As in the magnetost.atic case, on.e can define an easy axis a.ud a hard axis for the 
mat.erial. This results ill l"elatiolls analogous t.o Eqs.(1l.13.1.68) through (ll.13.1.89) 
wit.h t.he corresponciallces 

H--D ( B.13.1.109) 

B--E (B.13.1.110) 

l' -- Ke (B.13.1.111) 

p·o -- 1/ fo. (0.13.1.112) 

The coordina.te t.ransfortnat.ions (Eqs. (D.J3.1.90) - (D.J3.1.96)) are the same. The 
int.egral equat.iotl for the scalar polcnt.ial is a st.raight. forward gcncralizat.ion of 
Eq.(R13.1.27), namely, 

1 (Ke' V'\' + Dc/(u)' ds =! ( pdv. 
~ eo j,. 

(D.13.1.113) 

The derivation leading to Eq.(B.13.1.36) is essent.inlly uJlchanged. The final result. 
IS 

!s(lie' V'V + Dc/eo) . ds = -L{ i(tt.: ·V~r -I- Dc/eo)ydz - i(He ' V'V + DC/fo);r:dY}, 
(B.13.1.114) 

and Eq. (B.13.1.38) now takes t.he form 

t av BV 
[K.qp: -a + KellY -a. + Dey/ €o]dx 

e X Y 
(B.13.1.115) 

t all av 1 J - [Ke::::::-
a 

+ ite;r:y-a + De:::/eo]dy = - pd:r.dy. 
e x y (0 A 

A comparison with the lllagnetostat~ic result., Eq.(I3.13.1.103) reveals dist.inct. dif­
ferences ill interpret.ation. The two equat.ions take the same form if we make t.he 
substit.utions 

( B.13.1.116) 

I 
I 
1 
I 

, 
I 

I 
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p ---+ Jr. (B.l3.1.117) 

lOo --+ 1 / /1-0 (B.13.1.118) 

K,e:u! ---+ "Yyy (B.13.1.119) 

Ke~y = K,ey:c ---+ -"Y~y (B.13.1.120) 

K,eyy ---+ "Y~~ (B.13.1.121 ) 

De:c ---+ -He~ (B.13.1.122) 

Dey ---+ Hey. (8.13.1.123) 

The int.erchange of component.s and signs is eq1livalcnt. t.o changing cPE to cPE + 900 

when t.he easy axis has a fixed direction. This is not simply all interchange of hard 
and easy axes. 

(Since no one has report.ed running an anisotropic electrost.at.ic problem on 
PANDIRA, we are not sure if {.he abovc relations have been implemented in the 
code. Time constraints have not allowed llS to check the coding itself.) 

B.l3.1. 7 Anisotropic Magnetostatics in Cylindrical Coor­
dinates. 

To find the correspondances het.ween the cylindrical and' Cartesian cases, one must. 
return to Eq. (B.13.1.99) and express VX,etc. in cylindrical coordinates. By fol­
lowing the st.eps taken in deriving Eq.(B.13.1.47) one finds that 

, i ["Yrr 8 : ) "Yrr. 8 (» 1 d' --( -rA8 - --_. -rA8 + 1l0Hcr r 
c r 8z r 8r 

(B.13.1.124) 

i [l'rz a "Y-- 8 1 + ·---(-rA8) - ~--·(-rA8) + 110 He: dz 
c r 8z r 8r 

= Po L (-JiJ)drdz. 

Comparison with Eq.(D.13.1.103) gives the correspondances 

(B.13.1.125) 
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Je ---t -J::. ( 8.13.1.126) 

"'Yrr/r ---t "'Ya:a: (D.13.1.127) 

"'(n/r ---t "'Ya:y (8.13.1.128) 

"'(nlr ---t "Yw (ll.13.1.129) 

H c:r ---t II ea: (ll.13.1.130) 

He::. ---t HCJI , (B.13.1.131) 

which are HIe analogue of Eqs. (B.13.1.50) - (B.13.1.52). 

B.13.1.B Anisotropic Electrostatics ill Cylindrical Coordi­
nates. 

The start.ing point. is Eq.(B.13.1.113), whic-h must be expressed ill cyLinddcal COO[­

dillat.es. The resulting equation is 

i [ 8V 8V 1 1 + (rKerr)-a + (rKerz) -8 + -·(rD~) dz 
c r z to 

:::: ~ ( rpdrdz. 
fo JA 

Comparison with Eq.(ll.13.1.103) leads to the correspol1da.nces 

rp ---t J" 

fO ---t 1 I J1,0 

( 8.13.1.132) 

(B.13.1.133) 

(B.13.1.134) 

(B.13.1.135) 

(D.13.1.136) 

, 
I 
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I 
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(R13.l.13T) 

(B.13.1.138) 

rDcr ~ Hey (B.13.l.139) 

(B.13.l.140) 

(Once again, we have not. verified t.hat. this corr('spondcllce is actually ill Ute code. 
Let. t.he user beware!) 
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B.13.2 Auxiliary Properties of Static Magnetic 
and Electric Fields 

The previous section showed how Ule st.at.ic Maxwell's Equat.ions give rise to t.he 
generalized Poisson equal.iOli for the stat.ic electric (scalar) and magnetic (vector) 
potent.ia.ls. This section shows how t.he pot.ent.ials are used to obt.ain t.he stored en­
ergy in the field, t.o ohtain I.he fields and t.heir derivatives, and to obtain Ule forces 
and torques on current-carrying ('oils and iron regions in magnetic fields. We will 
also oht.ain the forces and t.orques on ('harged plates and dif'lect.ric materials. These 
t.hings will be done for both cart.esian and ('yiindrical coordinates. 111 discussing t.he 
fields and their derivat.ives in cart.esian coordillal.es, we will make use of complex 
variahles and the theOry of analyt.ic fund-ions. This will lay I.he has is for t.he dis­
cussion of harmonic analysis and the use of conformal transformat.ions, in Sections 
B.13.3 and B.13.4. 

B.13.2.1 En~rgy stored in the field. 
The general expression for the energy in any volume V containing an ded.ro­

magnetic field is 
1 . 

£ = 2 j(E. D + B· H)dv. (8.13.2.1) 
v 

For elec:trostat.ic problems the B· H-tel'l11 is zem and for the magnetost.atic prob­
lems t.he E . D-terln is zero. Our aim is 1.0 reduce this expression to area and 
contour,int.egra.is overyot.enl.ials in two-dimensional cal'tesian coordinates and cylin­
drical coordinat.es. We begin by suhst.ituting 

E = - V ¢e a.nd B = V X A (B.13.2.2) 

into Eq.(8.13.2.1) and using vector ident.ities to get. 

~ j( -V¢e' D + V X A· H)dv (8.13.2.3) 
v 

~ j [-V . (¢eD) + ¢e V . D + V . (A X H) 
v 

+A· V X H]dV. 

Green's theorem can be used to t.urn Ute integral over t.he volume of t.he divergence 
into an iutegral over the surface av. The result is 

£ = ~ f (-¢eD + A X H)· da + ~ j(P¢e + J. A)dv. (8.13.2.4) 
8V v 
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y 

z 
Figure D.13.2.1: The arbit.rary volume with 2-D, cartesian symlllet.ry. The front 
and back surfaces have area al. The edge has area a2 and width l. 

where we have used MaxwE"ll's ef]uations t.o express the volume integral in terms of 
the charge density p and the current density J. 

Let us consider cartesian coordinat.es first. We a.<;sume t.hat. all ftlIlct.iollS al'e 
independent. of t.he z-coordiuale. Consider an arbitra.ry volume a.<; ShOWll ill Fig. 
B.13.2.1. The integrat.ion over z call he done imlllediat.ely. The front. and hack 
planes have equal areas but opposit.e vector direction. This means that. t.he surface 
integral over the front cancels the surface integral over the back. The result is 

£ = ~ j(-<PeD + A x II)· da + (l/2) j(P<Pe +J. A)da. (B.13.2.5) 

The element of area on the ribbon edge can be written as 

da = ds x dlz, (B.13.2.6) 

where z is the unit vector ill the x-direct.ion. The magnit.ude of the vector ds is 
the element of lengt.h along the count.er-clockwise cont.our C ~nclosing the area a'I' 

See Fig. 8.13.2.1. This means t.hat. we can t·um the first int.egral int.o a cont.our 
iutegral around t.he area at. F\lrthermore, we uote that both J and A l11ust be in 
t.he z-direction. With theses simplificatiolls we fiud that 

e = (1/2) ~(-4>.D + A X H)· d. X z + PP4>. + J.A,)da]. (B.13.2.i) 

The first integral can be simplified fmtlter hy using the vect.or idenities 

D . ds x z = D x ds . z == (D X dS)Zl (13.13.2.8) 
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and 

A x H· ds x z - (A x H) x cis· Z = (ds. A)(H . z) 
-(H· ds)A . z = -A:H . ds. (8.13.2.9) 

The laU.er equalit.y holds because H has no z-component. 

For cartesian symmetry the ('ode calculat.es the energy per unit length using the 
formula 

[II ~v.(P<P. + J.A,)dxdy (B.13.2.10) 

+ f [(¢€Dy - Az/I"Jdx - (¢€D;r + AzHII)dY]}. 
c 

In all cases handled by POISSON !.he contour int.cgral vanishes on the houndary 
of the region hecause the houndary conditions are either pure Dirichlet (Az = 0 
or 4>€ = 0) or pure Neumann (B . il = 0 or E· 11 = 0). For example, considcr the 
integral ill Eq. (8.13.2.5), 

! A x H . da = fal dl f ds( A x H . it), (B.13.2.11) 
Q2 C 

where iI, being t.he normal t.n t.he rihhon area (7'2, is also t.he normal to 'the contonr 
C. The differential ds is st.iIl t.he element of distance along t.he cont.our. Figure 
B.13.2.2 illust.rat.es t.he typical contonr for one-quarter of an H-shaped magnet. As 
seen from the figure, Ute t.he contour integral vanishes. The energy per unit length 
reduces to 

Ell = (~) ! Azda, (B.13.2.12) 
coil 

which is ~ t.imes t.h~ integral of t.he magnet.ic potential over t.he area of the coil. 

For permanent magnet (PANDIRA) problems, where there is no current densit.y, 
the energy per nnit lengt.h should be calculat.ed from t.he cont.our int.egral where the 
contour goes around the permanent magnet. material and not the boundary of t.he 
whole region. The code does not calculate the energy per unit lengt.h for the case 
of permanent magnets. 

In t.he case of cylindrical symmctry, the volume of int.egration might be illus­
trated by Fig. B.13.2.3. The energy integral can be written as 

E = ~ f (-4>"D + A x H) . da + 11" ! (p4>e + J . A)rdrdz. (B.13.2.13) 
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c 

Figure B.13.2.2: The contonl' C for a t.ypkaJ H-shaped magnet. A vanishes on three 
sides hecause of DiredlJet, lJoltudary couditions. A x H . ii vanishes on t.he bottom 
because A x H is parallel to the contour. 

z 

R 

Figure B.13.2.3: Illustration of a general volune with cylindrical symmetry. The 
cross sectional area is al' 
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The int.egral over t.he volume of Ule torus has been simplified hy an int.egration over 
the cylindrical angle 8. Once again the stl1{ace integral can be reduced to a contour 
integral hy expressing t.he element of area as 

da = rdfldsn = rd80 x ds, (B.13.2.14) 

where n is the unit. normal and iJ is the unit vector in the 8 direction. See Fig. 
B.13.2.3. After doing the int.egration on fJ, noting t.hat A and J only have 8-
components, and D has no 8-component., we get 

E = 7l'{f[(<PeDz + AtJllr)rdr -I- (-<PeDr + AtJHz)rdz] 
c 

+ f (P<Pe + JtJAtJ )rdrd;; }. (B.13.2.15) 
al 

The same argument.s can he given to show thai. t.he cont.our int.egral vanishes on t.he 
boundary of t.he whole region, t.1ms providing a simplificatioll in POISSON calcu­
lat.ions. Furt.hermore the aut.hors (If the code have chosen to ignore the integrat.ion 
over t.he angle 8. The printed result.s are in units of Joules/radian. Once again the 
energy is not. calculated for permanent. magnet problems. 

B.13.2.2 Fields and their derivatives. 

In principle one could obt.ain the fields by numerical di ffl·entiation of the po­
t.ent.ials, hut t.his is not a very a.ccurate way of doing it.. Furt.hermore, since the 
pot.entials are known only on POilltS of t.he mesh, it would not be easy t.o calculat.e 
fields at point.s ot.her than lllesh points. 

Vt'hat POISSON and PANDIRA do, is fit. a power series to t.he pot.ent.ial at a 
given point and t.hen analyt.ically take the derivatives of t.he series to get t.he field 
and its derivatives. This procedure is not. only more accurat.e, but can also take 
advantage of t.he known sYlllmetry of the magnet. 

There is an important difference hetween t.he formulat.ion of i.he' prohlem in 
cartesian coordinates and cylindrical coordinates. In the cartesian case one can 
use t.he t.heory of complex variahles, which has several advantages. The theory for 
cylindrical coordinates is slight.ly harder and will he t.reat.ed separat.ely at. t.he end 
of t.his section. 

In t.wo-dimensional, cartesian coordinat.es, Maxwell's equations for t.he magnet.ic 
induction are 

(B.13.2.16) 

and 
(B.13.2.17) 
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Equat.ion (D.13.2.1i) can be satisfied by eith~r 

(B.13.2.18) 

or av ~ av A 

B = --ez - -ell' 
ax 8y 

(B.13.2.19) 

where 

(B.13.2.20) 

The potent.ial V(a:,y) is not. a solution of Eq.(B.13.2.16) unless the current densit.y 
J (x, y) vanishes ill the region ullder cOllsiderat.ion. If we make one reasonable ap­
proximation, it. is possible to refor1l1ulal.e t.he problem in terms of complex variahles. 
Since we are interested in fhlding the magnet.ic pot.ential Az(x,y) in the vicinit.y of 
a given point (:r., y), we can assume that the rductivity "'( and the curreut densit.y 
J are essentially constant. ill the vicinit.y of t.he given point. This means t.hat. we 
call move t.he reluctivit.y out of the differentiation and t.o the right-hand-side of 
Eq.(B.13.2.16). One obtains the equat.ion 

(B.13.2.21) 

for t.he pot.ential A,,(x, y). The solution t.o t.his equation can he wriUen as t.he 
solution to the homogeneous equation plus a particular solution. It is easily verified 
thd . 

where 

p·oJ 2 2 
AJ; = A - - (x + y ), 

2"'( 

a2A a2 A 
ax2 + 8y2 = o. 

(B.13.2.22) 

(B.13.2.23) 

We are now in a position to convert to the notation of complex variables. 
Let z = x+iy be a number ill the complex plane. Mat.hemat.ically speaking, there 

is an isomorphism between complex numbers z and points (x, y) in the cartesian 
plane. In current free regions the components of the magnetic inductioll B can be 
written ill terms of either A or V as 

aud 

aA 8V 
B z =-=--, 

By 8x 

B __ 8A __ av 
II - ax - 8y' 

(B.13.2.24) 

(B.13.2.2.5 ) 

These relations betweeen A and V are the same as the Cauchy-Riemann conditions 
for a complex, analytic funct~on 
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F(.:) = A + H'. 

This is easily seen by not.ing t.hat 

8F dF' 8:; dF' 
ax = d:; 8x = dz' 

and 
8F dF8z ,dF 
-=-'-=1~, 

8y d::.. Dy d= 

and hence 
dF of .aF 
- = -- =t-. 
dz 8;r; 8y 

If we define a. complex, magnetic-induct.ion function 

t.hen 

B{::) = B", -liR", 

( )
_ .dF 

B:: = 1--. 
dz 

(B.13.2.26) 

(B.13.2.27) 

(D.13.2.28) 

(D.13.2.29) 

(8.13.2.30) 

(8.13.2.31 ) 

where * denot.es complex conjugation. As I.he not.alion implies, B( z) is also a 
complex, analyt.ic flUlct.ion, which means t ha.t B{ z) can I)e expandeu ill a convergent 
power series in the variable z, provided I hat. B( z) is a single-valued functioll that 
does not have a singularity in the region of int.erest. 

From Eqs.(B.13.2.19), (13.13.2.20), and (8.13.2.23) we see that bot.h A(x,y) and 
V(x, y) sal.isfy Laplace's equatiun. Inl.he tht'ory of complex variahles, functions wil.h 
t.his propert.y are called harmonic fUIld.iollS. Two otht'r COllSe(l'lences of t.he Cattchy­
Riema.un condit.ions are: 1. given the vector polellt.ial A( X, y), it. is always possible 
t.o find the scalar pot.ellt.ial V{x, y) hy inl.egrating Eqs.(B.13.2.24) and (B.13.2.25); 
and 2. the curves V(x, y) = v and A(x, y) = a are orthogonal to olle anot.her for 
any const.ant.s v and a. Because t.he magnetic field lines are also OI·thogonal t.o t.he 
lines of constant potent.iaI , one Call use l.he orthogonalit.y of A and V t·o creat.e plots 
of t.he field lines. 

Let. llS turn now to t.he power series represent.at.ion of t.he vector pot.ential about 
a point =0' This we write as 

(8.13.2.32) 

or 

(B.13.2.33) 

where 
(B.13.2.34 ) 
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and 

The polynomials Un and Vn are calt~cl harmonic polynomials becaust> they art> also 
solutions of Laplace's equatiun. Tahle D.13.2.l shows the first 10 harlllonic polYllo~ 
mials. 

Tnhle B.13.:a.I 
The Pint 10 Hn.-monl\: Polynomials" 

2 ",2 _ ,; 2:ry 

3 ",3 _ 3tJ!'; 3,'1.211 !I 

4 %,4 _ 6:1:2 '11 + 1/4 4%"y 4:1:1/' 

5 ",r. _ 1 0.,3y:l + 6:ry4 5:r4y 10:r'y3 + " 
6 .:ell I5z"!? + 15",'y4 _ y4 6:I:~y 20x311 + 6x!! 

7 z" - 21",511 + 3S:rl y4 _ 7zyfJ 7",4y 35.:1!411 + 21",'ylS - y'1 

8 ",8 28",0'; + 7",4y4 _ 2s,.,:!1I(; + yS s,.,111 58:0
11

11 + 56:r3" - 8",1.,'1 

9 ",0 _ 36z"'; + 1:l6",lIy4 _ 84",ly6 + 9 ... y8 9",8y 84:r.6 y3 + 126:1:4y5 _ 36.r2y7 + y9 

10 ",10 _ 46",4'; + 210",4y4 _ 21Cl:t;4116 + 4S",2y8 _ y1D 10:l)9y - 120",711 + 252",11" - 120",311'1 + 10"'119 

QTIlt' polynomials used ill Eq.(IU 3.2.33) are obtained (rom tht" polynomials ill the table 
by replacing ~ by (Xl - ~o) and y by (Yl - Yo). 

18 II 15 

JIF.--__ ----< ... 14 

Figure B.13.2.4: First, st>cond and t.hird neighbors of a given point (Xl, Yl) 011 a 
regular triangular mesh. Points 2 t.hrough 7 are nearest neighbors; points 8 through 
13 are second neighhors; and points 14 through 19 are third neighbors. The origin 
for the series expansion is (:1:", y,,). 
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The coefficients a'n and b" are ciet.erlllined by t.runcating the power series at N 
terms and least.-sClUal't's fitting the fllllction A(:r, y) at neighboring points on t.he 
mesh. On a reglliar tria.ngular mesh there are 6 first. nearest. neighbors, 6 second 
nearest. neighbors and 6 third Ilea rest neighbors, as illustrat.ed ill Fig. (B.13.2.4). 
Even aft.er the mesh is distorted to conform to the boundaries of t.he physical regions, 
one can still identify t.hese 18 poillts. Holsiugcr allJ Halba"h lUlllp the second and 
t.llird neighbors together and ndl thelll second ncighbors in the distort.ed mesh. 
Hcnceforth we will speak of six first. w:ighbors and 12 second lIt.'ighbors. 

SlIppose that. we make a column matrix of t he values of A(:r, y) evaluated at 
the poillt. (x\,yd and the first 18 Ileighbors of tilt' point. (:rl,yd. We can make a 
column matrix out of (he first. N = 7 pairs of coefficient (I1n , />,,). Next. we construct 
an 19 x 1-1 matrix Z, whose rows are the coordillates of the point.s raised to t.he 
apP"opinte power and expressed ill tenus of t.he harmonic polynomials. Equation 
(B.13.2.33) can be wriHen as 

1 0 It 1,1 VI.! 

1 0 1iZ,1 V2.! 

1 0 'U3,\ V3.1 

1 0 UI9.! 1'19.1 

or in ma.t rix forlll 

Equation (0.13.2.36) 

111.2 I1I.S (10 

1/2,2 V:l.6 bo 
lL3.2 '1'3.6 al 

lL!9.2 V19.6 -·bs 

ZC= A. 

Jl(XI' vd 
.. 4(X2,Y2) 
A(:r31 Y3) 

(8.13.2.36) 

fit-cause t.he IJ1l111hel' of rows ill Z is largt'r than t.he 111llllber of collllllns, t.his set 
of lillear equat.ions lllUSt. be solved in the least.-squares sense. Tlu:J'e exist standa.rd 
suhroutilles for doing Olis. Olle advantage of lIsing least.-sqllares is t.hat the analyt.ic 
funct.ion A( x. y) will be smoother in the neighhorhood of (Xl,.l/I) titan the values 
determined by POISSON in the lwighbol'hood of this poillt.. One disadvantage of 
this approach is the power series developed around the point (x(, yJ) may not he 
consistent. wit.h the power series for t.he pot.t'lltial developed around the neighboring 
poiuts (X2. Y2), etc. III particular, artificial discont.inuit.ies are somet.i mes seen at 
points miowa.v bet.ween neighhoring point.s. This is a resuU. of the t.ruucat.ion of t.he 
power series. The accuracy of t.he approximat.ion dt:pellds on t.he distance bet.ween 
mesh point.s in t.he vicillit.y of the givelJ point. and the how rapidly the fuuction 
A(x, y) is changing. Let. the user heware! 

One way to make Ule power series expansioll more accul'ate is to increase t.he 
number N, while st.ill keeping t.he number of unknown coefficient.s an and bn less 
than the 19 dat.a point.s used ill the least.-squares fit.. This can be done if t.here is 
any sYlllmetry to the magnetic field. Suppose that the point. (xo• Yo) is a symmetry 
point of the magnet, that. is, suppose that an axis of rotational symmet.ry passes 
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8. 4-FOLD ROTATION 

c. REFLECTION 

b. "-FOLD ROTATION 
WITH CURRENT CHANGE 

d. REFLECTION WITH 
CURRENT CHANGE 

January 7, 1987 

Figure B.13.2.S: Four hasic types of sYllulld ry that can occur in magnets: a. rota­
tion, h. rota.tion and change of polarity, c. reflection, and d. reLlection and change 
of polarity. 

t.hrough this point or t hat this point lies in a p]ane of reflection symmetry. If 
there is a ro/.ational axis, tlwn some of t.he coetlicil'ot.s e" lIlust vanish. If t.here 
is a reflection plane, then e" mllst he a real or imaginary numher, nepending on 
whetht'r reflection changes t.he sign of the field or leaves it the same. Figure B.13.2.S 
illust.rate four types of symmetry t.hat can OCCUl' in magnets. Figure B.13.2.Sa shows 
a case of four-fold rot.atioll symmef.ry for which no chauge in field polarity oCCllrs 
with the rotation. Figure B.13.2.sb shows the same four-fold rotat.ion symmetry, 
but this time, t.he field changes polarity. The change of polarity occurs because the 
current generating t.he field changes direction. This is like a reflection through the 
plane of t.he paper. Figure B.13.2.Sc shows a case of r~flection symmet.ry, where the 
refledion plane is perpendicular to the plane of t.he paper and passes throngh t.he x­

axis. Finally, Fig. B.13.2.sd illustrates a reflection sYllllllet.ry in which the polarity 
of t.he field changes sign. All other symmet.ries used in the codes are combinations 
of these basic symmetries. One can construct the set of all symmetry elements 
that leave the potential function A(z, J) uuchanged and use quite general group­
theoretical methods to eliminate some of the coefficients e". The symmetry is simple 
enough that we will not introduce the full group-t.heoretical appal'tus. 

Let us treat the rotational sYlll111et.ry first. The effect of a rotation by an angle 
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a on a point. (x, y) is 

(B .13.2.37) 

In complex notation this can he written 

z' = exp(ia)z. (B.13.2.3S) 

The effect of this rot.ation on the vector potential is 

(B.13.2.39) 

Henceforth, for convenience we shall assume t.hat. the symmet.ry point. Zo is the 
origin of coordinates. If this rot.ation is to leave the function invaJ:iant, then all the 
coefficients en lllUSt va.nish except for n such that 

(B.13.2.40) 

where Ai is any int.eger. Fnrthermore, we know that t.he augle a mnst be some 
fradion of the number 211". Let us write a = 27r /m and solve Eq.{B.13.2.40) for n. 
The result. is 

n=mNI. (B.13.2.41) 

For example, in the case illustrat.ed in Fig. n.13.2.5a, m. = 4 and t.he only llonva.n­
ishing coefficit'uts are Co, c", ... , C4M. 

If t.he rot-at.ion changes t.he polarit.y of t.he field, as illustrated in Fig. (B.13.2 .. 5b), 
then the condition for 1l0nvanishing coefficients is 

(B.13.2.42) 

Since changing t.he direction of the current must change the sign of the potential, 
we will assume that 

(B.13.2.43) 

It can be shown that this is equivalent. t·o the condit.ion that 

COS(21Tn./m.) = -1, (B.13.2.44) 

hence the argument of t.he cosine must he an odd Illult.iple of 1T, 

211"n/m. = 7r(2M + 1), (B.13.2.45) 

or 
n = m(2M + 1)/2. (B.13.2.46) 
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SinC'e 11 is an integer, m must he an even int.eger. 
Let liS now discuss the effects of reflection symmet,ry. This symmdry does not 

eliminate any of the coefficient.s, bllt instead tells us whether the cn's are real or 
imaginary. The coordinat.e system can IlsuaJly he arranged so that the a:-axis is 
ill a plalle of relled.ion. This means that t.his refiect.ioll, which changes (x + iy) t.o 
(x - iy), is equivalent t.o complex conjugation. The efTect of reflect.ion on t.he vector 
potent.ial is to replace z by z· in its argument .. The illvariance coudit.ion becomes 

(B.13.2.47) 

It. can be shown that. 
( .)n (n). . Z = 2. = Un - tVn , (8.13.2.48) 

and hence illvariance requires t.hat 

(B.13.2.49) 

This implies that I mg{ en} must be ident.ically zero. In t.he same manner, it is easy 
to show that when A(z, J) is invariant under reflection followed hy a change in sign 
of t.he current., which changes cn(J) to -cn(J), that Re{c .. } mllst vanish. 

In summary t.hen, symmetry reduces the l1l11uber of uuknown coefficient.s Un and 
bn • This means t.hat olle can include higher powers in t.he least-squares fit to t.he 
power series represent.at.ion of t.he vedor potent.ial in t.he vicinit.y of a symmetry 
point. The use of syn1lnetry also reduces the amo11nt of information needed t.o 
generate the mesh for t.he prohlem. For example, ouly one-fourt.h of an It-shaped 
dipole magnet is recluired t.o describe the field for t.he full maglld.. Tilis will be 
discussed further in Sec. R13.5 "Boundary Conditions and Meshes." Finally, it 
should be noted that the scalar potential 

V(z, J) = Img{:; cn(J)zn } (8.13.2.50) 

satisfies the same symmetry conditions and is easily generated. 
Given the power series for either t.he vector potential or the scalar potential, it 

is easy t.o genera.te analyt.ic expressions for t.he Illaglletic field and it.s derivatives. 
The magnetic field is gi ven by 

. (dF)· ~4JJ [8 2 2 . 8 (2 2] B(z) = -t - - - -(:c + y ) - t- :c + y ) . 
dz 2')' 8y 8a: 

(B.13.2.51) 

The second t.erm comes from t.he particular solut.ioll to the inhomogellous equat.ion. 
See Eqs.{B.13.2.21) and (B.13.2.22). Substit.ution of the power series for F(z) gives 
the result. 
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B(:.) - B:I!+iBy (D.13.2.52) 

f~ -1...?; n(ant'n-l -I- bn11'n-l) + l-LuJy/'Y 

+i [~11(allltn_l - bnVn-l) + I,OJXh]}. 
,,=1 

The first uerivatives of the field are fonnd as follows. Special care must. he taken 
regarding complex cOlljugaLion. The derivat,i ye of the complex potelltial 1"(:::) can 
be written ' 

d F . [.. l-LoJ .] - .-dz = -1 B - -=y(Y + 1:l') = [-By - tBz]. (0.13.2.53) 

From this we can derive the Cauchy-Riemann condit.ions on the analyt.ic function 
dF(z}/dz, namely, 

or 

and 

d2 F any .8B:I! .aBy 8B:I! 
-- = ----1-- =1.-- ---
d:;2 8x AX 8y 8y , 

aB;s: __ 8Rl!. 
ox - 8y 

(13.13.2.5·1) 

(B.13.2.55) 

(D.13.2.56) 

Furt.hermore, since the power series for t.he second derivat.ive can be wl'iU.en 

N 

- Ln(n -1)cn :;n-2 
n=:2 

it follows t.hat. 

and 

8B:I! N 
-- = - Ln(n -1)(0·n1I n-2 - bnvn-z) + IloJ/'Y 
8y n=2 

88 N 
8 y = L n(n - 1)(an V n -2 + bn lLn-2)' 

y n=2 

(B.13.2.57) 

(B.13.2.58 ) 

(B.13.2.59) 

As seen above, symmet.ry simplifies ~.hese general expression even furt.her. 
The elect.rostat.ic prohlem can be formulat.ed in t.erms of the same complex po­

tent.ial F(z). The only difference comes in the definition of E as t.he gradiant of A 
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instead of AS t.he curl of A. This can he seen as follows. If we make the approxi­
mation that the dielectric const.ant ! and the charge density p are constant., then 
Maxwell's equations are 

Y'xE=O (13.13.2.60) 

and 
Y'. E = pi!. (B.13.2.6l) 

Equation (B.13.2.60) has a solution of the form 

E 
_ av A _ BV A 

- By ex ax e y (B.13.2.62) 

in two dimensions where the function V(x,!J) satisfies Laplace's equat.ion. The 
solut.ion to Eq.(B.13.2.61) can be written in t.he form 

aA A BAA 
E----e --e - ax x By y, (D.13.2.63) 

where 
(B.l3.2.64) 

and A(x, y) also sat.isfies Laplace's equation in t.wo dimensions. The electrost.at.ic 
potentials A and V are completely analogous t.o t.he magnelostnt.ic potentials except 
for physical units (Volts as compared with 'resla-meters) and. t.he fad the elect.ric 
field is calculated as t.he gradiallt of A as compared with calculating the magnetic 
induction as the curl of A. 

In the discl1ssion so far, we have assumed. cartesian symmetry. The whole scheme 
will also work for cylindrical symmet.ry, hut some changes have to be made ill t.he 
formulas. The isomorphism to the complex plane is losi. The scalar and vector 
potentials must be treated separately. One wishes t.o express the potentials in t.he 
vicinity of a point (zo, ro) as a sum of polynomials. For cOllvenience of writing 
we shall assume that the point (zo, r 0) is the origin of coordinates. For the scalar 
potential we write 

where 
n 

vn(z, r) = L vmnzn-mrm.. 
m=O 

(B.13.2.65) 

(B.13.2.66) 

These polynomials must satisfy Laplace's equat.ion in cylindrical coordinat.es, namely, 

(D.13.2.67) 
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It can be shown, hy carrying out. the above difTerellt.iaHolls, t.hat. 

Vn\ = 0 (B.13.2.68) 

for all nand 

(n-m+2)(1l-m+l) 
tin", = - V n ,m-2· 

1n2 
(B.13.2.69) 

Taken together, t.hese relations imply that. 'Vn", = 0 [or all odd m. Table B.13.2.II 
gives the first five POlYUOlUin.ls. 

Table B.la.2.U. Harmonic Polynomials for Cylindrical Coordinates 

n Scalar Pot.ent.ial tin Vedor Pot.ential lin 
. ~ .. - - ---~--- - _ .. _.' .... -----

1 z r2 

2 Z2 - r 2 /2 zr2 

3 Z3 - 3zr2 /2 z2r 2 - r 4 /4. 

4 z4 - 3z2r2 + 3r4 /8 Z3r 2 - 3zr4 /4 

S ZS - 4z3r 2 /3 + z r 4 /2 Z4,.2 _ 3=2r4/2 + r 6 /8 

The 8-Colllpollt'nt oft.he vector potential A9 (=,r) also ('an be writ.t.en as a sum 
of polynomials, but it is more convenient for comput.at.ional purposes t.o multiply 
A9 hy r and write a polynomial series for t.he product, namely, 

) 
~ jtoJ 3 

rAIJ(r, z = ~ llnU,,(z, r) - --r , 
n=1 3~ 

(B.13.2.;O) 

where 
n 

( ) 
'\i;:...... n-m m+l 

Un =, r = L..J tl.nrnZ r , (B.13.2.i1) 
",,-;::0 

and where the un(.z, r)'s must sat.isfy the V x V x A equation 

}.LOJ = ---r. (B.13.2.i2) 
~ 

Once again, it can easily be shown that 

UnO = 0 (3.13.2.;3) 
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for all n, anu 

(n - m + 2)(n - m + 1) 
Unm = - ~ (2) U·nm -2· 

m -1 
(B.13.2.74) 

Taken together, these equat ions imply t.hat, tlnm = 0 for even n. The first five 
polynomials are given in Table B.13.11 above. 

The coefficients an a.nd bn are oht.ained by doing a least squares fit. t.o t.he po­
tent,ials at the nodes of the mesh as describeu above for cartesiall coordinates. 

For electrost.atic problems t.he field compollents are 

8\' 00 '1' 
E ' L ,,-. ( )b n-",-1 m P 

z = - -8 = - L n - m n tlnm Z r + - z 
- 2€ ... n=1 m:.=O 

(B.13.2.75) 

and 
8 " 00 n' ~. ~ ~ I n-m m-l p Er = --- = -~ L mJnl'n",Z r + -·-r. 
8r n=1 nt=2 4€ 

(B.13.2.76) 

where t.he prime on t.he SlIlllulat.ion symbolmecltls a Sttllllllat.ioll over eveu valttes of 
m. For magnetost.atic problems t.he component.s of t.he illdudion are 

18 00 nil 

B () ~ ~ ( n-m nt-I It0 J :: = -- rAe = L L m.+ l)a n u nm z r - - r 
r 8r n=2 m=1 'Y 

(B.13.2.77) 

and 
18 00 nil 

B ( A ) ~ , ....... (. ) n-m-l m ,. = -; 8.,. r e = ~ L L n - m an UnmZ r. 
- n=2 m=1 

(B.13.2.78) 

where the double prime on the summat.ion symbol means a summat.ion over odd 
values of m. The program does l10t calculate any derivatives of the elect.rostat.ic 
field. It. does calculate the r-derivative of B z , which is given by the fornmla 

dB 00 nil 

z ~ ~ -1)( ) n-m m-2 ILO J d = L L (m + 1 m - 1 an tlnmZ r - --. . 
r n=3m=3 'Y 

(B.13.2.79) • 

This ends the discussion of fields and t.heir derivatives. The coding associated with 
this section is found in subroutines WORK and c.:WORK, which are contained in 
the program LIBSO. 

B.l3.2.3 Forces and torques. 

Consider a condudor of cross sectional area S with the current. flowing jn the 
z-diredion as shown in Fig. B.13.2.6. The force F on a section of thickness dz is 
given by the forllluia 

F = dz J J x B dxdy. 
s 

(B.13.2.80) 
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z 

Figure B.13.2.6: Conduct.or of constant. cross section wit.h current flowing ill t,he 
.::-directiolJ . 

\Ve will assume that. t.he current dcnsit.y J is constant. over t.he cross sect.ion, that is, 
indt'penJent of x and y. The magnet.ic iuduction B is iu<iepencient. of z and hence 
the vector potent.ial A need ouly have a z-componenl; t.hus we can write 

B 'r7 8A~ - 8Az -= v x A = 8y ex - a;-ey . (B.13.2.81) 

It follows that. we can write J x B in the form 

J B J ( 8.4% - 8.4.; - ) 
x = z -8x-ex + 8y ey . (B.13.2.82) 

We would like to use Stoke's Theorem t.o convert the int.egral in Eq. (B.13.2.80) 
from an area int.egral into a line integral. First we must convert the int.egral iuto 
vcct.or form. Let t.he vector differential area be written as 

dS = dxdy ez . 

N ate that the following idellt.it,ies are t.rue: 

1 
8 ... L 

[V' x (A"ey ) z = -8x~ 

f - 1 8A.z 
lV' X (Azex) % = 8y' 

Using t.hese ident.ities, we can write t.he force as 

(B.13.2.83) 

(B.13.2.84) 

(B.13.2.85 ) 

(B.13.2.86) 
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Stoke's Theorem can now be applit'd to each integral; the result is 

This can also he writt.en as 

This is t.he form of t.he rorce on a current carrying element used ill the code called 
FORCE. 

The general formula for the torque on a thin slice of Ule condudor is given by 
the formula 

T = dz Is r x (J x B)da·dy, (B.13.2.89) 

where 
r = ;l'ex + yey. (B.13.2.90) 

By llsing Eqs.(B.13.2.81) and (D.13.2.82) we find that 

aA.= 8A: ~ 
r x (J x B) = J,,(x ay - Y'

8x 
)ez . (B.13.2.91) 

Once again, we want. to convert t.he area int.egral into' a cont.our int.egral. The 
following identity is true: 

(D.13.2.92) 

It follows that. t.he torque can be writtell successively as 

(3.13.2.93) 

or 
T = -J dz £ A;;:r . dl (B.13.2.94) 

T = -Jdz(fc A;;:xdx + fc Azydy). 
or 

(B.13.2.95) 

This is the form of t.he t.orque on a current carrying element. used in FORCE. Note 
that t.he torque vector is parallel to the current dellsit.y .J. 

For problems with cylindrical symmet.ry, one calculates the force and torque 011 

a thin wedge of materials. See Fig. B.13.2.7 for a picture of the geometry in t.he 
case of a toroidal conduct.or. For a general conductor, the cross sect.ion need not be 
a circle. The force on a wedge of angular widt.h dO is given by the formula 

F = dO r J x B rdrdz. . is (B.13.2.96) 
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z d"i=rdS<0S x dL> 

rd8~8 

R 

Figure 1l.13.2.7: Pict.llre of a cylindrically symmetric conductor carrying a current. 
densily J. Note that J = -Je(J Rnd e(J = e.:: x er 

Assuming (.hat. J is independent of rand z, and that. B is independent. of 9, one 
finds t.hat 

J x B = -J[~:;(rA(J)er + ;-!(rA6)ez] (8.13.2.97) 

and hence the force is 

( 0.13.2.98) 

We see t.hat. (.he fl1nction r A6 in cylindrical coordinates is just. like the function A~ in 
cartesian coordinates. The change from area integrals to line integrals is complet.ely 
analogous. The final result is 

(D.13.2.99 ) 

The fina.l eql1at.ioll for the torque in cylindrical coordinates call be shown to be 

(n.13.2.100) 

The ahove treatment. must. he generalized when one want.s t.o calculat.e t.he force 
and t.orque on t.he iron, which doesn't carry a current· densit.y J. We will generalize 
the prohlem further by silllult.aneously t.reat.ing electric as well as magnet.ic forces. 
The force densit.y on a piece of ponderable matt.er is 

(B.13.2.101 ) 

where Pp is t.he polar·izat.ion charge and J m is the magnet.izat.ioll current. densit.y 
caused by aligning atomic n~agnet.ic dipoles. It is shown ill the textbooks5 that 
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Pv = -V'. P (D.13.2.102) 

and 
J m = V' x M, (B.13.2.103) 

where 
D = (oE+P (B.13.2.104 ) 

and 
H =;oB -M. (B.13.2.105) 

Maxwell's equat.ions in the stat.ic approximation are 

(B.13.2.106) 

and 
V' x H = J. (B.13.2.107) 

Equat.ions (B.13.2.101) through (D.13.2.lOi) give t.he following equation for the 
force density, 

f = t:o(V' . E)E + ;o(V' x B) x B. (D.13.2.108) 

We next use two vect.or iueut.it.ies t.o convert t.his equation iut.o one involving t.he 
electromagnetic st.ress tensor. it can be shown that 

V' . (EE) = (V' . E)E + (E· V')E (B.13.2.109) 

and 

==-V'(E . E) = 2E x (V' x E) + 2(E . V')E == V' . (E . E l). ( 13.13.2.110) 

Equat.ion (B.13.2.109) is the divergence of a t,ensor formed from a. product of i.he 
field vect.ors. Equation (B.13.2.11O) is the gradiant of t.he scalar product. The 
gradiant can also be wriUen as t.he divergence of a diagonal tensor. Combining 
these equations gi ves the relatiou 

1 ==-
(V' . E)E = V' . lEE - 2E . E I] - E x (V' x E). (D.13.2.11.t) 

The last term in t.his equation is zero ])ecause of Maxwell's equations. The quant.itiy 
in the square bracket is the elect.ric part of .. he electromaguet.ic stress t.ensor, 

==-(E) 1 ==-
S =€o[EE--E.Ell. 

2 
(B.13.2.112) 

The magnetic part of the force also can be expressed as the divergence of a 
tensor. We use t.he same vedor ident.it.ies written iu tenus of B, 

V'. (BB) = (V'. B)B + (B. V')B (B.13.2.113) 
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and 
=:> 

V'. (B . B I) = 2B x (V' x B) + 2(B· V')B. (B.13.2.114) 

Combining t.hese equat,ions gives 

1 ::} 
• (V x B) x B = V· (BB - -B· B I) - (V. B)B. 

2 
(B.13.2.115) 

The last term vanishes because of Maxwell's equations. The magnet,ic stress t,ensor 
is defined as 

::::.(M) ,] => 
S =')'o[BB--B·Blj. 

2 

The tot,al force on a volume V is 

i 
=:>( E) ::}(M) 

F = V· (S + S )dv. 
\" 

This call he tt'ansformed iuto a surface integral by Green's theorem 

r ::::.(E) ::>(M) 

F = } s ( S + S ) . da. 

(B.13.2.1l6) 

(ll.13.2.117) 

(B.13.2.118) 

Let llS consider the volume shown in Fig. B.13.2.6. For two dimensional carte­
sian symmetry, we know that B: = 0 aJld B is independent of the z-coordinate. 
This means that the integral over t.he front and back surfaces contril)ute nothing to 
t.he surface integral; da is perpeudicular to Band E and therefore 

(EE + BB) . da = E(E . da) + B(B . da) = O. (B.13.2.119) 

For the (E . E + B . B) t.erm, the cont.ribut.ioll from t.he front face cancels t.he 
contribution from the hack face. The integral on the ribbon edge of thickness dz is 
the whole integral. The diffen.:ntial area da can be writ.ten 

(B.13.2.120) 

where the differential vector dl is point'ing Cotlnt.erciockwise along the contour of t.he 
edge. The int.egrand is independent of z and t.herefore the surface integral becomes 
a cont-our int.egral in the :cy-plaue. After some tedious vect.or algebra t.he cont.our 
int.egral can be expressed ill cartesian component.s. The resulting expressions for 
the component.s of the force are 

F: = ~dz {<=o f[(E; - E~)dy - 2E:E!Jd:r] 

+')'0 f [(B; - BZ)dy - 2Bo:Byd:r]} 

(D.13.2.121) 
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and 

Fy = ~dz {FO f[(E; - E~)dx + 2E:rElIdy] 

+"Yo f [(B; - B~)dx + 2B",Bydy]}. 

January 7, 198; 

(0.13.2.122) 

• 

The beauty of t.hese res11lts is that. in deriving them we had t.o make no assump­
tion ahout Ule linearity of the relation between the fields E and D and between B 
and H. They are t.rue with and withollt external charges and currents. Further­
more, there was no requirement that the charge or current densit.ies he coustant over 
the cross section of the material. The pat'allelism between the electric and magnetic 
parts of the force suggest that the coding will be the same for electrostatic antI 
magnetostat.ic prohlems. 

For completeness we give t.he formulas for t.he torque in cartesian coordinates, 
and for the force and torque ill cylindrical coordinates. Because of t.he parallelism 
hetween electric and magnetic forces, only t.he magnetic part is recorded in these 
formulas: 

Tz - dz ("YO f {[XB:r BII - ~Y(B; - B~)]dy + 

[~x(B; - B~) + YB:rBy]dX}) 

F 

T 

{

. 1 
-"YdO f[r("2{B; - B;}dz - BrBzdr)er 

+r(~ {B; - B;}dr. + BrBzdz)ezl } 

"YodOet/(O) f {[~(B; - B;) - rBrBz]rdz 

- [~(B; - B;) + ZB,.Bz] rdr}. 

(8.13.2.123) 

(B.13.2.124) 

(D.13.2.125 ) 

Note that the torque depends on Ule angle 0 through the unit vector ee. When 
integrated over the angle 0 the result is identically zero. 

In the case of cartesian smnmetry it is interesting to note that t.he magnet.ic 
force and torque can be written in complex variables as 

(B.13.2.126 ) 
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and 

Tz = ~L')'ORc{f Z(B.)2dZ}, ( D.13.2.127) 

This concludes the discussion of auxiliary properties. 

• 
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B.13.3 Harmonic Analysis 

Harmonic analysis of the field gives a numericaJ est.imate of the nmltipole con­
knt of the field in t.he gap of a. magnet. Figure B. I 3.3.1 illustrates the parameters 
involved tor an U-sbaped dipole magnet. One g('nerally chooses a point. (usually the 
origin of coordinat.es for the problem) about which to do t.he analysis and a radius 
r of a circle about. that poiut. The radius r should be chosen so t.hat the circle does 

IRON 

AIR 

Figure D.13.3.1: Olle-q1tart('r of a symmetric II-shaped' magnet.. The harmonic 
analysis will be done about. HIe center of the gap on circular arc of radius r. 

not. enclose any iron or coil region. The dist.ance hetween the circle and the pole 
piece should be larger than the lllesh increment DY. 

The mat.hematical t.heory is based on the idea t.hat. t.he vector potential A(a:, y) 
can be thought of as the rea.l part of a complex function F(z = :r + iy). This idea 
is explained in Sec. D.13.2 above. The function F(z) can he expanded ill a. power 
series 

00 

F(z) = A(x,y) + iV(x,y) = ~(Cn/r~nt)zn, (B.13.3.1) 
n:::O 

where rnorm is a normalization radius. Wit.h this definition, the en's all have t.he 
same units, e.g., gauss-cm. If we let 

(B.13.3.2) 

and 
(D.13.3.3) 

then Ule vector potential is given by 
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00 

A(x,y) = 2:) an lin - bnv,,)IT~rm' (B.13.3.4) 
n:o:O 

The qnant.it.ies lin find tin are ("ailed harmonic polynomials; t.lIe first. t.en of t,hem 
are found ill Tahle B.13.2.l. Anyone familar wit.h magnds will l'ecoguize that. lhey 
generat.e t.he regular and skew lllult.ipoic fidd!). This meaus t.hat. the representat.ion 
of the potential in terms of t.his power series is equivalent to a llluitipole decompo­
sition of the pot.ent.ia!. 

To do the decomposit.ion, we must. fiud the coefficients an and bn • This is done 
by evaluat.ing t.he potential 011 the circle. The simplest way to do this is to go to 
polar coordinate in the complex plane, expressing z by the fOl'lllula 

Z = T exp(icp), (B.13.3.S) 

and the coefficient.s e" by t.he formula 

(8.13.3.6) 

When these l'f'lations are sui>stit.ukd in10 the for111ula for thf' vector potent ial, one 
obtains the seqUf'n("c of f'qua.tiolls 

; (T ~m ) n I en I cos( On + n tp ) 

f (~ ) n (lcnl cos(Qn) cos(ntpJ - 1e,,1 sin(on) sill(ntp)] 
,,=0 norm 

= ; (T~rm)n (ancos(ntp) - bnsin(n<pJ]. (B.13.3.7) 

This is in t.he form of a Fourier sf'ries in t.he variable tp. Fourier analysis theory tells 
us that 

(B.13.3.B) 

(B.l3.3.9) 

and 

(B.13.3.1O) 

The circle of integrat.ion should not include any part of an iron or coil l"f'gion, be­
cause this is inconsistent with the assumpt.ions uwlel'lying t.he use of the complex 
potelltial F(i). 
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To t.ake advant.age of t.he magnet. symmet.ry, Holsinger int.roduced two parame­
ters int.o the integrat.ions. Consider t.he magnet shown in Fig. 13.13.3.1. Decause of 
the field symmetry one does not need t.o int.egrate from <p = 0 t.o <p = 211'. In this 
case, it can be shown that the integrals from <p = 0 to <p = 211' are four times the 
integrals from <p = 0 to <p = i. 

We can generalize the limits of int.egration t.o be from <p = <Pz to <p = <p, where 
<p is measured from the horizontal axis (x- or r-axis). The new dt.'finit.ions of the 
harmonic coefficients are: 

1 r'" 
Q{) = <p - <P:: lIP< A(r,cp)d<p, bo = 0, (B.]3.3.11) 

2 r<b (rnorm)n 
an = <p _ <Pz lIP< ----;.- A(r,<p)cos(n <p),d<p, (B.13.3.12) 

2 rIP(rnorm)n 
bn = - <p _ <Pz lIP< -r- A(r,<p)sin(n <p),d<p. (B.13.3.13) 

The coefficient.s an and 1>0 are not. needed t.o calculate the magnetic field and are 
not print.eel out by the program. 

The integrals are done numerically hy convert.ing them t.o sUllnnat.ions. To make 
this cOllversion we let 

(B.13.3.14) 

where Nptc is the number of equidistant. point.s on t.he arc or radius r, at which 
points t.he vect.or potential A( r, <p) is to be interpolated in carrying out the Fourier 
analysis. 

One cannot, of course, oht.ain all the coefficients Iln and bn , but. must, for prac­
tical reasons, limit oneself to n :::; N term , where the integer N term is Ule number of 
coefficients to be obtained. Table B.13.3.1 SWlllllarizes the input parameters for the 
problem. 
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Table B.13.3.I Input Parameters for Harmonic Analysis 

Name 

CON(110) = NTERM 

CON(111) = NPTC 

CON(112) = RINT 

CON(113) = ANGLE 

CON(111) = UNORM 

CON(U5) = ANGLZ 

CON(108) = AROTAT 

Defalllt. Definition 

5 the number of coefficients to he oht.ained 

none the ul1l1lber of equidist.ant. point.s on t.he 
arc of a cirde with radius RINT, wit.h it·s 
ceut.er at t.he origin. (0, 0), at. which point.s 
t.he vedor pot.en t.ial is to be iuterpolat.ed. 
}<ou~ier analysis of the vector pot.ent.ial at 
these point.s yields t.he harmonic coeffi­
cieuts. NPTC should be approximately 
equal t.o the IlUlll ber of mesh poiut.s adja­
cent to the arc for hest results. 

none the radins of t.he arC" on which the vector 
)lot.t-nt.ial is int.erpolal.eod for t.he fi'omirr 
analysis. R1NT should be less t.han, by at 
least. one mesh space (triangJe side), t.he 
short.e~t distance from the origin to t.he 
nearest singularit.y, i.e., a pole face or a coil. 

none the ext.ent of the illt.erpolat.ion arc indnded 
.in t.he prohlf.'lll, i.e., (¢ - ¢;) ill Eqs. 13.13.3.11 
t.o B.13.3.14 above. ANGLr~ is measured in 
degrees. 

nOlle the llormalizaf.ion radius. It is often chosen 
to be either RINT or I.he radius of the 
magnet. apert.ure. 

0.0 

0.0 

t.he angle ill degrees from t.he horizont.al 
axis t.o where the integl·at.ion al'C begins. 

all addit.ional rotation angle added 1.0 

ANGLZ (This is apparc;-nt.1y an artifact. of 
a partially implement.ed modificat.ion 1.0 
the code. The sophislicat.(·d user may want. 
1.0 look into suhroutine MiNT and finish 
'the implementation.) 

I 
I 
I 
I 
I 

J 

I 
I 
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The harmonic analysis of the magnetic induction starts wit.h the series relation 

. .dF ~. ( r )n-I Cn • 
Bx - lBIJ = 1·- = }: Ut -- -- exp[l{n - 1)'PJ (B.13.3.15) 

dz n=1 r"""nl rnorm 

This can be equated t.o a Fourier series for the induction t which we write in the form 
00 

(0.13.3.16) 

The strengt.hs of the harmonic componellts of t.he indnct.ion are directly related to 
the an's and bn's found ill analyzing A(x,y). The formula is 

(m+l)( r )m . 
Bm. = --(--) -. - (b171+1 -1.am.+d 

rPU)T'm T norm 
(B.13.3.17) 

POISSON and PANDIRA print. out t.he qnant.ities Unt bn , nan./rnorm, and nbn./rnorm. 

The program also gives ahsolut.e values of the c.omplex qnantities Cn and nCn./rfWt'm, 

which do not have a simple interpret.ation. 

Figure B.13.3.2 is print.ont from a harmonic analysis done on a dipole. magnet. 
like the olle shown iu Fig. B.13.3.1. Note t.hat the "Rn ill Fig. B.13.3.2 below is the 
normalizat.ion radius, not the radius of integration discusst'd ahove. 
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1HARMONIC ANALYSIS 
OINTEGRATION RADIUS = 1.60000 
OTABLE FOR INTERPOLATED POINTS, 
0 N ANGLE XCOORD3 Y COORD 

1 0.0000 1.5000 0.0000 
2 9.0000 1.4815 0.2347 
3 18.0000 1.4266 0.4635 
4 27.0000 1.3365 0.6810 
5 36.0000 1. 2135 0.8817 
6 45.0000 1.0607 1.0607 
7 54.0000 0.8817 1.2136 
8 63.0000 0.6810 1.3365 
9 72.0000 0.4635 1.4266 

10 81.0000 0.2347 1.4815 
11 90.0000 0.0000 1.5000 

1TABLE FOR VECTOR POTENTIAL COEFFICIENTS 
ONORMALIZATION RADIUS = 2.00000 

January 7, 1987 

KF LF VEC.POT. 

4 1 -2.39835E+04 
5 2 -2.36889E+04 
5 2 -2.28119E+04 
4 3 -2.13736E+04 
4 3 -1.94085E+04 
4 4 -1.69649E+04 
3 4 -1.41027E+04 
3 4 -1.08929E+04 
2 5 -7.41450E+03 
1 6 -3.75347E+03 
1 5 6.76941E-03 

o A(X,Y) ~ RE( SUM (AN + IBN) * (Z/R)**N ) 
o N AN BN ABS(CN) 
0 1 -3. 1984E+04 O.OOOOE+OO 3. 1984E+04 
0 3 7.8190E+00 O.OOOOE+OO 7.8190E+00 
0 5 3.S486E+00 O.OOOOE+OO 3.8486E+00 
0 7 8.9108E-01 O.OOOOE+OO 8.9108E-01 
0 9 9.6246E-02 O.OOOOE+OO 9.6246E-02 
1TABLE FOR FIELD COEFFICIENTS 
ONORMALIZATION RADIUS = 2.00000 
0 (BX - I BY) = I * SUM N*(AN + I BN)/R * (Z/R)**(N-1) 
0 N N(AN)/R N(BN)/R ABS(N(CN)/R) 
0 1 -1.5992E+04 O.OOOOE+OO 1.5992E+04 
0 3 1. 172SE+01 O.OOOOE+OO 1. 1728E+01 
0 5 9.6214E+00 O.OOOOE+OO 9.6214E+00 
0 7 3. 1188E+00 O.OOOOE+OO 3.1188E+00 
0 9 4.3310E-01 O.OOOOE+OO 4.3310E-01 

Figure B.13.3.2: Portion of printout from ihe POISSON out.put file for Ule H-shaped 
dipole magnet example from Chapter B.2., showing the harmonic analysis. 
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The user should be cant.ions in nsing the harmonic coefficiellts in any practical 
design, unless he is sure of the sYllllllet.ry illlplic-at.ions. Strictly speaking, t.he inte­
grals in Eqs. B.13.3.9 and B.13.3.10 are over t.he range from zero t.o 27r. Holsinger 
has used symmetry t.o decrease t.he range of illt.egrat.ion. If one does not. have 
t.he correct sYlllmetry type (ITYPE = CON(46)), some of the an's and b,,'s will 
he wrong. Fllrthermore there are some symmet.ry types t.hat. do not. fit int.o t.he 
Halbach-Holsinger scheme, and the only way t.hat. t.hey can be t.reat.ed is t.o put. in 
t.he full maguet. geomet.ry and set ITYPE = 1. In particular, be car('ful of t.he case 
where t.he only symmet.ry is a reHect.ion through the y-axis along wit.h a change in 
current. See Fig. B.13.3.3. 

Figure B.13.3.3: Example of a magnet. wit.h refled.ion plus current change. 
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B.13.4 Conforlnal Transformations 

Conformal transformations ('an he quite useful in t.rimming Illultipole magnets. 
Present.ly, t.hf' program M IRT ('an ollly be used t.o t.rim dipole magnets, t.hat is, to 
make t.he field in a gi vell region a.<; uui form as posl'i I)le I,y adjusting current. densif ies 
and boundaries of iron regiolls. Through I he use of ('ollformal transformat.ions MIHT 
can be used t.o remove higlu.>r lllult.ipole compollt.~nts of t.he fidel in quadrupole 
magnet.s. This is done hy (,onformally t.ransforming t.he quadrllpole field to a dipole 
field, making t.he dipole fieldlllore uniform, and t.ransformiug back to the quadrupole 
geometry. 

The theory lJt'hind this lllE'thod has been explained qllit.e well hy 1<. Hall)(u'h.6 ,7 

There is very little that call be added to wlJat he has said. We have I'eprodu('ed 
these art.icles here. More recent.ly Holwrt. Lari of Argollne Nat.ional Lab. has t.ested 
t.he procedure using our standard version of POISSON, \Vc have included here his 
Light. Source Not.e, LS-32, which lllay darify fl11't.her the practical details of c.arl'ying 
out. the procedllre. 
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APPLICATIO:--: OF CONFOR.\lAL MAPPING TO EVALUATION AND DESIG~ OF MAG~ETS 

CO~T Al~Ir--;G IRO~ WITH ~ONLINEAR 8(H) CHARActERISTICS· 

K HALBACH 

L(J .. r~f!ce R"diJ.I:Jr. Laboralory, Eerlceley, California, U.S.A. 

Recei~ed [0 May 1968 

It is shown that for eVl!.iu3til.:m o( tw('..Ji:nensienal magnets with 
nonlinear irorr in a conformaUy transforrr.ed geometry, only 
mmor chanics of the magr.etost2tic equ:lIions arc required. The 

1. Introduction 

Conformal mapping is a powerful technique for 
finding solutions, or for simplifying tbe process of 
finding solutions, to Laplace's differential equation in 
two dimensions, and a large number of applications to 
many fields can be found in any textbook dealing with 
this subject. This method has also been applied suc­
cessfully to tbe design of long magnet:> '" Ich inrinite 
permeability of the iron that, far away from the ends, 
can be described with sufficient accuracy by the two 
dimensional Laplace equation t ,2). However, it does not 
seem to be generally known that application of a (;on­
fonnal transformation to a two dimensional multipole 
can greatly simplify the evaluation or design of that 
type of magnet even when the iron has nonlinear B(H) 
characteristics. It is the purpose of this paper to point 
out some of the advantages that result if such a magnet 
is conformally transformed and then, in the new geom­
etry, evaluated with a digital computer that solves 
Poisson's equation numerically. To this end, we write 
first the magnetostatic equations i!1 the original co· 
ordinate system in such a way that it will be easy to 
transform them to the new coordinate system. From 
the transformed equations we then deduce the modifi­
cations that have to be incorporated in the computer 
code that numerically integrates the normal magneto­
static equations with nonlinear B(H) characteristics. 
In the discussion of the application of conformal trans­
formations to two dimensional magnets with nonlinear 
iron, emphasis is on the description of the advantages 
that result when the magnetostatic equations are solved 
numerically. However, to give a complete picture, we 
will also point out some of the generally known bene­
fits associated with conformal transformations when 
applied to this kind of problem. 

1. Magnetostatie differeotial equatioDS in the original 
and cooformally transformed coordinates 

2.1. NOT A T[ON 

Units used throughout are mks. Complex numbers 

advantages resulting from evaluation or design of a magnet in a 
suitably transformed geometry are discussed in detail. 

and operators are identified by underlining; their com­
pie,,; conjugate by an asterisk. The absolute value of 
a complex number is indicated by two vertical bars, 
and its real part by Re. The Cartesian coordinates of 
the original problem are x and y; the Cartesian coordi­
nates of the transformed problem are u and v, and they 
are related to x and y through a suitably chosen e,ln­
formal transformation 

u+iv=~=~(x+iy)=~(~). (I) 

Quantities that depend directly on x and y, or are of 
special significance in the x, y coordinate system, carry 
the subscript t, and similarly carry the subscript w 
when they depend directly on u and v, or are of special 
significance in the u, v coordinate system. 

The reason to consider only conformal transfor­
mations is the well known fact that the structure of the 
magnetostatic equations is destroyed under any other 
than conformal transformations. 

2.2. MAGNETOSTATIC DIFFERENTIAL EQUATION IN 

ORIGINAL COORDINATE SYSTEM 

Without loss of generality. we can derive the two 
components B" and By of the magnetic flux density 
from a vector potential which has only a component 
(Ar) perpendicular to the x-y plane. Introducing the 
complex field quantity 

8. = 8,,+i8, = dd A_-i dd A. = 
-' Y - .'('. 

=-i(~ A_+i ~A_) 
dx· dy-

(2) 

and the complex operator 

D . (d . d ) =-1 -+1- , 
_r dx dy 

(Ja) 

we obtain 
(4) 

• Work. performed under the auspices of the U.S. Atomic; Energy 
Commission. AEC Contrac;t no. W-40S-eng-48. 
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It should be noted that 12" acting on any analytical 
function KC!) is zero: 

(5) 

Assuming an isotropic medium, and introducing y, 
the reciprocal of the relative permeability J.I. (which may 
depend both on location and fiux density), 

y.(x,y,I~: I) = IIJ.l.,,(x,y,I~: I), 
we obtain for the field components Hill' H" and the 
complex field quantity 

!i. = HIt+iH" 

!:!.: = (\//lo)Y:/}.: = (1/~lo)y:f>:A:. (6) 

The magnetostatic equation relating Hit, H7 to the 
current density j" in the direction perpendicular to 
the x-y plane is: 

d d 
}:(x,y) = dx Hy - dy Hit = 

=-Re{i(~-i~)} (H +iH). ,dx dy .. , 

With eqs. (3a) and (6), we obtain therefore for the 
magnetostatic differential equation in the x-y coordi­
nate system: 

Re ~:y.(x.y, I ~.(x,y) I) Q.A.(x,y) = - Iloj.(x,y). (1) 

It should be noted that when 12: acts on y", it acts not 
only on the explicit dependence of Yr on x, y, but also 
on the x, y dependence that results from the dependence 
of y" on IB.(x,y)l. This is, of course, the reason why 
total and not partial derivatives are used in defining 12". 

2.3. MAGNETOSTA TIC DIFFERENTIAL EQUATION IN 

TRANSFORMED COORDINATE SYSTEM 

Introducing new coordinates u,V through the con­
formal transformation, eq. (I), we can express x and 
yin A:(x,y) through u and v, obtaining a new function 
A .. (u,v). The implicit dependence of A", on x,y is of 
course the same as the direct dependence of A" on x,y: 

A:(:c,y) = A",{u(x,y), v{x,y)}. (8) 

To obtain the magnetostatic equation in u, v, we ex­
press !b through derivatives with respect to u, v. From 
eq. (3a) we get: 

D --i {dU ~+~~+i(dU ~+~~)} 
-" dol du dol dv dy du dy dv • 

Using the Cauchy-Riemann relations: 

we obtain, with 

D . (d . d ) =--1 -+1-
-'" du dll 

(3b) 

and 

~ = d~/d~ = 1/(: 

D (
dU .dV) ,. 

: = -d - 1 -d D", - w D ... - x ;t - --
(9) 

For the relation between fl..., = Q",A", and B. we obtain 
from eqs. (4), (8) and (9): 

(10) 

It should be noted that eq. (10) is identical to the 
transformation formulas that one obtains if one as­
sumes that the fields can be derived from a complex 
potential function, although that has obviously not 
been assumed in the derivation of eq. (10). 

Using, similarly to eq. (8), and with eq. (10) 

y.(x,y,·I~: I) = y",{u(x,y), v{x,y), I~", 1/1.( I}, (11) 

we obtain from eqs. (1), (8) and (9): 

Re E:'!!: ·y..,p..,A", - - JloJ". 

Because ofeq. (5), we can write ~'. to the left of 12:. 
We thus obtain, using eq. (9) again: 

I w'l l
• Re D!y .. D .. A .. = -/lols' 

Introducing - --

},,{x(u,v),y(u,v)H:'1 1 = j .. (u,v), (12a) 

we get for the magnetostatic differential equation in the 
u, II coordinate system: 

Re p!y .. (u,v, I ~..,I / r =.'1 )~",A",::s -Jlol...(u,v). (12b) 

Of the many quantities that are of interest in the 
design or evaluation of magnets, we want to discuss 
only the transformation properties of two more quan­
tities. Although both transformation properties are 
trivial, they are of such practical importance that it is 
worthwhile to state them. 

Since x, y and u, v are related through a conformal 
transformation, infinitesimal areas da .. and do" are 
related through 

da,,::s 1!'llda... (13) 

With eq. (12a) we obtain therefore for the total 
current /", passing through any given area in the u, 
v coordinate system: 

Iw'" fl",daw- fl"I!'lldaw - fj.da"-J,,, 

i.e. total currents passing through conform ally mapped 
areas are identical. 
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Fig. I. t of quadrupole in original geometry. 

For the field energy E stored in any given area per 
unit length of magnet, we obtain from 

E.., = fl~..,11y..,da..,/(2Jlo) 
and eqs. (10), (ll) and (13) 

2JloE", = fl~:11Y.I':'11daw = fl~:11Y.da: = 2JloE., 

i.e. conformally mapped areas store equal field energy 
per unit magnet length. 

2.4. MAGNETOSTATIC COMPUTER CODE MODIFICATIONS 

FOR INTEGRATION OF EQ. (12) 

Comparing eqs. (7) and (12), one notices two 
differences: 

a. The current density jw appearing in eq. (12b) is 
related to the current density j. through eq. (12a). The 
proper current density jw can obviously be obtained by 
modifying the input data according to eq. (12a). Since 
in most practical magnets, the current density j. is 
constant within the boundary of each conductor, it is 
convenient to add a small subroutine that allows to 
input !!:.(~) and I~' 11, and the boundary and current 
density j. for each conductor, and that then prepares 
the input data to give the correctjw' That same routine 
can of course also be used to transform all other 
boundaries from the x, y coordinates to the u, v 
coordinates. Since this routine does not interact with 
the integration routine, it is clearly a simple task to add 
this routine to the program. 

b. The major discrepancy between eqs. (7) and (12b) 
is that y. depends on 10,,1, whereas Yw depends on 
lOw lilt I. It would be an easy task to store lilt 1 for 
each iron mesh zone and then to mUltiply each Bux 
density value by III.t 1 before finding the value of Yw 
when integrating eq. (l2b). However, since in most 
integration routines, the value for the Bux density in a 
mesh zone is derived by appropriate numerical proce­
dures from potentials at mesh points s~rrounding that 

zone, it will in general be easy to modify the algorithm 
so that it gives I ~..,lIlt 1 instead of 10",/. Both this and 
the above mentioned modifications were incorporated 
into POISSON l

) with very little effort and without 
increasing the storage requirements or the execution 
time for evaluation of magnets. 

Although we used vector potentials for the derivation 
of eq. (12), the resulting conclusions concerning the 
necessary modifications of j and yare, of course, in­
dependent of the method that was used to derive them, 
and are valid no matter what algorithm is used to 
actually integrate the magnetostatic equations. 

3. Consequences of application of conformal trans­
formation to eva1uation of iron magnets 

3.1. INTRODUCTORY REMARKS 

When discussing the advantages resulting from using 
conformal transformations in conjunction with a mag­
net analysis program, we will talk especially about the 
analysis program POISSON l

). Although some com­
ments apply only to POISSON, or a program similar 
to it, most remarks are valid no matter what analysis 
program is used. Also, we will talk mostly about 
evaluation or design of quadrupoles, since their dis­
cussion is representative for all higher multipoles. 

3.2. CONFORMAL TRANSFORMATION OF A QUADRUPOLE 

To provide a good quadrupole field in a circular 
aperture, it is desirable to build a magnet with the 
highest degree of symmetry possible. Fig. I shows the 
schematic outline of t of such a magnet, with the 0° 
and 45° lines being lines of constant scalar and vector 
potentials respectively. Within the aperture, the field 
fl. can be derived from a complex potential 

and because of the symmetry of the magnet shown in 
fig. I, the power series for E(~) has to have the form 

(14a) 

From this follows for the fields: 
.., 

!!: = if'(:) = 2i L (2n+l}a1(1 •• t)t·+t. (14b) .-0 
The transformation 

(ISa) 
leads to 

GIl 

f w(~) = L a1(1.+ I) .(~~)1. +I (16a) 
.-0 

and 
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Fig. 2. t of quadrupole in transformed geometry. 

en 

!!! =-(ilk) L (2n+l)·al(1,,+I}(~I.~)z,..(16b) 
"-0 

When the magnet is a good quadrupole magnet, in 
the aperture the term proportional to al dominates in 
eq. (14), and therefore dominates also in eq. (16). But 
eq. (16) then describes an essentially homogeneous 
field in the aperture, and this is of course highly 
desirable for evaluation as well as poleface design of a 
magnet. Before discussing the resulting advantages in 
detail, it is convenient to introduce a particular value 
for the scale factor Is in eq. (15a). 

To get simple relations for saturation considerations, 
we introduce ro as the distance from the center of the 
original magnet to the iron nearest the center and 
require that for I!I =rf), I~'I = 1, giving I.§"I = I.§",I 
there. 

Using for simplicity a real k, we thus get from eq. 
(15a) for I.!I =rf): I~'I =2kro = 1. 

Using this in eq. (15a) we obtain 

~ = Po(:jrO)l; Po"'" iro 
and 

(lSb) 

~ =- (zjro) == ("!.!Po)t. (lSc) 

For a 2n-pole, one would use similarly: 

~ = po(~./ror; Po == ro/n, 

~' .... (:/ror- I == (~JPo)I-J/.. (lSd) 

Applying the transformation described in eq. (ISb) 
to the magnet shown in fig. I leads to the configuration 
shown in fig. 2, which is drawn to the same scale as 
fig. 1. 

When evaluating a quadrupole magnet, the quantity 
of interest is usually the gradient of the field. From 
eqs. (10) and (ISe) we obtain 

(17a) 

(17b) 

From eq. (17b) follows the I! is directly a measure 
for the gradient in the real magnet even if the qua­
drupole is not perfect. To obtain the local gradient in 
the aperture region, we can differentiate eq. (17a) with 
respect to l: 

d~~/d.! = {~!+2~·(d~!/d!)}/ro. (17c) 

It is clear that if the magnet is a good quadrupole 
magnet, the derivative on the right side of eq. (17c) 
contributes very little to the local field gradient inside 
the good field aperture. 

3.3. ADVANTAGES OF TRANSFORMED MAGNETS 

The most obvious reason for gaining advantages 
through conformally transforming a magnet is, of 
course', the same reason why conformal mapping has 
been used advantageously for a long time in many 
fields: The simplifications of the geometry make many 
aspects of a problem so transparent that they become 
outright trivial, whereas they are oftt:n quite obscure in 
the original geometry. For instance, it is qualitatively 
much easier to see what kind of an effect a modifica­
tion of the magnet near the useful field aperture has 
on the field of an essentially homogeneous-field magnet 
than it is to see what the effect of the equivalent 
modification is on the gradient of a quadrupole 
magnet. Or, to take a specific drastic case: if a sextupole 
magnet has a circular useful field aperture ro. and a 
significant modification of the magnet is made at the 
distance 3ro from the center, it is not entirely obvious 
what its effect is on the second derivatives of the field. 
However, if the circular aperture of the transfonned 
magnet is Po, the modification in this geometry is then 
at the distance 27· Po anl1 it is obvious that this will 
have very little effect on the homogeneity of the field 
inside Po, allowing the conclusion that the modification 
will also have very little effect on the second derivatives 
of the field in the original magnet. From these con­
siderations follows that the task of designing a multi-

f This is, of course, correct only whore /l.* II can be derived from 
a complex potentiaJ, i.C!. where), ,.. const. and./- O. 

t. 2.5 

Pi,. 3. i of aperture ollipse and. polefaco in original geometry. 
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=l~blr k.'--t 
Fig. 4. * of aperture eHi pse and poleface in transformed geometry. 

pole magnet with a reasonably pure multipole field in 
the useful field aperture becomes greatly simplified 
through a conformal transformation, particularly since 
one can apply many of the fairly simple and well 
understood rules that one has for the design of homo­
geneous field magnets. 

To demonstrate this in more detail we consider the 
design of a quadrupole magnet that is required to have 
a good quadrupole field within an elliptical aperture. 
Fig. 3 shows one quarter of an aperture ellipse with a 
ratio of major to minor axis of 2.S, with e, rough out. 
line of one quarter of the magnet poleface also in­
dicated. To see how far the poleface has to be carefully 
designed. we apply the transformation .!!' = k!l, map­
ping the i-ellipse of fig. 3 into the i-ellipse in fig. 4. 
Since we know that in order to obtain a homogeneous 
dipole field, the poleface should extend at least one 
quarter of the magnet gap beyond the ends of the 
aperture region, we also indicate the required poleface 
width. [t is also shown how far the poleface would have 
to go on the left side in order to get a quadrupole that is 
symmetrical with respect to the 4So.line (in the original 
geometry), with the resulting better field quality because 
of the higher degree of symmetry. Since conformally 
mapped areas store the same energy per unit magnet 
length, it is directly evident how much one pays in 
terms of stored energy for the magnet with the higher 
symmetry. After fixing the ends of the polefaces in the 
described manner, one would then transform these 
endpoints into the original geometry and design the 
rest of the magnet structure (coils, yokes, etc.) in the 
original 'geometry. Then, as the last step, after trans. 
forming the whole magnet and generating a mesh in the 
new geometry, one would evaluate the magnet in the 
transformed geometry and optimize the poleface to 
give a highly homogeneous field in the transformed 
geometry, leading to a high quality quadrupole field 
in the original geometry. 

There are, of course, some basic differences between 
true homogeneous field magnets and homogeneous 
field magnets that are obtained through conformal 
transformation of a multipole magnet. In most mag­
nets the coils have a uniform current density and the 
air-coil and most air.iron interfaces are stra1ght lines 
(the magnet shown in fig. 1 is an exception in this 

respect). Tbis is of course no longer true after a multi­
pole magnet has been transformed. Although this 
has generally very little effect on the design of the 
aperture r~gion. it means for instance that one can not 
obtain a practical multipole magnet by transformation 
of a window frame magnet. 

A more significant difference arises when one con­
siders saturation effects. When one designs a homo­
geneous field magnet and other considerations, such as 
stored field energy, do not preclude such a conservative 
design, one can get very good field homogeneity over 
~ wide field range by extending the flat pole face 
significantly beyond the aperture limits. Doing the 
same in the case of a transformed multipole would 
lead to a badly saturating magnet because, according 
to eqs. (12b) and (lSd), the quantity determining the 
saturation in iron is 

~wl'I~1 Pol t - I/~ 

With I~wl in the pOleface region essentially constant, 
the factor 

1~/Poll-l/" 

will lead to stronger saturation effects the more the 
poleface is extended beyond the aperture limit. Nu· 
merically, this effect CID be quite significant: if the total 
width of the symmetrical poleface of a transformed 
quadrupole is 3po in one case. and 4po in another, the 
values for l.!!'/Pol t at the ends of the poleface are 1.344 
and l.S = 1.344 x l.11. This points out that in order 
to design a multipole magnet with a good field distri­
bution at low as well as at high fields, it is exceedingly 
important to be able to achieve good field distributions 
with as little iron beyond the aperture limits as possible. 
For this reason, a performance optimization proce· 
dure that allows one to optimize the field distribution 
simultaneously at low and high fields4) is even more 
important for the design of multipole magnets than it 
is for the design of dipole magnets. 

While the presence of the above mentioned satura­
tion effects is obvious without application of a con­
formal transformation, their qualitative and quanti­
tative discussion and evaluation is considerably easier 
in the transformed geometry. 

Again with respect to this subject, one gains a better 
understanding through considering the transformed 
magnet. The resulting simplifications of the design 
process will of course in many cases lead to improved 
design and performance of magnets. 

While the advantages discussed so far are to a large 
degree of a qualitative nature, evaluation of multipole 
magnets in the transformed geometry can also lead to 
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a very significant increase in accuracy. Magnet evalua­
tion codes usually compute potentials at a large number 
of discrete mesh points that cover the geometry of the 
magnet. In the algorithm for the calculation of the 
potentials, the behaviour of the potential in the region 
around mesh points is generally approximated by 
polynomials in the coordinates. These polynomials 
are, to cite two examples, of first order in POISSON, 
and second order in SYBIL'). This basic difference is 
due to the meshes employed in these two types of 
programs, SIBYL using a uniform rectangular mesh 
and POrSSON a variable triangular mesh. This gives 
POISSON the advantage of being more flexible and 
therefore having virtually no restrictions on the 
boundaries of the problem and between different 
materials, at the expense of being less accurate. While 
these inaccuracies arc of very little significance far away 
from the useful field aperture, they can be of impor­
tance in the aperture if the field there is highly in­
homogeneous. By evaluating a multipole magnet in 
the transformed geometry, the aperture field will be 
very homogeneous for a well designed magnet. Conse­
quently, the potentials are nearly exactly linear func­
tions of the coordinates, thus practically eliminating 
this source of error. Furthermore, the local field 
gradients in the original geometQ are essentially given 
by the field in the transformed geometry. This means 
that in order to obtain the local field gradient in the 
aperture of a quadrupole, one has to calculate second 
derivatives of relatively inaccurate potentials if the 
evaluation is done in the original geometry, whereas 
one has to take essentially only first derivatives of very 
accurate potentials if the evaluation is done in the 
transformed geometry. The cascading of these two 
main accuracy-improving properties leads to a very 
significant improvement of overall accuracy: Eval­
uating a magnet that has an analytical quadrupole 
field distribution with POISSON gave the gradients in 
the aperture region with about 1% errors when the 
evaluation was done in the original geometry. whereas 
the error was only 0.01% when evaluated in the trans­
formed geometry. While 0.01% accuracy is better than 
normally needed, 1% errors are more than tolerable in 
many cases. It is clear that the accuracy improvement 
is even more urgently needed (and obtainable with this 
procedure) for higher multipoles. where even an in­
trinsically more accurate program like SIBYL could 
not be expected to be quite as accurate as one would 
need under some circumstances. A minor advantage 
results when a multipole magnet is to be evaluated 
with an irregular variable mesh program like POISSON 
and the evaluation is done in the transformed geometry: 

Because of the curvature of the poleface in the original 
geometry, it is very difficult to generate a good mesh 
point distribution, while it is very easy to generate a 
practically perfect mesh in the aperture region of the 
transformed magnet. . 

Finally, it might be worthwhile to remark that it is 
possible to check internal consistency and accuracy 
of a program by computing potentials and fields of a 
magnet in the original and a conformally transformed 
geometry, and then comparing the results. 

4. Limitations and drawbacks 

Although it is possible to evaluate a transformed 
magnet geometry that covers more than one leaf of a 
Riemann surface, this is clearly neither desirable nor 
practical. Therefore a magnet geometry should be 
sufficiently symmetrical so that the transformed magnet 
covers only 360° or less of a plane. While most multi­
pole magnets satisfy this condition, one has to realize 
that for all practical purposes this makes it impossible 
to evaluate in the transformed geometry the effects of 
slight assembly-asymmetries of a basically symmetric 
magnet. 

It is clear that by transforming a 2n-pole with 
w- z!', the ratio of the aperture area to total magnet 
i"rea-is much smaller in the transformed geometry than 
it is in the original geometry, leading to a reduced mesh 
point density in the aperture of the transformed 
magnet. When using a variable mesh code, this can be 
partly corrected by adjusting the! mesh spacing ac­
cordingly; with a fixed mesh code, one gains a small 
advantage because the fraction of the magnet that has 
to be evaluated is generally larger in the original 
geometry than it is in the transformed geometry. (For 
instance, one has to evaluate i of a symmetrical 
sextupole in the original geometry. but only n in the 
transformed geometry.) Depending on the details of 
the magnet under consideration. sometimes neither 
one of these gains is enough to compensate sufficiently 
the reduced mesh point density in the aperture region 
of the transformed magnet. We want to discuss briefly 
two methods that can be used to improve the mesh 
point density in the aperture. 

Instead of using the transformation that produces 
exactly the desired mapping, one can use one that gives 
the desired mapping in the aperture region in very good 
approximation, and compresses the transformed mag­
net far away from the aperture. 

For instance, instead of using the really desired trans­
formation 
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for a 2n-pole, one can use the transformation 

~= {ro/(ru;)} In {l +t(;lro)"} with t~ 1. 

In the aperture region (III/ro ~ I) the latter trans­
formation gives approximately the same mapping as 
the former, whereas fort(I!llrot;;;: 1 they differ 
markedly, making the overaU size of the second trans­
formed magnet relative to its aperture smaller than the 
first. The slight deviation from the transformation 

.! = (roln)(!,/ro)ft 

should not decrease the evaluation accuracy in the 
aperture if #: is not too large; also all the gains of 
qualitative nature described at the beginning of this 
section are preserved. Since the exact form of the used 
transformation is known, it is of course very easy to 
take the difference between it and the transformation 
~-~ quantitatively into account. In magne~s with 
extreme dimensions one could even think of using the 
transformation: 

w::x {ro/(e")} In [I +In {I +e(:/rot}]. - -
A somewhat simpler procedure would be to evaluate 

the magnet in two steps: First in the original geometry, 
giving the overall potential distribution and all the 
gross-saturation characteristics, but very poor accuracy 
in the aperture region. In the second step one evaluates, 
in the "ideally" transformed geometry, only a part of 
the magnet, extending, in tbe transformed geometry, 
from the center to about 5-20 times tbe aperture 
dimension. Depending upon whether or not this region 

contains coils. one can then evaluate this partial magnet 
with boundaries parallel or perpendicular to field lines 
calculated in the first step. or with boundary values of 
the potentials oblained in the first step. Since Ihe 
boundaries are far removed from the aperture region, 
the accuracy of the evaluation in the aperture region 
will be practically independent of Ihe choice of the 
boundaries or the boundary values. If the saturation 
behaviour is of no interest, it will in most cases not 
even be necessary IO make the first evaluation since one 
can guess in general with sufficient accuracy what one 
has to do at the boundaries . 
. Referring to eqs. (10) and (12a), it is evident that 
l t: 0; ~t t: 0 has to hold in all regions containing iron 
and!!" t: 0 has to hold in coil regions of magnets. In 
the rare cases where one would like to use a trans­
formation that violates these conditions, it is usually 
possible to modify the ideally wanted transformation 
such that it still gives essentially the desired mapping in 
the area of interest, but avoids the violation of the 
above mentioned conditions. just as was suggested to 
compress the outside portions of a mapped magnet. 
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CALCULATION OF THE STRAY FIELD OF MAGNETS WlTH POISSON­
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It is shown thaI applit:alion of conformal mappini to two di- It II furthermore shown lhat only minor modifications to POlS­
mensional mafP'lets. containin .. iron with nonlinear B(N) charac- SON are necessary to allow application of the same lechniques 
terislicJ. allows calculation of mafP'lelic fields in' allm space. For to magnets Wilh axial symmelry,leading in lhis case 10 solutions 
softie mafP'lets of finite lenglh. this information can be used to that senuinely and aeeuratel y describe lhe fields in all of 3D space. 
let a aood approximalion for the stray fields in all of 3D spaee. 

1. Introduction 
It is sometimes necessary to have information about 

the stray fields produced by two dimensional magnets. 
It is clear that the foUowing consideration. being purely 
two dimensional. is valid at most up to a distance of 
the order of the physical length of the magnet; We will 
later describe a procedure that can give approximate 
information about three dimensional stray fields and 
will finally discuss application of the basic procedure to 
axially symmetric magnets. To simplify the description 
of the procedure. we discuss its application to a specific 
magnet that is typical for the kind of problem that 
arises in practice (and also leads to simple Bgures that 
are easily drawn). Although of general validity. the 
description of the method is tailored to the use of the 
magnetostatic analysis program POrSSON'). 

2. Stra)' fields produced b)' a window frame magnet 

Fig. I represents the cross section of *' of a window 
frame magnet. The field lines are perpendicular to the 
midplane 0-8. and the symmetry plane 0-6 has a con­
stant vector potential. For calculation of the fteld with 
a digital computer, one obviously has to limit lutiftcially 

't 

lhe grid that is used for the description of the problem. 
Even when saturation effects are of importance, it is a 
reasonably good approximation to limit the grid along 
the line ~1-8 and put that line onto the same vector 
l?otcntial as the line 0-6. Whether one limits the grid in 
this way, or limit~ it farther outside, with air between 
6·1-8 and the grid limitation, is immaterial for the 
method used to compute the stray fields. 

When one wants to calculate the stray field at some 
point outside the magnet. the grid does not only have 
to include that point. but should go significantly beyond 
it in order to avoid falsification of the stray field by the 
artificial grid limitation. This leads to an impractically 
large total number of mesh points, since the magnet 
itself should still contain a reasonable number of grid 
points in order to describe the str.ay field-producing 
saturation of the iron adequately. The large number of 
grid points and the errors resulting from the artificial 
grid limitation are avoided with the following proce­
dure. 

One Jirst solves the magnetostatic problem. without 
regard for stray ftelds, in the configuration shown in 
fig. I. with the artiftcial grid limitation along iine 6-i-8. 
One then solves the same magnet again, but in the 
geometry obtained by .pplying the conformal transfor­
mation 

--~ w_-R1Iz. (w=u+iv;z-x+i..l'). (1) 

/ 
I 

I 
I 
t 
I 

/' 

, ...... 
" 

• , x 
ria. 1. Oriaiaal aeometry or mapt (complex .r-pllDfl). 

to the original magnet. R is a suitably chosen scaling 
length. and fig. 2 represents the transformed magnet. 
drawn to the same scale as the magnet in fig. 1. with 
R equal to the distance O-S. 

The minor program modifications necessary to ana· 
lyse a magnet with nonlinear iron in a cooformally 
transformed geometry have been described elsewhere l

) 

and are incorporated into POISSON. 

• This work wu doae under the auspiccs of the U.S. Atomic 
Eneta7 Commi.lllion. 
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Fig. 2. Conformally mapped IComeuy of magflet (complex 
.... plane). 

To solve the magnetostatic problem in the trans­
formed geometry. we limit the grid in the III-plane along 
the map of a suitably chosen contour inside the magnet 
in the original geometry. for instance line 1-3-4. or 
alternatively the dashed circle. We' obtain the vector 
potentials at the grid points of that mapped contour 
frQm the analysis in the original geometry, and solve 
the resulting boundary value problem, or boundary 
value problem with currents, in the transformed ge· 
ometry. Tile field components Du,D~ inside the contour 
00'-6'-7'-8'-00' are obtained from the vector potentials 
by standard numerical differentation, and the field com­
ponents DltID, in the ori8inal geometry are obtained by 
application of eq. (10) of 2) and yield with eq. (I): 

(8,,-iB,)'" (B .. -iBlI)(dw/d:) .. 

.. (Bu:..jB.,,)(R/z)% - (B .. -iBII)(w/RY'. (2) 

It can also be practical to calculate from the vector 
potentials the mUltipole coefficients all of the complex 
potential describing the fields in the w-plane: .. 

F.,(w) - I:a.w". (31) 
• 

This gives for the Laurent-expansion of the stray field 
potential: .. 

F,(z.) - .Ea.( -R%/zr. (3b) 
• • 

The only one step described above that IS not rou­
tinely performed by POISSON is the transfer of the 
vc<:tor potentials from tbe contour 1-3-4 to the mapped 
contour 1/-3'-4/ in the w-plane. Tho siD:lPlest way to 

accomplish this is to map the grid points on the outer 
contour in the III-plane into the z-plalle and c:llculate 
the potentials there by interpolation of the vector po­
tential field. Linear interpolation should in Seneral be 
sufficient, since minute details of tile Vc<:tor potentia.l 
distribution along the outer contour in the w-plane 
sllould have only a small effect on tile stray fields. An 
alternate method to solve Cor the stray fields would be 
to compute the scalar potentjals along the contour 
6~7-8 and use its map BS the outer problem boundary 
in the w-planc. The first method is preferable, since 
scalar potentials are usually not computed by POlS~ 
SON and the stray fields would be more sensitive to 
errors in the scalar potentials aloni 6'-7'-8' then th.ey 
are to errors in the vector potentials along 1'-3'-4'. 

It is clear that the computation of the stray fields 
in the w-plane alJows the presence of ferromagnetic 
bodies in the stray field region as long as they satisfy the 
conditions implied by the two dimensional appl'oxi­
mation. 

When one is dealing with symmetrical multipoles 
(2n-poles), it has been shown l ). that it is advantageous 
to analyse their fields in the geometry obtained by the 
conformal transformation w - k:'-I t'. Similarly. the 
strllY fields of such 11 magnet should be computed in the 
geometry obtained by transforming the original seome· 
try with w- _RIf +1/z", and the stray fields in the 
original geometry arc obtained rrom the fields in the 
transformed geometry with approprilUely modified 
equivalents to eq. (2). 

When one is evaluating magnets that saturate badly. 
or magnets with an open iron core (for iostance C­
magnets), it is not always obvious how much the so­
lution in the magnet is inlluenccd by the artificial grid 
limitation. To obtain a better solution, one ca.n com­
pute the stray fields as described above, then transfer 
the vc<:tor potentials obtained along the map of the 
grld-limiting-contour or the original magnet (6'-7'-8') 
to that contour (6.7.8) in the original geometry. and 
solve the problem again in the original geometry with 
these new values at that boundary. With this iterative 
process, which in general will not have to be repeated, 
one clearly obtains a very accurate aU 2D-space solu· 
tion for the magnet. There are obviously other configu­
rations where these all 2D-space solutions might be 
useful. One might, for example, want to know bow the 
field in an iron-free magnet is induenced by the pre­
sence of iron at a distance outside the magnet. 

It is worthwhile to point out that it is possible to 
obtain reasonable ap'proximations for the three di­
mensional stray fields at virtually any distance produced 
by magnets that havc small cad effects ia the sensc that 

I 
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they do not contribute significantly to the stray fields. 
One could derive the three dimensional stray fields 
from a vector potential that is obtained by super­
position of finite length filamentary multipoJes with 
strengths giving the "near field" multipole strengths 
described· by eq. (3b). 

3. Extension to magnets with axial symmetry 
Magnetostatic fields with axial symmetry can be de­

rived from a vector potential tha t has only an azimuthal 
componenr which is, of course, independent of the 
azimuth. If we introduce the axial and radial coordi­
nates respectively as the :, and y coordinates of a 
Cartesian coordinate system and furthermore introduce 
a pseudo vector potential V with only a component in 
the ,X x '1 direction equal to y times the vector potential, 
then the magnetostatic equations for the axially sym.,. 
metric problem can be represented by: 

B = {y)-tv" X V, (4a) 

H = Y{IBI.,X,y)·B{llo, (1 == 1{llreiJ, (4b) 

V" x [(y/y)V" x V)] = Jloj. (4c) 

In these equations. j has only a component in tbe 
.:r x y direction, equal to the current-density in the 
original problem, and V" is the Cartesian form of the 
del operator. 

The only difference between eqs. (4) and the equa­
tions describing a genuine two dimensional problem in 
Cartesian coordinates is the extra factor l{y, and the 
integration routine is easily modified to take this into 

4 
------ Il 
f+ z/ l~CI... 

liz P { ({ ," e a 

CI (L I /It) I I h 

account. POISSON, just as its predecessor TRIM (as 
well as other programs). has this modification in­
corporated for the solution of problems with axial sym­
metry. It is clear from eqs. (4) and .l) that in ord~r to 
solve eqs. (4) in a conformally mapped geometry, one 
needs to incorporate into POISSON the same modifi­
cations that are needed to solve genuine two dimen­
sional problems in a transformed geometry, as weU as 
the modification necessary to take the factor 1/y into 
account. Although this has not been done yet, it is 
clearly a simple matter to do so. To find the stray fields 
for an axially symmetric problem, the same transfor­
mation can be used that was employed in the 20 case, 
and the rest of the procedure is also identical, with only 
two modifications: the power expansion. eq. (3), is not 
applicable, and the field components in the x-y(z-r) 
coordinate system are obtained from 

B;c -iBy = {(oV{OIJ) + i{aV{ou)}(dw{dz) { y. 

In contrast to the two dimensional case, application 
of this procedure to an axially symmetric magneto­
static problem gives a solution that genuinely andac­
curately covers all space. 
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ARGONNE NATIONAL LABORATORY 
9700 SOUTH CA!isAVEJu,AJ~o~, illiNois 604~9 

Nary Menzel 
LANL AT-6 MS-829 
P. O. BOX 1663 
Los Alamos, NM 87545 

Dear Mary, 

September 12. 1985 

I wish to thank you for your help in tracking down the problems I encoun­
tered using POISSON and, in part:icular. the conformal mapping feature. tty 
understanding of it is as follows: 

LATTICE 

1. The user must transform the geometry from the x-y plane to the u-v plane. 

2. CON(37) = MAP, CON (123) D TNEGC. CON (124) ~ TPOSC. AND 
CON (125) - RZERO must be specified so that LATTICE can map the currents 
to the u-v plane and correct them slightly so the total current is the 
same in both the x-y and u-v planes. 

3. Cannot use line regions with specified potential. 

POISSON 

1. The field and gradient are printed out at the air points for both the x-y 
and u-v plane. 

2. The field at the iron points is printed out for the x-y plane only. 

3. The stored energy is the same in both planes. 

4. The flux l.lnes plotted are lines of constant vector potential in the u-v 
plane. Caution, these do not indicate the flux density in the x-y plane. 

I am enclosing a copy of a Light Source Note, LS-3Z, describing the 
testing I did of the Harmonie Analysis feature of POISSON. Please give John 
Warren and Martyn Foss a copy and express my tlmnks to them. 

Sincerely, 

tJ~ ·/~ 
Robert J. tari 

RJL:ehr 

Enclosure 

us. DEp\RTMENT of El\fRG)1 



Harmonic Analysis Errors in Calculating Dipole, 
Quadrupole, and Sextupole Magnets using POISSON 

Ro be rt .J. La ri<:Rt i... 
September 10, 1985 

Introduction 

LS-32 

The computer program POISSON was used to calculate the dipole, quadru­

pole, and sextupole magnets of the 6 GeV electron storage ring. A trinagular 

mesh must first be generated by LATTICE. .The triangle size is varied over the 

"universe" at the discretion of the user. This note describes a series of 

test calculations that were made to help the user decide on the size of the 

mesh to reduce the harmonic field calculation errors. A conformal transfor­

mation of a multipole magnet into a dipole reduces these errors. 

Dipole Magnet Calculations 

A triangular mesh used to calculate a "perfect" dipole magnet is shown in 

Fig. 1. Both the physical (x-y) and logical (K-L) mesh coordinates are 

shown. The lower boundary of this "universe" is a flux normal boundary and 

can be considered the mid-plane of the magnet. The top boundary is also a 

flux normal boundary and can be considered as an infinite permeable pole 

tip. The left boundary is a flux line of vector potential 0.0 G-cm and the 

right boundary is also a flux line of vector potential 140,000 G-cm. Since 

the distance between these boundaries is 14 cm, the flux density in the uni­

verse will be uniformly 10000 gauss. A mesh 8 units high by 29 units wide was 

used. The total number of mesh points is (8+2) (29+2) or 310 mesh points. 

This includes the four phantom mesh lines surrounding that shown. 

The harmonics are calculated by integrating the vector potential on a 

circular arc and doing a Fourier analysis of it. Hence, the program requests 

an integration radius, RINT, a starting angle, ANGLZ, a change in angle, 

ANGLE, and a normalization radius, RNORH. The number of terms to calculate, 

NTERM, and the number of equidistant points on the arc of circle, NPTC must 

also be specified. The integration radius and normalization radius were both 

3.0 and 19 potnts were used on the circular arc from 0 to 180 degrees. These 
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19 mesh points are shown circled in Fig. 1. Table I gives the results of the 

calculation. All harmonics have units of. gauss. The maximum error for a mesh 

this size is less than .05 gauss in 10000 gauss at a radius of 3 cml 

A smaller mesh size might be pOSSible, but with this size, O.S ~ 0.5 em, 

the mesh is not too distorted at RINT when 0.17 em by 1.5 em shims are 

attached to the pole tip at the sides. Equal weight triangles were used. 

Quadrupole Magnet calculations 

It can be shown (1) that the pole shape for a perfect p-pole magnet 

satisfies equation (1). 

r P/ 2 sin (p/2)8 • RaP/ 2 (1) 

Likewise the coil shape satisfies equation (2). 

r P/ 2 cos (p/2)8 • R p/2 (2) 
c 

RB is the distance to the pole and Rc. the distance to the coil. In rectan­

gular coordinates for a quadrupole magnet, p • 4, these become: 

and 

2 
xy • Ri/2 (pole shape) 

2 2 
x - y • a2 (coil shape) 

c 

(3) 

(4) 

A perfect quadrupole is shown in Fig. 2. As in the case of the dipole. 

the lower and upper boundaries are flux normal boundaries. The left side is a 

flux line at 45 degrees and the right side is a flux line of vector potential 

Al where 
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It is best to distribute the triangles uniformly along the x.axis and the 45 

degree line, since the field varies linearly. This makes the change of the 

flux density the same across each triangle and makes the errors equal. 

POISSON assumes that the vector potential varies linearly across each tri­

angle. This assumption conflicts with the quadrupole field which varies 

linearly with radius. This effect is illustrated in Fig. 3. 

The distribution of mesh points along the pole tip can be found by solv­

ing equations 3 and 4 simultaneously for a· fixed RB and for the 15 values of 

Rc which are the x coordinates of the mesh points on the x axis. Similarly. 

the distribution of mesh points along the coil can be found by Bolving equa­

tions 3 and 4 simultaneously for a fixed Rc and for the 8 values of RB along 

the 45 degree line. This method of distribution has been used to calculate 

the harmonics for four different mesh sizes. The results are given in Iable 

II. A flux plot is shown in Fig. 4. 

Using the same number of mesh points. 170. as were used in the dipole 

case results in field errors of 15 gauss in 3000 or 0.5 percent. Doubling the 

mesh in each direction results in 527 points and reduces the field errors to 

3.2 gauss or 0.1 percent. Again. doubling the mesh for a total of 1829 points 

gives 1.9 gauss error or 0.06 percent. With 6785 mesh points, the error is 

0.3 gauss or 0.01 percent. These results clearly demonstrate the conflict 

between the basic assumption of field uniformity in POISSON and the linear 

field of a quadrupole magnet. A method to circumvent this problem is 

described in the last section. 

Sextupole Magnet Calculations 

In rectangular coordinates for a sextupole magnet, p - 6, equations 1 and 

2 become: 

233 
3x y - y - RB (pole shape) 

323 
x - 3y x - R (coil shape) c 

(5) 

(6) 
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A perfect sextupole is shown in Fig. S. The lower and upper boundaries 

are flux normal boundaries. The left side is a flux line at 30 degrees of 

vector potential zero. The right side is a flux line of vector potential A2 

where 

R R3 
A2 - J ~ dx - BM --3c - (100) (7.2569)3 - 12738.9 G-cm. o y 3 

To distribute the mesh points along the x axis so that the change in 

field between successive points is the same requires that 

x -N 
(N/NPTS)1/2 (R ) 

c 

where N is the nth point and NPTS is the total number of points along the x 

axis. A similar distribution can be made along the 30 degree line. Using 

these xN values as Rc in equation 2, the two equations, 1 and 2, can be solved 

simultaneously to find the nth point on the pole tip. The points on the right 

boundary can be found in a similar way using the ~ as Ra. 

The results of the calculations for two mesh sizes is shown in 

Table Ill. Using 432 mesh points results in errors of 1.5 gauss out of 3025 

gauss or 0.05 percent. With 1364 mesh points, the error is 0.6 gauss or 0.02 

percent. A flux plot is shown in Fig. 6. 

Conformal Transformation 

It has been shown(2) that higher pole magnets can be transformed into a 

dipole magnet by the transformation: 

zp/2 
W - --=----::--:"':":""'-:" 

(.2.) R (p/2)-1 
2 0 

where 

W - u + iv 

Z - x + iy 

P - number of poles 

& - the magnet bore radius. 
o 

(7) 
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for p - 4, a quadrupole magnet, these become 

2 2 
x - y 

u - 2R 
o (8) 

The pole tip and coil shown in Fig. 7a of a quadrupole magnet is transformed 

by equations 8 into the pole tip and coil of a dipole magnet of Fig. 7b. The 

program LATTICE transforms the current from the x-y plane into the u-v 

plane. The user must first transform the x-y geometry into the u-v geometry 

and use this as input to LATTICE. The total current is the same in both 

planes (2). 

POISSON transforms the permeability and prints out the fields, gradients, 

etc. in both the x-y and u-v planes for the air points. The fields in the 

steel are printed out as they would be in the x-y plane. The stored energy is 

the same in both planes. A discussion of the advantages, limitations and 

drawbacks is given in reference 2 and will not be repeated here. 
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FIGURE 1. PERFECT DIPOLE MAGNET 

n Bn (gauss) 

1 10000.000 
2 .002 
3 - .032 
4 .034 
5 - .027 
6 .042 
7 - .047 

TABLE I 
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FIGURE 2. PERFECT QUADRUP'OLE MAGNET 

~ ACTUAL QUADRUPOLE FIELD 

~POISSON "STAIR-STEP I! APPROXIMATION 
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FIGURE 3. POISSON APPROXIMATION TO A QUADRUPOLE FIELD 
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t 

I 

n 

2 
6 

10 
14 
18 
22 
26 

o. OF N 
ME SH PTS. 

B (gauss)(at RNORM - 3.0 em) 
n 

2985.7 2996.8 2998.1 
14.54 2.45 1.20 

-6.00 -0.96 -0.48 
3.67 0.35 -0.03 

-2.29 -0.32 0.05 
0.47 0.15 -0.02 
0.36 0.01 0.02 

170 527 1829 

TABLE II. A PERFECT QUADRUPOLE MAGNET 
HARMONIC CALCULATIONS 

2999.7 
0.12 

-0.21 
-0.08 
-0.12 
-0.27 
-0.04 

6785 
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FIGURE 6. PERFECT SEXTUPOLE MAGNET FLUX LINES 

11 

3 
9 

15 
21 

No. of 
Mesh Pts. 

(RNORM '" 5.5 em) 

B (gauss) 
n 

3023.4 
-0.28 
-1.59 
-0.40 

432 

3024.5 
-0.02 
-0.66 
-0.02 

1364 

TABLE III. A PERFECT SEXTUPOI.E 
HARMONIC CALCULATIONS 



FIGURE 7a. QUADRUPOLE IN THE x-y PLANE 

FIGURE 7b. QUADRUPOLE TRANSFORMED INTO A 
DIPOLE MAGNET IN THE u-v PLANE 
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B.13.5 Boundaries and Meshes 

This sect.ion is not complete. When it is finished, it. will be sent to persons 
who have received t.his manual from t.he Los Alamos Accelerator Code Group. The 
material given below is a sample of what will be included. 

B.13.5.l Boundary conditions 

The solution to a two-dimensional, second-order, partial differential equation like 
Poisson's eCJunt.ioll is not Ul1i<jllely det.ermined by the e<Jllation itself. One needs t.o 
place 8. const.raint 011 the solut.ion by specifying the vruue of t.he solution, and/or it.s 
derivative, along some closed boundary line. 

Doulldary cOl1diLions canllot he imposed a.rbitrarily. The most general, allowed 
boundary coudition depeuds on the type of diITerellt.ial equation (hyperbolic, ellip­
tic, or parabolic). Poisson's equatioll for the vector potential A(~, y) aud relllctivity 
,. (A( x, y)) takes the form 

a aA a aA 
a;b(A) a;l + ayb(A) ay 1 + J(x, y) = 0, (B.13.5.1) 

and is an E."llipt:ic difTerential C«llatioll. It. can be show that t.he most general bound­
ary condition for elliptic equations is of the form 

aA aA 
aA + b[nz ax + nil ay] = C, (B.13.5.2) 

where a, band care fllnct.iolls of posi1 iOIl on the boundary curve. The qllant.ities 
nz and nil are components of a uuit, inward-normal vector to the boundary curve. 

For purposes of t.he computer program POISSON the boundary curve is Ule 
perimetE."r of the area meshed by LATTICE. The boundaries between regions inside 
t.he meshed areas are not boundaries on which boundary conditions must be im­
posed. The functions a, b and c are piecewise constant on portions of the boundary. 
In fact" c is normally zero and either a is Ze\'O or b is zero on a given portion of the 
boundary. 'l'his specialized form of boundary condition is rarely absolutely correct 
on t.he boundary of t.he meshed region. The eo·rror resulting from using incorrect. 
boundary cOllditi(;ms is usually of little practical importance when one is concerned 
about the magnetic field at a location far from the boundary. An excellent discus­
sion of this point call be fOlUld ill the book by D.A. Lowther and P.P. Silvester.s 
When a port.ioll of the boundary is a line of symmetry, then the boundary condition 
on that portioll of the boundary can be exact. 011 other portions of the bOlmdary 
it lllay not even he obvious how to impose a boundary condition. The magnet de­
signer must rely on previous experience and his expectations for the final field. 
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In what follows we will define the llomencJuhll'e, derive some rules of thumb for 
choosing boundary condit.ions, discuss sltcC'essive region overwl'ite as it applies t.o 
boundary conditions, amI say a few words about a new version of t.he code available 
from Lawrence Berkelt'y Laborat.ory t.hat. has more geueral boundary conditons. 

The nomenclat.ure used in the general t.heory of PDE's is:9 

Dirichlet - A(:e, y) specified everywhere on the boundary, 
Neumann - ii· V A is specifil"d f:verywhere Oil the boundary, 
Intermediate - Linear comhination (See E<l.( B.13 . .').2) is specified on t.he boundary, 
Homogeneous - The specifieu value (c in Eq.(B.13 . .s.2)) on the boundary is zero, 
Inhomogeneous - The specified value Oil the bOlludary is not. zero. 

The boundary condit. ions allowed by POISSON are a spedal form of t.he inho­
mogeneous, illterlllediut.e case. The authors of POISSON lise t.he following nomeu­
clature: 

Dirichlet. - A(x, y) = c on some porfion of t.he houndary, 
Neumann - il . 'V' A on some portion of the boundary. . 

Usually t.he const.ant c is zero, but hy using CON(20)=INPUTA (See SeC'. D.5.5) or 
C(6) = -1 (See Sec. 8.3.2) one can set the pntellt.inl 011 some port.ion of t.he bound­
ary to a non-zero const.ant. va.hle. The full closed boundary has been divided inlo 
four pieces correRponciing t.o t.he fOlll' sides of t.he most. general defining rect.angle for 
the problem (LEFT, UPPEH., RIGHT, LOWgll). The elements of the CON array, 
CON(2l), CON(22), CON(23), and CON(24), are used t.o specify pure Dirichlet or 
pure Neumann conditiolls on t.he separate sides of Ule prohlem rectangle. 

Most users have Iit.t.le or no intuition reJ?;arciing the lwhavior or A(:z:, y) and are 
more comfortable wit.h the diredion of t.he lJlaglld.ic inuud.ion B 01' the electric field 
E. The following derivat.ion shows how one rela.t.es Dirichlet and Neumann concli­
t.ions to the field direct.ion at the boundary. Let. us write the unit inward, normal 
to the boundary in t.he form 

fi. = n~ex + nyey . (B.l3.5.3) 

The unit tangent. to the boundary at this point is perpendicular to fi. and can be 
shown to be 

t = t:a,.ex + tyey = nyeX - nzey. (B.13.SA) 

For the Dirichlet condit.ion, since A(x, y) is constant on the boundary, the com­
ponent of t.he gradient of A(x,y) parallel t.o the boundary is zero. This gives t.he 
relation 

A 8A 81i 
t· VA = ny- - n~- = O. (8.13.5.5) 

8:z: 8y 
But we know that Bz: = 8A/vy and By = -8A/8:z:. This gives us the relat.ion 

t . 'V' A = -(n:cBz + nyBII) = -n· B = 0 (B.l3.5.6) 
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This implies t.hat the maguetic field ll1ust be parallel to the boumla.ry. 

FOT electrostatic problem, it, is easily seen that V(or, y) constant. 011 t.he houndary 
leads to the equation 

t . VV = -(t:r:E:r: + t1lE lI ) = -t . E = 0 (B.13.5.7) 

This implies t.hat t.he eledric field must he perpendicular to the boundary. 

For t.he Neumann condit.ion, the llormal derivat.ive of A(x, y) vanishes. This 
gives t.he relation 

~ 8A aA 
11' v A ::::: n",-;-- + n,,- ::::: O. 

ax 8y 
(B,13.5,8) 

But. we know that Bz: = 8.4/8y amI By = -8A/8x, and nz: - -ty and ny = tz:, 
This gives us the relation 

n . V A = t:r:B", + t.yE" = t . B = 0 (B.13.5.9) 

This implies that t.he magnetic field must he perpendicular to the houndary. 

For electrost.at,ic problem, it is easily seen that ii . Vl!'(x, y) o leads t.o the 
sequence of equations 

8V all' n· 'VV = na;- +ny- = 0, 
8x 8y 

(R13.5.10) 

and 
(B .13.5.11) 

This implies that the eledric field must· he parallel t.o the boundary. Table B.13.5.! 
summarizes the results. 

Table B.la.5.I. Implications of Dirichlet and Neumann Conditions 

Field Dirichlet Neumann 

Magnetic parallel to houndary perpendicular to boundary 

Electrostatic perpendicular to houndary parallel to boundary 

In cases of high symmetry these conditions can hold exactly. There are t.wo 
main types of two-dimensional symmet.ry - reflection and rotation. Under each of 
these types there are two subtypes - electric currents change sign 01' they do not. 

Figure B.13.5.1 shows t.he two t.ypes of reflection symmet.ry and t.he direct-ions of 
the field lines. The plane bet.ween two eqllal and opposit.e currents, which is called 
a separatrix, has n· B = 0 hence implies Dirichlet boundary conditions. The plane 

;' A 
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between currents of the same sign, which is called all "evell line", is a Neumann 
boundary. This assumes of course that the line coincides with one of the boundary 
lines for the problem. 

EVEN LINE 

ODD SYMMETRY EVEN SYMMETIlY 

Figllre B .13.5.1: The dil'ectiou of lnagnetic field lines for two types of reflection 
symmetry: separatl'ix and even lille. 

If there is rotational symmet.ry, t his has t.he t"ff('ct: of int.roducing angular arrays 
of separatrices and/or even lines as illust.rated in Fig. B.13.5.2. If any of t.hese spe­
ciallilles corresponds to a boundary for the problem, then one can use the rule: 

Separatrix - Dirichlet 
Even line - Neumann. 

When t.here is iron in the problem, it is gent"rallly true that. the field inside Ule 
iron near the surfa.ce is paraJJt"I to t.he surface. This means that. if an iron boundary 
coincides wit.h a problem boundary, then the boundary condition is Dirichlet. 

When one cannot use symmet.ry or iron boundaries, then the allowed boundary 
conditions will ouly he approximate. Ii is still useful to look for separatrices be­
tween current.s of different sign. Wht"n a separatrix hits a problem boundary, that 
boundary tends to be nearly a Dirichlet boundary. See Fig. B.13.5.3. Anot.her use­
ful fact is that. the fidd outside all iron surface tends to he normal to i.hat surface. 
This may help ill guessing the appropriate, approximate boundary conditions. 
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Figure D.13.,s.2: Rot.at.iollal symmet.ry introduces arrays of reflection lines. In Ihis 
example ouly one half of the upper right. re~tallgle is required to define the probellll, 
and hence the 450 line will become a problem boundary. 

SEPARATRIX S 

AN EVEN 
REFLECTION LINE 

TOP 

COIL 

Figure B.13.5.3: Use of a s~partrix to decide 011 an approximat.e boundary condit.ion. 
The separatrix S intersects the houndary TOP, hence the field will be approximately 
parallel to TOP, and hence Dirichlet. 
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B.13.5.2 Meshes 

(This suhsect.ion will discuss the lllltubering of t.he mesh points and discuss the 
order in which the iteration scheme sweeps l.hrough Lhe lat.t.ice.) 
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B.13.6 NUlnericallnethods used in POISSON and 
PANDIRA 

The cust.oma.ry way to solve the magnet.ostatic problem would be to map the 
int.("rior region wit.h a mesh and th~n solve fol' the vector potential at these mesh 
points using a discret.ized form of Poisson's Equat.ion and the necessary boundary 
condit.ions. The procedure used in t.his program does not dil'ectly solve Poisson's 
Equation; rat.her, it solves a fnrm of Ampere's Law over a dosed region made up of 
triangular plates. The procedure is iterative using eit.her a sllccessive over-relaxation 
algorithm (POlSSON) or a direct. md.hod (PANDJRA) combined with an iterative 
correct.ion scheme for the rc1uctivit.y function t.o oht.ain an estimate of t.he solution. 
The solution is the vector pot.ential at. each mesh poiut (vertices of t.he triangles). 

The desc-riptioll of t.he proc-edure will be divided illt.O the following sections: 
B.13.6.1 Mesh formulation; 
B.13.6.2 Numerical procedure for calculating t.he vector potential at a mesh 

point.; 
B.13.6.3 Boundary condit ions; 
B.13.0A 
RI3.6.S 
D.13.6.0 

B.13.6.1 

Calculat.ions of fielus; 
Comj>nt.er algodt.l\\ll using SOR method; 
Computer algoriUull using the direct method. 

Mesh formulation. 

An irregular triallgular mesh is generat.ed over the regioll, within t.he boundaries 
confol'lning to the following l'ules: 

1. The triangulation will form a regular t.opologyj t.hat is, it. is topologically 
equivaleut to an equilateral t.dangle al'ray in which six triangles meet at every 
interior mesh point; 

2. Any part. of t.he int·erior t.hat is unique or has t.he same attribut.E'S such as 
current density, permeability, etc., must be set-up as au interior subregiou; 

3. AllY triangle along au ext.ernal boundary or boundary of a closed int.erior 
region wilt have two of it.s vert.ices lying on these boundary defining lines. 
These boundaries will then be desc-rihed by piece-wise linear segment.s which 
are the sides of the interpolat.ing triangles. 

Since any polygonal region can be t.ria.llgulat.ed, the method can be applied t.o 
regions of any shape and will produce a mesh in which houndaries and int-erfaces 
lie entirely on mesh lines. III those areas where the gradient of t.he vector l'otelltial 
is expected to be large the triangles should be made more dense. 
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Numerical procedure for calculating vector potentials 
at a mesh point. 

The procedure solves for t.he vedor potential, A(r), at each mesh point using a 
relationship deriv~d from Ampere's Law, 

fc H(r) . dl = Is J(r) . il da. (B.13.6.l) 

where H(r) is t.he magnetic field; J(r) is file current. densitYi r is r.., ez+rlley+rzez; 
fi is a unit vector normal to t.he surfac~ SiC is the contour of the line integral 
enclosing the surface Si and S is the surface enclosecl. hy the contour C. The 

n 

c 

dl 
Figure B.13.6.l: Rela.tion hetween t.he surface and contour elements in Eq.( R13.6.l) 

solution is iterative in nature in that t.he calculat.ed value of the vedor potential at 
a mesh point is a function of previous est.imates and arhit.rary initializat·ions. The 
following approximations are luade for each triangular area: 

1. The vector potential is linear over a triangle; 

2. A reluctivit.y is associa.t.ed with each triangle and is const.aut. over it; 

3. A current density is associated wit.h each t.riangle and is const.ant. over it .. 

Since Eq. (B.13.6.1) must he expressed ill t.erms of the vector pott"nt.ial A(r), t.he 
first step is to express the magnetic field H( r) in t.erms of t.he reluct.ivit.y 1'tlB( r) I) 
and the magnetic induction B(r). This relat,ioDsbip is 

1'(IB(r)l) B(r) = JI·oH(r). (B.13.6.2) 
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By substituting this illto Eq.(B.13.6.1), Ampere's Law becomes 

£ -Y(IB(r)l) B(r) . dl = f.I'o Is J(r) . fida. (B.13.6.3) 

The final step is to use the fact that the magnetic induction B(r) is t.he curl of the 
vector potential, namely, 

B(r) = V x A(r). (8.13.6.4) 

Substituting t.his into Eq.(B.13.6.3) give the required form 

fc -y(IB(r)1) V x A(r) . dl = ~to Is J(r) . ii da. (B.13.6.5) 

Next the curl is expanded in terms of its components, giving 

(
8Az BAy) ... (BA:z: BAz )... (BAy BAz )... ( 

V x A(r) = By - Bz e,r + 8z - B:c ell + B:c - By ez • B.13.6.6) 

The induction B(r) is by definit.ion in t,he simulation a 2-dimE'nsional vect.or 
lying in the :c-y pl811e. The vector potent.ial Alr) CRn then be chosen normal t.o this 
pla.ne with only the A.-component being non-zero, 

(B.13.6.7) 

A necessary condition to be sat,isfied for Poisson's equation, in addition to Ampere's 
Law, is that of the Coulomh gauge choice, 

V· A(r) = 0, 
• 

which can be expa.nded ill the following form, 

BAz BAy BA. _ 0 
8:r. + 8y + Bz - . 

Since Eq.(B.13.6.7) implies 

0, 

the only remaining condition from EeI.(D.13.6.9) is 

8A.I =0. 
8z 

(B.I3.6.S) 

(B.13.6.9) 

(8.13.6.10) 

(B.13.6.11) 

This is equivalent to t.he statement t.hat t.he A" is not a function of z. By making 
the position vector r a 2-dimensional vector in Ute :c-y plane, t.he Coulomb ga.uge 
condition has been satisfied. Henceforth it will be understood that 

(8.13.6.12) 
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B 'r7 A() 8AlJ ~ 8A ... 
= v x r = 8y e:rl - 8:r! ell' (D.13.6.13) 

It follows t,hat 

and Eq. (B,13.6.S) becomes 

(D.13.6.14) 

This section will only handle the development in Cartesian coordinates; the 
t,heory ill cylindrical coordinates is aualogous. 

Before continuing with t.his derivation, a brief disc1tSl'liOll of t.he complex notation 
used ill place of vector notat.ioll by the authors of POISSON would be helpful. A 
two-dimensional vector 

a = ~ e: + all ell 
can be represent.ed as a complex llumber 

a = ~ +iay. 

The complex conjugat.e of a is defined hy the rclation 

-a a,:z: - tay. 

Given two vectors 
a = a= e: + tty ell 
b = b:z: e;: + b" ell' 

and their complex representation 

b b:z: + i bill 

then the product a-b can be written as 

(0.13.6.15) 

(B.13.6.16) 

(B.13.6.17) 

(0.13.6.18) 

(B.13.6.19) 

(0.13.6.20) 

(0.13,6.21) 

(D.13.6.22) 

and contains hoth the scalar and vedor products of the vectors, namely, 

Hence we can write 
a-b = a . b + i ez • (a x b), 

(B.13.6.23) 

(B.13.6.24) 

(D.13.6.25) 
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and it follows that 
(B.13.6.26) 

The above equat,ion call be used to get the iutegrand on the left-hand side of 
Eq.(B.l3.6.14) into a tradable form. 

Corresponding to the relationship between the vector B(r) and the vector potential, 

(B.l3.6.27) 

one can define a complex function . ( ) 
) 

8A" . 8Az; 
B(:t:,y = a +1. - 8:t: ' 

d · l' y all Its comp ex cOllJugate 8A 8A 
B·() %." :t:,y = 8y +1. 8:t: . 

(B.13.6.28) 

(B.13.6.29) 

The vector dl wi1l not, be represent.ed as a sum of it.s components but rather as 
a complex llumber dl. The logic for t,his will be seen later ill the analysis. 

The integrand, excluding t.he ,(IB(r)l) term, ill this complex not.atioll is 

(B.13.6.30) 

The potential A" can be viewed as a scalar function of the complex number z, 
namely, 

Az(:t:, y) = A:;(z) = A,,(:t: + i y). (B.l3.6.3l) .... 
It is also useful to think of A" as a function of both z and z· since 

(B.13.6.32) 

Now evaluate the partial derivatives 8A,,(z, z·)/8:t: and 8A,,(z, z·)/8y. 
It is easy to see that 

(B.13.6.33) 

and ~-

8A,,(z, z·) 8A.:(z, z·) 8z 8Az;(z, z·) 8z· 
-~--=--....:.. = - + . 

8y 8z 8y 8z· 8y 
(B.13.6.34) 

Because of the relations 
9Z _ 1 - 8z· - 1 
8:t: - 8:t: - , (B.l3.6.3S) 

8z . d 8z· . 
By = t, an By = -t, (B.13.6.36) 
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it follows that t.he partial derivatives can he expressed as 

( B.13.6.37) 

and 
8A:z:(z,z-) = . (~_~) A ( .) 

a t a a J: Z,z • y Z Z· 
(B.13.6.3S) 

Substituting these relations into Eq.(B.13.6.29) gives 

or 

n.( ) - 2' 8A::(z, z-) 
x,y - t 8z . (3.13.6.39) 

Equation (B.13.6.30), wit.h t.his new notat.ion, becomes 

B(r) . dl = Re { 2i aA:~, z·) dl} . (n.13.6.40) 

A few words about. the int.endt'd numerical scheme are appropriat.e at this point. 
The vector pot.ential at eac-h mesh point, including the bouudary points, is calcu­
lated as a function of t.he following at.t.ributes of t.he six surrounding t1'iangles: 

1. The magnitude and posit.ion of the vector pot.entials at each of the surrounding 
six mesh points, 

2. The area of each of t.hese triangles, 

3. The current· densit.y of each of t.hese trianglt.'s, 

4. The reluctivity of each of these triangles. 

The geomet.ry used t.o calculat.ed the vector pot.ential AD is shown in Fig. B.13.6.2. 

For notational convenience the following convent.ions are adopted for the remainder 
of this section: 

Ampere's Law is now p,pplied t.o a cont-our around the point i = O. The contour 
is not ou the circumference of this hexagon but rather on a dodecagon whose cir­
cUluference passes through the midpoint.s of each side shared by two triangles and 
the respective centroids of each triaJ.lgle. '1'11e path is shown in Fig. B.13.6.3. 

The procedure for evaluating the integrals will he developed for one oft.he t.riallgles 
shown in Fig.B.13.6.4, designat.ed "trial'lgle 2", and then generalized for all six 
triangles forming the dodec~on shownh~f~~B.13.6.3. 
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A2 At 

12•Ja 

7 3•J3 

A3 W::s Ae 

Figure D.13.6.2: Definition of physical quant.ities relat.ive to the mesh geometry. 
~ is the vector potential at Illt"sh poiut ij ')'i'S are rl!iuctivitiesj Ji's are current 
densitit.es; and Wi'S a.re coupling parameters. 

A~--------~----~~~--~r-------~Ae 

Figure B.l3.6.3: Path of contour integration for Ampere's Law. 
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, A2(7:.zo~·) 
y 

Po~--------------------~--------------
Ao{zoozo·) x 

Figure B.13.6.4: The cont.our int.egral ion over the dodecahedron can he broken iuto 
int.egratiolls OVer six quadraugles. 

Ampere's equation for the shaded portion of Fig. B.13.6.4 llsing the cOlllplex 
notat.ion, is given by 

£ 1'2(IB(r)]) Rc {2i~: dl} = POJ2 tl;, (B.13.6AI) 

where C is the pat.h (PO,P17P2,P31PO); 0'2 is t.he area of "t.riangle 2"; J'2 is t.he normal 
component of current. densit.y for "t.riangle 2"; 1'2 is the rf'ludi vity for "triangle 2"; 
and J.Lo is 4 X 10-7 in rationalized MKS uuits. 

To evaluate the left-hand sine of E(1.(B.13.6.41), a functional rdnt.ionsllip of Hie 
vector potential over t.he lriangle must be developed. The assumption of the pro­
gram is that. the vector potential varies linearly over any triangle in the mesh. Using 
the three-point form for the equation of a plane, an expression for the vector po­
tent.ial at any poiut can be developed. The poSitiollS of t.he three vertices and their 
respective vector potentials are used t.o del.ermine the coefficient.s of the expression. 
The three-point form call be written as the determinant, 

Z - Zo Z· - z~ A-Ao 
Zl - Zo z~ - Zo Al - Ao =0. 
Z2 - Zo zi - Zo A2 - Ao 

The plane in function space is pictured in Fig. B.13.6.5. 

Expand t.his determinant and solve for A. Introduce the notation 

~Al =..41 - Ao 

(B.13.6.42) 

(B.13.6.43) 
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A 

r---~-+~~------------Z 

Figure B.13.6.5: The vector pot.ential A( z, z·) is t.aken t.o be a linear function over 
each triangle. The functional dependence is complet.ely det~rmilled by the values 
of A at t.he corners. 

and 
AA2 = Az - Ao. (B.13.6.44) 

It can he shown that. the determinant reduces t.o 

(z - zo)(z; - z~)AA2 + (Z2 - zo)(z· - z~)AAI + (Z1 - Zo)(z; - z~)(A - Ao) 

- (Z2 - zo)(z; - z~)(A - Ao) - (z - zo)(z; - z~)AAI - (Z1 - zo)(z· - z~)AA2 = 0, 
(B.13.6.45 ) 

which can be solved for A, giving 

A _ A [AAd [(z - zo) «z; - z~) - (Z2 - zo) (z· - z~)] 
- 0+ ( )(..) ( '(.. ) Z1 - Zo Z2 - Zo - Z2 - Zo, ZI - Z 0 

[AA2 ] [(Z1 - Zo) «(z· - z~) - (z - Zo) (z~ - z~)] 
+ ( ((. (B.13.6.46) 

Z1 - Zo) (Z2 - z~) - Z2 - zo) zi - z~) 

Taking t.he origin at. the coordinat.es (Zo, z~) reduces Eq. (B.13.6.46) t.o 

A Ao
· AAIZ; - AA2Z~ AAzZl - AA1z2 • 

= + • • z+ • • Z, 
Z1 Z2 - ZZZI Z1 Z2 - Z2 Z1 

(B.13.6.47) 

or 
(B.13.6.48) 

where 

(B.13.6.49) 
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Using Eq.(D.13.6,47) it is an t-asy task t.o calculate 

8A = C = ~Alz; - ~A2Z; . 
8z ZtZi - z2=i 

(B.13.6.50) 

Substituting this expression into Eq.(il.13.6,41) and making Ule assumption that 
the reluct.ivit.y is constant, namely 

')'2([B(r)[) ~ /'2 = canstant (B.13.6.51 ) 

and is not a fuuct.ion of IB(r)I, the results are 

(D.13.6.52) 

Since t.he integrand is not. a funct.ion of z it. may be taken out.side t.he integral sign. 
The result. is 

(B.13.6.53) 

Defore t-vahtating the line int.egral it should be re("alled t.hat all six t.riangles wi1l 
be used in the final equat.ion for Ao. The assumption is Inade that the effect.ive B(r) 
field on the COlUmon side of any t.wo adja("ent. triangles is t.he average of the B( r) 
fields in t.he t.wo l.l'iangles. Tht-refore the line int.egrals, in t.he opposite directions, 
along any of these common sides will cancel each other. This is illustrated in Fig. 
B.13.6.6. 

Triangles on t.he houndary will not. have t.heir pa.t.h int.egrals canceled along 
the boundary. Hence the advantage of t.his type of configuration implies that the 
sum, over I,he entire problem area, of Ampere's Law applied locally around each 
mesh poiut is equal to Ampere's Law applied around the boundary of the complete 
problem. See Fig. B.13.6.7. 

Ret.urning to t.he geometry of Fig. D.13.6,4, this leaves t.he integration over the 
open pat.h C = (PI, P2! P3) where the points PI and P3 have coordinates given by 
the complex numbers 

ZI I- Zo 
(B.13.6.S4 ) PI = 2 

and 
Z2 + =0 

(B.13.6.55) P3 = 
2 

The lloncancelillg part of the contoul' integral is 

1~ dl = 1'P'2 dl + l Pl 
dl rC. Pi P:I 
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. . , , 
• . . , . , . , . , , . 

• I .. 
. , . . . , . . , . . , . , , 

, '.---

Figure B.13.6.6: It is a.~sl1med that, the effective B( r) Oil common sides of of adjacent 
triangles are the same and therefore t.he line integrals along these common sides will 
cancel oue auother. 

Lower Boundary 

Figure B.13.6.7: The sum of cont.our integrals arouud each point adds up to a 
COlltour integral around the whole region because of cancelation of interior contours. 
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= P3 - P1 

Z2 + Zo Zl + Zo 

2 2 

2 
(B.13.6.56) 

Substituting t.his result into equal.ion (13.6.53) gives the equation 

(B.13.6.5i) 

In order to ohtain thp real part of t.he factor on the left-hand side, it. is necessary 
to express the posit.ional variahles Zi a.nd zi ill t.erms of the angles ({3o, {3lt /32 ) and 
the side dimellsions (do, db d2 ) of t.he triangle shown ill Fig. B.13.6.4. Begiu by 
evaluating the denominator, namely 

The z's can be expressed in exponential form as follows: 

(B.13.6.58) 

(B.13.6.59) 

(B.13.6.60) 

(0.13.6.61) 

(B.13.6.62) 

When t.hese expressions are suhstit.ut.ed into Eq.(B.13.6.58) the result is 

Z .,.* - z z* - d e i01 d e-i(Ol +.eo) - d ei(Ol +.eo)d e- i01 
1 - 2 2 1 -'2 1 '1 2 

= d1 d2 ( e -i.eo _ e.il3o ) 

= -i2d1d2 sin ({3o) . 

Next evaluate the numerator, 

using the relat.ions 

Z2 - Z1 = -do cos ({3o - 0:1) + ido sin (f3o - 0:1) 

- d ei (7I'+ol-l3d 
- 0 , 

Z·1 (Z2 - zt) = d2e-io1 • doei (7I'+ol-l3d 

- -1d -i{31 - -(to '2 e , 

(B.13.6.63) 

(0.13.6.64) 

(B.13.6.6,s ) 

(B.13.6.66) 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
f 
I 
I 

January 7, 1987 PART B CHAPTER 13 SECTION 6 73 

z; (=2 - Zd = d1e-i(Ql+80) • doei (11' + al - /3al 
i/h. = -dodle . 

We find that Eq.(B.13.6.64) can he written, 

( B.13.6.67) 

Having evaluat.ed hoth the llumerator and denominator of Eq. (B.13.6.57), we 
call comuille our result.s to obtain the following, 

= Re{[6.Aldodd[cOS(/32) +ishi(/32)] + [6. A2 do d2][cos (-/31) +isin(-.B.)J} 
-2d. d2 sin (/30) 

-

where 

and 

6.A. dod} cos (Ill) 
2d. d2 Sill (/30) 

6.A2dod2 cos (/31 ) 
2d1 d2 sin (/30) 

~A. cos (/32) sin (/30) 6.A2 cos (/31) sin (/30) 
2 sin (.t30) si 11 (131 ) , 2 sin (flu) sin (/32) 

df) _ Sill (.t30) 
d2 - sin (132)' 

(B.13.6.69) 

(8.13.6.70) 

(B.13.6. 71) 

The final expression is in t.erms of the cotangents of the interior angles and the 
vector poteutials at the vertices, namely, 

1 = -- {[AI - Ao] [cot (132)1 + (Az - Av] (cot (/3dJ} 
2 

(B.13.6.72) 
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Substitut.ing this result iut.o Eq.(B.13.6.57) gives the relation 

b ~ "2 {[Ao] [cot (,ad + cot (,a2)] - Al cot. (,a2 ) - A2 [cot cad]) = poJ23· (B.13.6.73) 

Change the angle representation from. f3's to 0'5 as shown in Fig. 8.13.6.2. The 
result is 

b ~ 2" {[~] [cot. (93) + cot. (04 )] - Al cot (04 ) - A2 [cot. (03)]} = J1{JJ23". (B.13.6.74) 

The cOlllplet.e line integral around t,he dodecagon is the SUIll of the partial paths 
over each tria.ngle. See Fig. B.13.6.3. The result is 

~l {[ Ao][ cot (Od + cot( ( 2 )] - Al cot( 0.) - A2 cot (02)} 

+ '"(2 {[An] [cot (03 ) + cot (04 )1 - A2 cot (03 ) - Al cot (04)) 
2 

+ ~ ([AoHcot(Os) + cot.(Os)] - A3COt (Os) - A2 cot. (Oe)} 

+ 

Ito 6 
= - L Jin.;,. (B.13.6.75) 

3 i=1 

Solve for Ao using Ute following "coupling" coefficient. notat.ions, 

1 
WI = 2 bl cot. (Ol) + ")'2 cot( ( 4 )] 

1 
tl}2 = 2 h2 cot. (03 ) + '"(3 cot. (06 )] 

1 
W3 = 2 ['"(3COt(OS) + '"(4 cot. (08 )] 

1 
We = 2 he cot (011 ) + '"(I cot (02 )]. 

The final resuU is 
"t:J A·w· -f- ~,,~ J.n. 

A - "::"",=1 I. 3 "::",,,=1 ,..., 
0- 6 

~i=1 Wi 
(B.13.6.76) 
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B.l3.G.3 Boundary conditions. 

Boundary conditions are divided into two classes: 

l) Dirichlet - the value of t.he soll1tion variable is specified at. a boundary; 
2) Neumann - the value of the normal derivat.ive of the solution variable is 

specified at a boundary. 

75 

Only one of these boundary conditions C'i-n be qualified over a specified portion of 
the boundary. 

Dirichlet boundary: Any boundary or portion of a boundary t.hat is specified as 
Dirichlet has a value of the solut.ion variable, A=, at each mesh point ou the bound­
ary. The default value at. these mesh points is zero. The user may input non-zero 
values, if necessary, for the problem definit.ion. 

Neumann boundary: In t.he case of the Neumann boundary condition, the only al­
lowed value, at. the mesh poiuts along t.his boundary, for the normal derivative of 
the potential Az is zero, which can be written 

8A: A 

_.- en =0, 
8n 

(B.l3.6.7;) 

where en is the unit vector normal to the boundary. 

Since the program, computationally 'speaking, uses only Dirichlet. values at mesh 
points on the boundary, any boundary or b01lndary segment that is designated as 
Neumann must have an appropriate set. of Dirichlet values calculated for these 
points. The procedure is the same one that is used for calculating the vector po­
tentials Az over t.he interior mesh points with the exception t.hat the values of the 
reluctivit.ies associated with those triangles lying outside the boundary are set. equal 
to zero. Each Neumann boundary point must be surrounded by 6 t.riangles as in 
Fig. B.l3.6.S. This is identical to the geometrical struct.ul'e in Fig. B.l3.6.3 wit.h 
the exception that the path integral will not. lie in the triangles outside the bound­
ary nor along the boundary but will follow the contour defined in Fig. B.l3.6.S. 

It. is required t.o show that the pat.h integral along this Neumann boundary is 
zero. First divide the closed path of int.egration into three parts. This will include 
the boundary even though it will be later shown that the path int.egral along t.his 
segnient is zero. 
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Interior 
Region 

o Boundary 

Figure B.13.6.8: Path of contour int.egrat.ion 011 a Neumann boundary is C == path 
(Pl,P2, ···,Ps,pr). 

J -y(IB(r)j) B(r) . dl + J -y(IB(rfl) B(r) . dl + 1 -y(IB(r)l) B(r) . dl = 
~ ~ J~ 

J.to is J (r) . n da (B.13.6.78) 

where Cl is t.he pat.h (Po,pdi G2 is the pat.h (PlI]'2, ... ,PS,P7)i and C3 is the path 
(1'7, Po)· 

Recalling that t.he vect.or functions B(r) and A(r) are 2-dimellsional, we writ.e 

(B.13.6.79) 

and 

(B.13.6.80) 

where en is t.he unit vector normal to the boundary, and et is the unit. vect.or tangent. 
to the boundary. 

Using Eq.(B.13.6.4), namely, 

B(r) = V x A(r), (B.13.6.81) 
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and expanding the curl in this l'ef(~r("llce system, one obtains the result 

B( ) _ (aAz aAt),.. (aAn r- --- e+--at aZ. 1"1. 8z (B.13.6.82) 

The reasoning is st.ill valid, as in Eq. (B.13.6.7), that the components of A(r) in 
the two-dimensional plane are equal t.o zero, hence 

The result of equating the coefficients of like unit vectors is 

and 

Since at a Neumanll boundary 

then 

Hence along the Neumann boundary 

8A.z _ 0 
an - , 

Bt == o. 

B(r) . dl = Dtdl = O. 

(B.13.6.83) 

(B.13.6.84) 

(B.13.6.85) 

(B.13.6.86) 

(B.13.6.87) 

(B.13.6.88) 

The pat.h integrals along a. Neumann boundary segments wi1l then be zero, that is, 

£1 f(rB(r)!) B(r) . dl = £3 f(IB(r)!) B(r) . dl = O. 
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B.13.6.4 Calculation of fields. 

The magnetic induction, B(r), by definit.ion is a 2-dimensional vector function 
lying in the :ey-plane. 

B(r) = Bxex + Bye,,! 

and is equal to the curl of the vect.or potential A(r) 

8Az A 8Az A 

B(r) = \7 x A(r) = By ex - 8x. e". 

(B.13.6.89) 

(B.13.6.90) 

Equating the coefficient.s of like unit. vectors of 1.he ahove e.quat.ion with those of the 
magnetic induction B(r) from Eq.(B.13.6.89) give the required equations describing 
the components of the magllet.ic indudion over each t dangle in t.erms of the only 
non-zero component of t.he vector pot.ent.ial, At. Since the vector potential is linear 
over any triangle t.he magnetic indllct.ion, B(r) will be constant over that triangle. 
The part.ial derivat.ives 

and 

B _ 8L1z 
:c - 8y 

8Az 
B --~ 

" - 8:e 

(B.13.6.91) 

(B.13.6.92) 

can then he evaluated, analytically, for any t.riangle in the mesh by using the po­
sitions, (x,y), of t.he t.hree vertices and their corresponding values for the vector 
potential component, A:::, at these points. The following equations are the results 
of evaluating Eq. B.13.6.37 and Eq. D.i3.6.38 using Eq. 8.13.6.47: 

Bx = 8Az = (A2 - Ao)xl - (,1 1 - AO)x2 , 

8y :elY2 - X2YI 
(0.13.6.93) 

By = _ 8Az = (A2 - AO)YI - (AI - A O)Y2. 
8x XI Y2 - X2YI 

(B.13.6.94) 

The origin for each triangle in the above equations is taken at the coordinates 
(:Co, Yo) = (0,0) for convenience. 

B.13.6.S Conlputer algorithm using SOR method. 

In the deveiopl'nellt. of t.he algorit.hm t.hat. solves for the vect.or pot.ent.ial, A(r), 
the assumption was made that. t.he reluctivity "Y is constant over a t.riangle and not. 
a function of t.he Illaguetic induction B(r), namely 

"Yi([B(r)[) :::: 1, = constant. (B.13.6.95) 

This was an expediellt which now must. be dealt with. An it.erative procedure is 
used by the program that handles this prohlem. It solves for the vector potential 
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one mesh point. at. a t.ime whilt" also modifying t.ht" reluctivities of t.he surrounding 
six t.riangles. Use Fig. D.I3.6.2 as a reference for the procedure steps. These steps 
are as follows: 

1. Civell the est.imat.es, bot.h initialized and calculated, for the vector poten­
tial to be calculated, Ao, as well as t.hose 011 the six sUl'rouuding mesh poiuts, 
AI, A2 , ••• , As, A6 , calculat.e new estimates of the reluctivities 1'1, 1'2, ••• , 15, '")'6 

associat.ed with these six triangles. Use these to the calculate new estimat.es 
of the coupling coefficients, WI flew, U!2new

, ••• , W5'Ie1.II, Wa
new

• Now underrelax 
these values, 

(B.13.6.96) 

where 0 < q < 1. 

2. Ca.1culate a new estimat.e of the vector potential, Ao, using a successive over­
relaxat.jon (SOR) technique, 

let} Ie [~=I A~ uri+! + r:?=4 A~+1uri+1 + ~ r:?=l J,di Ie] 
Ao = Ao + W ~6 "+1 - Ao 

",-,,::.1 Wi 

(B.13.6.97) 
where 0 < W < 2, The superscript index k in the above eqnation is a sweep 
couut.er of estimat.es and is not. incremented ulltil a convergence criterion for 
the vector potential is met.. 

3. Repeat steps 1 and 2 until a convergence criterion is met. 

This procedure is followed for each mesh point as it. sequentially sweeps across the 
mesh. 

Bo1306o6 Computer algorithm using the direct methodo 

A direct method was developed for t.he program PANDIRA. It is direct ill the 
sense that estimates of the vector pot.ent.iat for all t.he interior mesh points are calcu­
lated simultaneously. The procedure is st.ill overall iterative in t.hat t.he reluctivities 
of each triangle must be first estimat.ed before the vector potentials can be calcu­
lated diredly and t.hen t.hese t.wo st.t"ps repeated again unt.il a convergence critt"rion 
is met. The procedure is as follows: 

1. Given t.he estimates, bot.h init.ialized and calculat.ed, for t.he vector pot.ent.ials 
on the boundaries and well as all the interior mesh point.s, calculat.e new 
estimates of the reluctivities, 1'i, for all the int.erior triangles. Use these t.o t.he 
calculat.e new estimates of the coupling coefficient.s, uri new • Now underrelax 
these values, using the relation 

wt+l = q Wi
new + (1 - q)·wt (B.I3.6.9S) 
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where 0 < q < 1. 

2. Calculat.e new estimates of t.lie vector pntent.ials llsing a di.rect. met.hod that 
takes advantage of the block t.ridiagonal fOrln of the matrix. The number of 
equations is equal to the nUll) her of interior points to he solved. The follow­
ing equation, referenced t.o Fig. B.13.6.2, can be used t.o setup t.hese linear 
algebraic {'quations which t.hen can be solved simuH.aneously. The resulting 
equal.ion is 

~6 A. ,.n+1 + ~ ~6 J .. 
A 

- ~i=l ,1.(, 3 ~i=l ,a., 
0-

~~ u,I'1+1 
~t=1 t 

(B.13.6.99) 

3. Repeat steps 1 and 2 until a convergence crit.erion is met.. 
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B.13.7 Table of Problenl Constants in N urnerical 
Order 

Cons taut Default Symbol Functiou 

CON(J) 0 KPROB KPROB is used by LAT'I'ICE to differentiate bf't.wet'n a 
SUPERFTSH and a POISSON-PANOIRA run. It is set to 0 
or 1 in LATTICE, depending on tbe absence or presence of a 
character in the first position of the title line. KPROB = 0 
means POISSON or PANDIRA. KPROB "# 0 means 
SUPERFISH. 

CON(2) none NREG Numhf'r of regions in the prohlem. Passt'd by AUTOMESH 
to LATTICE and from LATTICE to POISSON or 
PANUIRA. Note: NREG must be less than 32. 

CON(3) none LMAX Numht'r of point.s in t.ht' L (vf'rt.kal) direclion in t.he logical 
mesh. Determined in LATTICE. 

CON(4) none KMAX N1Ilnher of point.s in HIt' K (horizontal) direclon in the 
logical mesh. Determined in LA'lTICE. 

CON(5) none IMAX IMAX = KMAX + 2 

CON(6) -2 MODE Option indkator for pt'rmeabiIit.y in maHer. MODE = -2 
indicates "infinite" permeabilit.y (iron); MODE = -1 indi-
cates permeabilit.y is finit.e, constant and defined by 
CON(lO); MODE = 0 indicat.es permeabilit.y is fillit.e, not 
constant, and the values will be taken from the int.eruul table 
or tabLes supplied by the user. Mode = 0 can also be used to 
read in up t.o 4 values of constant "Y = 1./#", See Chap. B.5 
for more information. 

CON(7) 1.0 STACK Stacking or fill fador for iron regions. The drfaltlt. value of 
STACK will be overwritten for regions with MAT> 1 when 
tables are entered by changing CON(18). See Chap. B.5 

CON(8) 1.0E+15 BDES A flag for changing the value of the magnetic field nat 
location (KnZEIW = CON(40), LBZERO = CON(41)). If 
BDES is not equal to it.s default value, the electric current 
fRet.or XJFACT = CON(fifi) will be adjU!;;ted so thnt. 181 = 
BUES within a tolerance XJTOL = CON(67). If BDES is 
left at its default value, no adjustment is made. 

CON(9) 

CON(10) 

1.0 CONY Conversion fnrt.or for lengt.h units. Default units are cent.i-
mt'ters. Set CONY equal to the number of centimeters per 
unit desired. CONY must. be be changed in LATTICE. 

0.004 FIXGAM The value of"Y = l/{relative permeability) when the user has 
set. CON(6) = MODE = -1. FTXGAM is also used to 
initialize a table for MODE = O. 
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Table of Problem Constants in Numerical Order (cant.) 

Constant Default Symbol FUllctieJll 

CON(U) o 

CON(12) o 

CON(13) 0 

CON(14) none 

CON{1S) none 

CON(16) 0 

CON(17) 0 

CON(18) 0 

CON(19) 0 

NAIR Number of "air" points. The d«:'fllull. is an initial value. 
LATTICE COllut,s Ule number of mesh poiuts in Ihe air 
regions of the magnet ann records the value in CON(ll). 
The user has no control of this CON. 

NFE Nnmbpr of "iron" point.s. The default is all init.ial value .• 
LATTICE C011nts the number of mesh points ill the iron 
regions of t.he magnet and recorns t.he value in CON(12). 
The user has no control of this CON. 

NINTER Nnmber of interface points. The dt'fanlt. is an initial value. 
All interface point. is a point whose nearest. neighbors are a 
mixture of air point.s and iron points. See CON(ll) and 
CON(12). The user has no control of this CON. 

none Not used in POISSON or PANDIRA problems. 

NPINP Total number of poiut.l'I in t.he pTohlem. NPJNP = NAIR + 
NFE + NINTER + NBND + NSPL. The user has no 
conl.rol ofthis CON. 

NBND Numbt>T of Oirichlet boundary points. Default is an initial 
value. LATTICE counts these point.s and stores the number 
in NI3ND. The us~r has no coutrol oftbis CON. 

NSPL Numbpr of points helel at. !lperial fixoo. pot.ent.ial values. 
Default. is all illit.iaJ value. POISSON counts th~ point.s 
ann stores the number in NSPL. The user has !to control of 
this CON. 

NPERM If positive, this is the number of permeability t,ahles to be 
read in as data by POISSON or PANDlRA. If negative, it is 
the number of stacking factors to be used with the internal 
permeability table or 11p to 4 different .y s if CON(6) = 
MODE = -1. After entering a nonzero value of NPERM, the 
action of the code is complex. See 5e<:. B.5.4 for details. 

ICYLIN A flag indicating the coordinate system to be used. ICYI.IN 
= 1 indicates cylindrical coordinates using (horizontal, verti-
cal) = (R. Z). Note that these axes are int.erchanged relat.lve 
to those used in SUPERFISH. ICYLIN = 0 indicates 
two-dimensional (X,Y) coordinates. CON(19) mllst be 
changed in POISSON, PANDIRA, MIRT, or earlier. 
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I Table of Problem COllSt.RIlts in Numerical Order (collt.) 

I Constant Default Symbol Ftmct.ioll 

I CON(20) 0 INPUTA The mnnLer of spel"ia\ fixM pot.ent.ial vahles to he reari in as 
datil by POISSON or PANDIRA. When INPUTA is set, the 
code will writ.e "NUMBER OF FIXED POTENTIAL 

I VALUES TO BE READ IN (INPUTA)." The user is now 
expect.ed to enter INPUTA n1lmber of lines of t.he form: "K 
L POT" where (K,L) are I. he logical mesh coordinates of lhe 

I point and POT is the value of lhe potential in the appro-
priate units for the problem. 

I 
CON(21) 0 NBSUP An indkat.or for the type of boundary cClnditioll~ on the 

upper bomtdlLry. NBSUP = 0 indicates a Dirichlet boundary 
cOllriition, whil"h means ntagn!"tic field lilies are parallel to 

I 
th!" boulldary lille. NBSUP = 1 indicates a Neumann boulJ-
dary condition, whil"h means that t.he magnet.il" field lines are 
perp!"lIdicu\ar to t.he boundary lille. The default value that 
was passed by AUTOMESH is ~ho\Vn. AUTOMESH will 

I pao;s lhe other vnll1/:: if IBOUND on the REG input Iiue is 
used. See Sec. B.3.3. 

I 
CON(22) 1 NBSLO An inriicat.or for t.he t.ype of boundary condition on the lower 

bouudary. See CON(21) for descript.ion. The AUTOMESH 
default is shown'. (The default from LATTICE is 0.) 

I CON(23) 0 NBSRT An indicator for t.he t,l'pe of boundary condition on the right 
boundary. See CON(21) for description. 

I CON(24) 0 NBSLF An inriicator for t.he type of houndary condition on the left 
boundary. See CON (21) for description. 

I CON(25) 0 NAMAX Number of dements in t.he GTU and GTL vectors. The user 
has no control of this CON. 

I CON(26) 0 NWMAX Number of points for recalculat.ing couplings. Tbe user has 
110 coutrol of this CON. 

I 
CON(27) 0 NGMAX Number of point.~ for recalculating gammBS. User hns no 

control of this CON. 

CON(28) 0 NGSAM Number of point,s for recalculating gammas wit.b NM6 = 

I NMl. The user has no control ofthis CON. 

CON(29) 0 LIMTIM All indicator used to check the remaining time iu the run. 

I 
Deactivated by comment in both POISSON and PANDIRA. 

I 
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Table of Problem Constants in Numerical Ord~r (cont.) 

Constant Default Symbol Function 

CON(30) 100000 MAXCY Maximum uumher of iterA.t.inn (,ydes. In POISSON t.he 
default. is as showllj in PANDIRA t.he default. is 20. 

CON(31) o 

CON(32) 0 

CON(33) nOlle 

CON(34) -1 

CON(35) 0 

CON(36) 0 

CON(37) 1 

IPRFQ Tht" print frt"'lnency during POISSON intt"ration cycles. 

IPRINT 

none 

INACT 

NODMP 

IRNDMP 

IPItFQ = 0 iudicates t.hat the iterat.ion information will be 
printed only on the first a.nd last cycle. Input values of 
IPRFQ must be integer multiples of IVERG = CON(87). 

An iudicator for print options: IPR INT = -1 in LATTle'E 
writes t.he (X. Y) ('oordiuA.tes of mesh points to OUTLAT. 
IPRINT = 1 (or allY odd integer) writ.es A. map of the 
solut.ion ma.t.rix A into OUTPOI or OUTPAN. If IPRINT = 
2, POISSON C'onstruC'ts and writ.es the gamma. vs B t.able to 
OUTPOlj POISSON and PANDIRA writ.e a ma.p of IBI in 
t.he iron triangll:'s. IF IPRINT = 4, POISSON amI 
PANDIRA write fidd componeuts (B"" B,,) in the iron 
region t.dangles int.o OUTPO] or OUTPAN. Any combin-
af.ion of these three write options is available by summing 
thl' IPIUNT values. For example, IPRINT = 7 (I + 2 + 4) 
will give all three options. 

Not used in POISSON or PANDIRA, 

All incii('at.or t.o allow UIt" IIser to int"rA.d wit.h the iterntion 
dllrin~ POISSON or PANDIRA. If (NA(:T ~ J I t.he caku-
(af.ion is stopped at intervals and t.he user is askl"d to type: 
"GO", "NO" I or "IN". If "GO" • iterat.ion cont.inues; if "NO", 
iteration stops and final results are wriU.~n; if "IN", user is 
asked for new values of CON's. 

An indicator controlling the writ.e to TAPF:35. If NODMP = 
0, a dump is written; if NODMP :f:. 0, no dump is written. 

Not used ill POISSON or PANDIRA. III MIRT IRNDMP = 
1 ('.8uses t.he code t.o read from two dumps on TAPE35 when 
doing either gamma = 0 or ganuna finite optimizations. 

MA P A parameter in t,he conformal t.ransfnrmation W = 
Z"MAP/(MAP+RZERO ·+(MAP-I). III LATTICE this will 
cause a transformation of the current dt'nsity; in POISSON 
or PANDIRA t.he permf'ability is transformed ami the fields 
are calculated in bot.h t.he original and transformed geome­
tries. For lllore illforlDfltioll 011 the use of conformal trans­
format.ions, see Sec. 3.13.4. 
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Tobie of Problem CnnstRIlts in Numerical Order (cont.) 

Constant Default Symbol Function 

CON(38) 0.0 

CON(39) 0.0 

CON(40) 1 

CON(41) 1 

XORG The rt'al parI. of t.he cOOlI>lex lIlJmht'r ZO used t.o specify the 
origin ill t he polynomial expansion for 1 he magnetic poten­
t.iaJ A(X,Y) == Ile[ECn • (Z - ZO) • • n]. The diJllt'llsion of 
CON(38) is cent.iOlt'tersj values are automatically multiplied 
by CON(9) = CONY t.o get. XORG and YORG. Note: For 
cylindrical coordinatcs, CON(38) is always zt'ro. For more 
informat.ioll 011 this, see Sees. B.S.3 and B.13.3. 

YORG The imA.~illA.r:v part of the complex number ZOo See 
CON(38) for further descriptioll. 

KBZERO The K logical coordinal.e of the poillt at which BDES = 
CON(8) is specified. 

LDZERO The L logicnl coordinate of Lhe point at. which DOES = 
CON(8) is specified. 

CON(42) 1 KMIN The lower K bound of Ute re«ioll ill which Ute field and it.s 
gradient are to be calculaLed at elU'h lIlt:.sh point. 

CON(43) KMAX KTOP The upper K bound oft.he region in which the field and its 
gradient are to be calculat.ed at e&"h mesh point .. If the user 
prefers to specify physical limits t.o the regioll, t.hen KTOP is 
used 1.0 determine OX. See CON(54) through CON(57). 

CON(44) 1 LMIN The lower L bound oOhe region in which the field Bnd it.s 
gradient are Lo be calculated at each mesh poiut. 

CON(4!)) 1 LTOP The upp",r L bowld of the region in which t.he field and its 
gradient. are to be caleulated at each mesh poiut. If the user 
prl'fers t.o specify physical limits to the region, then LTOP is 
used to determine DY. See CON(M} tluough CON(57). 

CON (46) 2 ITYPE A ('onstant. speci(ving t.he symmet.ry of t ht' problem and used 
to detE'rmine which C" terms appear in the harmonic analy­
sis of the complex pot.ent.ial function and whether en is real, 
imaginar), or complex. For further discussion see Sees. B.5.3 
and B.13.3. For problems wit·h cartesian coordinates: 
ITYPE = 1 means no synunetry, ITYPE = 2 means mid­
plane symmetry, ITYPE = 3 means elliptical aperture quad, 
ITYPE = " means symmetrical quad, ITYPE = 5 meallS 
skew elliptical aperture quad, ITYPE = 6 means 
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Table of Problem COllst.allts ill Numerical Order (cont..) 

Constant Default Symbol 

CON(46) (cont.) 

CON(47) 0.125 W2 

Function 

symmetrical "II" dipole or ellipt.kal ap('rt.lIre sexnpole, 
ITYPE = 7 means symmdrical sextupole, ITYPE 8 
mea.ns dliJlt.ica.l npE'rture ochtpolc, ITYPE == 9 means 
symmetrical oct.upole. For nil of the ahov~ symmet.ry codes 
except. ITYPP; = 1 or 5, field lines are perpell(licular to the 
X-axis. Fot ITYPE == 5, t.be X-axis is a fiel~ line. 

For vect.or pot.enHals in cylindrical coordinat.f'I!l: (TYPE == 1 
means 110 sYlll1ll(·try. (TYPE = 2 means midplane symmet.ry 
and the magnetic field lines ate perpendicular to the R-axis. 

For scalar pot.('nl.ial" in cylindrical coordinates: (TYPE 1 
means no synuntl.ry, ITYPE = 2 mea.ns midpllt.ne symlll('t.ry 
and the Jines of constant. pot.entili.1 are perpendicular t.o the 
R-axis. ITYPE = 3 means midplane symmetry anu the 
R-axis is a line of constant potentio.l. 

The wei~hl fadnr for the Sf"col1d nearesl. neighhors to a given 
lattice point. in t.h(' mesh; W2ND == ",""''2. It is used ill the 
ddermillation of Hte en's in the harmonic expansion of t.he 
potentials. See Sees. 8.5.3 and 8.13.2. 

CON(4S) 1 ISECND An indicat.or t.,-Iliug the program t.o uSP. second nearest 
Ilf'ighbors in rlett!rmilling the en '5 in I.he harmonic expo.nsion 
of the Jlotent.ials. lSECND = 0 lllPallS lise first. llE'ighbors 
ouly; ISECND = 1 means use 1st and 2nd nearest neigbbors. 

CON(49) 0 NFIL The number of currE'nt IUamenl. valnes to be read in. If NFIL 
:j:. 0 the program will print "NlYMBER OF CURRENT 
FILAMENT VALUES TO HE READ IN = (NFIL)". The 
user is expeded to t.YPE' NF[L lines of the form: l{ L Cl"Il,. 
J{ and L are the logical mesh coorfiinat.es of tlte filament and 
Cl"IL is tlle current in tile fila.ment. 

CON (50) 100000 IHDL An iudicat.or llSed in POISSON ou]y t.o determine Ihe nnm­
ber of cycles between making qua.. .. i-integrals of H . dl around 
the Dirichlet. boundary. Making correc.t.ions t.o Ute solution 
mat.rix based on the value of this illtegral somet.imes speeds 
Lite convergence, Imrticularly for non-symmetrical "H" 
magnets. 

CON(51} 0 NPONTS In LATTICE this is the number of unknown relaxation 
points in tlte mesh. In POISSON and PANDlRA: NPONTS 
== NAJR + NTNTEH. ir MODE $ -2; NPONTS == NAIR + 
NINTER + NFE if MODE> -2 

I 
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I Table of Problem Constants ill Numerical Order (cout.) 

I 
Constant Default Symbol Function 

CON(52) 0.001 OMEGAO or A param~ter used in calculating overrelaxation factors in 
OMEGA LATTICE and POISSON. 

I CON(53) 25 IRMAX An iudex for checking the progress of t.he relaxation process 
in LA1TICE; not used in POISSON or PANDIltA. 

I CON (54) 0.0 XMIN CON (54 ) t.hrough CON(57) are used to redefine t.he region 
ovt>r which t.he field and its gradient are calculated. If 

I 
CON(54) t.luough CON(57) alld CON(42) through CON(45) 
are left. at I.heir default values, then the fit>ld and its gradient 
are calculat.ed only along the horizolltal axis. The user can 
define a larger rt>gion. XMIN is the lower X bound of the 

I redefined region. 

CON(55) 0.0 XMAX The l1ppt>r X honnd of the region over which the field and its 

I 
gradient are calculated. The quantities are calculated on a 
grid. The grid step DX is specified by DX = (XMAX -
XMIN)/(KTOP - 1), where [(TOP = CON(43). 

I CON(56) 0.0 YMIN The lowt'r Y bound of the region over which the field and its 
gradient are calculated. See CON(54). 

I CON(57) 0.0 YMAX The upper Y bound of the region over which the field and its 
gradient are calculated. The quantities are calculated on a 
grid. The grid step DY is specified by DY = (YMAX -

I YMIN)/(LTOP - 1), where LTOP = CON(45). See 
CON(54). 

I CON (58) 0 IBOUT A parameter cont.rolliug a phantom output file for POISSON 
or PANIJIRA. At. present, mOUT = 1 will cause your run to 
abort. because of a write to an unassigned file. IBOUT has 

I 
been deactivated by a "c" in column 1 of statements involv-
ing IBOUT. 

CON (59) PI PI is given to machine accuracy, namely, PI = 4. • 
ATAN(1.). 

CON(60) 0.0 SPOSG Total positive current at generation; used only in LATTICE. 
The user has no control of this CON. 

CON(61) 0.0 SNEGG Total negative currt'nt at. generation; used only in LATTICE. 
The user has no control of this CON. 

CON(62) 0.0 STOTG Total current in problem at generat.ion; used only in 
LATTICE. The user has no control of this CON. 
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Table of Pi'oblem Constants ill Numerical Order (cout.) 

COllstant Default Symbol Function 

CON(63) 

CON(64) 

CON(65) 

CON(66) 

0.0 SPOSA Total posit,ive current in problem at solution. The user has 
110 control of this CON. 

0.0 SNEGA Tot.al ne'galive ('urrent· in problem at solution. The user has 
no control of this CON. 

0.0 STOTA Tot.al cum·nt· in problem at solution. The user has no 
cont.rol of this CON. 

1.0 XJFACT The factor hy which all ('nrrent aud currt;\nt densities (hut 
1I0t, current filament.s) will be scaled in POISSON or 
PANDIRAj XJFA.C!T = 0.0 indicates t.he use of a scalar 
potential (uo currents) for elt!ctrostatic problems. 

CON(67) 1.0E-04 XJTOL The tolerau('e allowed in the determination of XJFACT = 
CON(66) when given DDES = CON(S), the field at a 
specified point. 

CON(68) 1.0 A FACT The fR('tor in MJRT by whi<"h s('alRr potent.ials are scaled 
when XJFACT = CON(66) = 0.0. 

CON(69) 0.0 RATIO The rat.io of IRZRROI/(XJFACT = CON(66)) in POISSON 
for the solution ill the air port.ion of the problem. 

CON(70) 0 ICAL An indicat.or for t I.e type of formuln. t.o liSt" in calculat.ing 'he 
currt'nt as!!ociaft·d with a point. near t,he boundary of a coil. 
(:an01lly be chan~ed ill LATTICE. ICAL = 0 means use 
normal area formula; leAL = 1 means use angle formula. 
This latter formula is more accurate near coil boundaries. 

CON(71) 0 NEGAT A flRg indicat,illg a zero or negative area t.rianglei.n t.he mesh. 
This may occur ill t.he relaxat.ion of t.he mesh in LATTICE 
and NEGAT 1: 0 will generate a diagnostic message. 

CON(72) 0.0 SNOLDA The olil sum of drlta ~l1arl"d 's fnr Rir points. Tlti!! numbE'r is 
calculated in POISSON at. t.he end of IVERG = CON(S;) 
cycles. 

CON(73) 0.0 SNOLDI The olclsl1m of ddta sq1\ared's for iron point.s. This number 
is calculated ill POISSON at the end of IVERG = CON(S7) 
cycles. 
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I Table of Problem Constants in Numerical Order (cout.) 

Constant Default Symbol Function 

I 
CON(74) 1.9 RHOPTI A Hag to cause optimization of t.he pararnet.er CON(75) =:; 

I 
RIIOAIR. If IlHOP'l'J is equal to the initial value of 
RHOAIR, then RHOAIR is o.utolUat.ically optimized during 
the it.erations. 

I CON(7&) 1.9 RHOAIR The overrdaxation f8("tor in POISSON for air and illt.erface 
point.s and for iron p'oints in problems with (.h(' permeability 
finit.e and constant. This factor is alltomat.ically optimized 

I during the it.",ration if the initial value of CON(75) = 
CON(71) = RHOPT1. 

I CON(76) none RIIOMl RIIOMI = RIIOGAM - I., whE-re nHOGAM = CON(78). 
Th.e user has no control over t.his CON. 

I 
CON(77) 1.0 RHOFE The over relaxaHon factor for iron points in problE-nlS with 

finite but variable permeability. Used ill POISSON. 

CON(78) 0.08 RHOGAM The oveuE-laxation factor for the inverse permeabilit.y in 

I prohlcms having finite but variable permeabilit.y. Used in 
POISSON. 

I CON(79) 1.6 RHOXY The initinl value of the X and Y mesh over-relaxation factors 
in LATneE. 

I 
CON(BO) 1 ISKIP The nllmher of cycles hetween recalculation of inverse 

permeahilit.ies duri11g a problem with finite and variable 
permeability. Used in POISSON. 

I CON(81) 1 NOTE A flag for det.ermining t.he order in which the mesh point.s 
are rt'laxed. NOTE = 0 gives the order: air points, interface 
points, then iron points. 

I NOTe = 0 .r:nust be use<} for PANDIRA. NOTE = 1 gives 
the order: (air + interface) points, then iron points. 

I CON(82) none BMAX The maximum value of B in t.lIe t.riangles. Used ill 
PANUIRA. Note: Subroutine PTABLE has an internal 
variable with the same llame. 

I CON(83) 0 IABORT All abort flag ill LATTICE, POISSON and PANDIRA. If 
IABORT = I, the run is stopped. 

I CON(84) 1.0E-05 EPSO A paramet.er t.o test' for convergence in t.he mesh geu('ration. 
Used in LATTICE only. 

I 
I 
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Tobie of Problem Conatauts in Nwnerical Order (cont.) 

Constant Default Symbol 

CON(85) 5.0E-07 EPSILA 

CON(86) 5.0E-07 EPSILI 

CON(87) 10 IVERG 

CON(88) 1.0 RESlDA 

CON(89) 1.0 RESlDI 

CON(90) 0 ICYCLE 

CON(91) 0 NUMDMP 

CON(92)- none uone 
(99) 

CON(100) Ilone ITERM 

CON(101) o IPERM 

Functioll 

A paramd~r to test for converg~nce of t.he polent.ial solution 
of !lir and interface point.s and also iron points if Ute problem 
has finite and constant permeability. Used in POISSON. 

A parametf'[ to f.est. for ('onvergence of th~ pot.ent.ial solut.ion 
of iron points in a problem with finile but variable 
permeability. 

The number of ('ydes between convergence'tests. The 
derault mine of 10 should not be a.It.ert"d when using lhe 
opt.ion to opt.imize th~ over~relaxalion factor RHOA IR = 
CON(75). Used in POISSON. 

The residuRl of t.he air points at each IVF:RG = C'ON(87) 
cycles. The user has no control of this CON. Used in 
POISSON. 

The resirlnal of the iron points at each IV ERG = CON(87) 
cycles. The user has no control of this CON. Used in 
POISSON. 

The present. iteration numher; used in LATTICE, POISSON 
and PANlHRA. The user has no control of this CON. 

PresE'nt dump number for writ.ing to TA PE35. 

This s~t of eight worrl~ st·ores the title of the problem, 
which was read by LA'ITICE. 

A print. ('ont.rol numher (or OUTPOI or OlTTPAN. If 
ITERM = 0 and XJFACT = CON(66) = 0, the writing of 
DDZDR, XN, and AFIT to files OUTPOI or OUTPAN is 
suppressed. 

A flag in PANDIRA for the init.ialization of th~ vector 
potential. If 'PERM = 0, the vector potential for a pl'nna­
uent magnet is initialized wit.h the current vector called 
SOlTRCE, whirlt is given a value whf.'n NFIL = CON(49) is 
not z~ro or when a coil region with current is input .. If there 
are no real current. sources in the problem, then set IPERM 
= 1 or any nonzero number. This will allow the code to 
initialize the pot~lltial. 

CON(102) 600000 OOOs IAMASI( A mao;k used in LATTICE, POISSON, and PANDIRA to 
isolat.c bits tn certain words. 

CON(103) 2 000 000 OOOs ISCAT A mask used in LATTICE to isolate bits in certain words. 
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Table of Problem Constants in Nnmerical Ol·der (cont.) 

Constant Default Symbol Funct.ioll 

CON(104) 4 000 000 OOOs IFILT A ma. .. k used in LATTICE, POISSON and PANDIRA to 
isolate bits in cert.ain words. 

CON(105) 100 0008 lDlRT A mask used in LATTICE to isolat.e bit.s in certain words. 

CON(106) 1.0 

CON(f07) 1.0 

CON(108) o 

CON(109) none 

CON(110) 0 

CON(111) 0 

CON(112) 0.0 

CON(113) 0.0 

CON(114) 0.0 

ETJlAIn A measure of l.he rat.f' of convprgence of the solution during 
the eUUt'nL C'ycle. Used in POISSON to calculate RHOAIR 
== C:ON(75). 

ETAFE The curreut rate of convergellce in iron. 

AROTAT or A ROTAT was all additional rotational angle added to 
AN(;LZ = CON(115) in harmonic aualysis. It has been 
deactivated in subroutine MINT. 

ICYSEN 

ITOT 

IF ICYSEN ::: 0 in POISSON, the boundary integrals are 
not. printed. 

ITOT = (I{MAX + Z) .. (LMAX + 2). 

NTERM The number of coeffieiE'nts t.o be obtRined in the harmonic 
analysis of the potential. See Sectioll B.13.3. 

NPTC The IlInnbcr of eqllirlist.ant.\y spacerl points on the arc of a 
drde with its l:~nt·l:[ at Ute origin, at. wbicb tbe vector 
pntf'ntial ;1' t.o he cakula.t.ed hy interpolation. The Fourier 
analysis of f.he vector potential at these points yields the 
coeffidents in the harmonic analysis. The input value of 
NPTC should be approximately the number of mesh points 
adjacent to the arc. 

RJNT The rarHus of the arc of a cir('le on which t.he vector poten~ 
tiaJ is to be calculated by interpolation for use in t.he harm~ 
nic analysis. RINT should he less than the distance to t.he 
nearest singularity (the pole or coil) by at. least one mesh 
space, i.e., t.he size of the side of a triangle. 

ANGLE The angle in degrees that defines t.he extent of the arc of a 
circ;:le on whieh the vector potential is to be calculated by 
interpolation for use in the harmonic analysis. See 
CON(lU). 

RNORM The aperture radius or ot.her normalizat.ion radius used in 
the harmonic anl:llysis of the vector potential. See 
Sec. B.13.3 for B. discussion of the harmonic analysis. 
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Table of Problem Constants in Numerical Order (cout.) 

Constant Default Symbol Function 

CON(115) 0.0 ANGLZ The angle in cleJilrees that defines t.he init.ial point. of the arc 
of t.he circle 011 whil'h the vect.or pot.ential is to he cal('nIat.ed 
by illt,erpolat.ion for use in the harmonic analysis, ANGLZ is 
measured from the X-axis. See Sec. B.13.3 for complete 
discussion of harmonic analysis, 

CON(116) 378 MASK37 A mask used ill LATTICE, POISSON and PANDlRA to 
isolate bits in certain words. 

CON(117) 777778 MASKS A mask used in POISSON a.nd PANDIRA to isolate bits in 
certain words. 

CON(11S) none MAXDIM The maximum allowed value of !TOT = CON(l09). 

CON(119) none NWDlM NWDlM = MAXDTM/2, where 
MAXDIM = CON(1l8). 

CON(l20) 3778 MASKCl A mask for the eighth character ill a word. 

CON(121) 1174008 MASKC2 A mask for the sevent,h character in a word. 

CON(122) none TSTART Tilt, wall clock starting time for the codes that contain 
TSTART. 

CON(123) 0.0 TNEGC The t,ot.al negative ('urrr-nt in t.he. geomet,ry ohtained aft.er a 
conformal transfonnal,ion. It is equal to t,he tot.al negative 
current in the original geometry. This CON must be entered 
in LATTICE. 

CON(124) 0.0 TPOSC The t.otal positive current in the geomet.ry oht.aint'rl afl.er a 
conformal transtormation. It is equal to the tolal positive 
c\\rre~t. in the original geometry. This CON must be entered 
in LATTICE. 

CON(125) 1.0 RZERO The scaling fa('\.or in t.he conformal transformation W = 
Z"MAP/ (MAP·RZERO~"" (MAP-I))' whf're MAP = 
CON(37). Normally RZERO is tile apt'r1.ure radius. This 
CON must be entered in LATflCE. 
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Table of Probcons in Alphabetical Order 

AFACT 
ANGLE 
ANGLZ 
HOES 
BMAX 
CONV 
EPSlLA 
EPSILI 
EPSO 
ETAFE 
ETHAIR 
FIXGAM 
IABOR'f 
IAMASK 
IBOUT 
ICAL 
ICYCLE 
ICYLlN 
ICYSEN or AROTAT 
JDInT 
IFILT 
IHDL 
IMAX 
INACT 
INPUTA 
IPERM 
IPRFQ 
IPRINT 
IRMAX 
IRNDMP 
ISCAT 
ISECND 

CON(68) 
CON{1l3) 
CON(115) 
CON(8) 
CON(82) 
CON(9) 
CON(85) 
CON(86) 
CON(84) 
CON(107) 
CON(I06) 
CON(lO) 
CON(83) 
CON(I02) 
CON(58) 
CON(70) 
CON(90) 
CON(19) 
CON(108) 
CON(105) 
CON(IO"-) 
CON(50) 
CON(5) 
GON(34) 
CON(20) 
CON(IOl) 
CON(31) 
CON(32) 
CON(53) 
CON(36) 
GON(I03) 
CON(48) 
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Table of Prohcons in Alphabetical Order (cont.) 

ISKIP 
ITERM 
lTOT 
ITYPE 
IVERG 
KBZgRO 
KMAX 
KMIN 
KPROB 
KTOP 
LBZgRO 
LIMTIM. 
LMAX 
LMIN 
UfOP 
MAP 
MASK37 
MASKS 
MASKCl 
MASKC2 
MAXCY 
MAXDIM 
MODE 
NAIR 
NAMAX 
NBND 
NBSLF 
NBSLO 
NBSRT 
NBSUP 
NEGAT 
NFE 
NFIL 
NGMAX 
NGSAM 

CON(80) 
CON(lOO) 
GON(109) 
GON(4n) 
CON(S7) 
CON(40) 
CON(4) 
CON(42) 
CON(I) 
CON(43) 
CON(4J) 
CON(29) 
CON(3) 
CON(44) 
CON(4.5) 
CON(37) 
CON(116) 
CON(U7) 
CON(120) 
CON(121) 
CON(30) 
CON(llS) 
CON(6) 
CON(11) 
CON(2S) 
eON(16) 
CON(24) 
CON(22) 
CON(23) 
CON(2l) 
CON(7l) 
CON(12) 
CON(49) 
CON(27) 
CON(28) 
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Table of Probcolls ill Alphabetical Order (collt.) 

NINTER 
NODMP 
NOTE 
NPERM 
NP.INP 
NPONTS 
NPTC 
NREG 
NSPL 
NTERM 
NUMDMP 
NWDIM 
NWMAX 
OMEGAO or OMEGA 
PI 
RATTO 
RESIDA 
RESIDI 
RHOAIR 
RHOFE 
RHOGAM 
RHOMI 
RHOPTI 
RUOXY 
H.lNT 
RNORM 
RZERO 
SNEGA 
SNEGG 
SNOLDA 
SNOLDI 
SPOSA 
SPOSG 
STACK 
STOTA 

CON(13) 
CON(35) 
CON(81) 
CON(18) 
CON(15) 
CON(51) 
CON(l11) 
CON(2) 
CON(17) 
CON(1lO) 
CON(91) 
CON(U9) 
CON(26) 
CON (52) 
CON (59) 
CON(69) 
CON(88) 
CON(89) 
CON(75) 
CON(77) 
CON(78) 
CON(76) 
CON(74) 
CON(79) 
CON(1l2) 
CON(114) 
CON(125) 
CON(64) 
CON(61) 
CON(72) 
CON(73) 
CON(63) 
CON(60) 
CON(7) 
CON(65) 



96 PART B CHAPTER 13 SECTION 8 

Table of Probcolls in Alphabetical Order (cont.) 

STOTG 
TNEGC 
TPOSC 
TSTART 
W2 
XJFACT 
XJTOL 
XMAX 
XMIN 
XORG 
YMAX 
YMIN 
YORG 

CON(62) 
CON(123) 
CON(124) 
CON(122) 
CON(47) 
CON(66) 
CON(67) 
CON(55) 
CON(54) 
UON(38) 
CON(57) 
CON(56) 
CON(39) 
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Index 

AMAX ............................ 9-17 Dllnll> nuulbers ..................... 5-1 
AMIN ............................ 9-17 nx ............................... 3-J4 
Ampere's Law ...................... 1-3 DY ............................... 3-14 
ANGLE ..... ,. .......... ,. ........... ; .. 5-8 easy-axis .............. ,. .......... 13-10 
ANGLZ ............................ 5-8 electret ............................. 1-4 
ANISO .................... 5-13, 13-14 electrostatics .................. 1-6, 5-5 
Anisotropic Elect.rost.at.ics .... 13-15, 18 electrostatic prohlem ............. 13-32 
Anisotropic Maguetostatics .... 13-9, 17 electrostatic problems ............ 13-3'1 
artificial discontinuities ........... 13-27 energy ............................. 1-9 
BCEPT ........................... 5-14 energy density ................... 13-19 
boundary conditions ......... 1-7, 13-21 energy per unit. length ...... " " .. 13-21 
houndary, optimized ................ 9-·6 energy/radian .................... 13-23 
bump height ....................... 9-:-9 EPSILA ............................ 5-9 
bUlnps ............................ 1-11 RPSILI ............................ 5-9 
CFIL ............................. 5-17 Eta-air ............................ 9--17 
change of polarity ., .............. 13-28 Et.a-iron .......................... 9-17 
coefficient matrix ............... 9-1, 12 FAR Array ........................ 9-10 
coercive force ................ 1-4, 13-10 FAR(K,J) .......................... 9-7 
complex variables ............ 13-19, 23 FEMAX ........................... 9-4 
conformal transformation .... 9-1, 13-·45 FFIT .............................. 9-5 
CONY ............................ 3-14 field dt"rivatives .................. 13-30 
Convergence ........................ '5-9 F IXG AM ......................... 5-12 
CUMAX(J) ....................... 9-11 force .......... 1-9, 13-19,34, 37, 39,40 
CUMIN(J) ........................ 9-11 Fourier series .................... 13-43 
CUR .............................. 3-14 FUAIR(J) ........................ 9-11 
CWORK ........................ 13-34 FUIRN(J) ........................ 9--11 
cylindrical symmet.ry ............. 13-32 CAMPER ................. 5-13, 13-14 
degree of nonlinearit.y .............. 9-2 Gauss's Law ....................... 1-3 
DEN .............................. 3-14 geomet.ry, cylindrical ........... 1-.5, J-7 
dielectric const.ant .................. 1-4 geometry, cart.esian .............. 1-4, 6 
Dirichlet. ........................... 1-7 GnlRx ............................. 9-17 
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hal'd~axis ........................ 13---] 0 L11AX ............................ 3-15 
Hard restraints ....... , ............. 9- 1 LMIN ............................. 5-11 
Harmonic analysis ............... 13-42 logiralmesh ........................ 1-8 
harmonic fUllctions ............... 13-25 LOOP ............................. 9-3 
harmonic polynomials ..... 13-26, 33,43 LPOLE ............................ 9-7 
HCEPT ................... 5-14, 13--1·1, LREG ............................ 3-15 
IBOUND ................. , ....... 3-14 LREG1 ........................... 3-]5 
IeYLIN ............................ 5-3 LTOP ............................. 5-11 
IHDL ............................ ,.5-8 l\fAT ............................. 3-16 
IN ACT ........................... 5-11 materials, anisotropic ............... 1-4 
IND(K,J) .......................... 9-7 mat.erials, anisotrophy .............. 1-5 
INPUTA .......................... 5-17 materials, isot.ropic .............. 1-4,5 
internal table ..................... 5-- J 2 materials, permanent. magnet .... 1-5, 4 
IPRFQ ........................... 5-10 MATRIX .......................... 9-3 
IPRINT ................ 3-15,4-1,5-10 MAXCy .......................... 5-10 
IPUNCH ........................... 9-3 MAXK(M) ........................ 9-13 
IREG ............................. 3-15 MAXL(M) ........................ 9-13 
ISECND ........................... 5-7 Maxwell's equat.ions ................ 1-3 
ISKIP .............................. 5-9 mesh, t.opo]ogically ................. 1-7 
Isotropic Electrostatics ......... 13-4, 8 MINK(M) ......................... 9-13 
Isot.ropic Magnet.ost.atics ........ 13-2, 6 MINL(M) ......................... 9-13 
ITFIT ............................. 9-5 tvlODE ............................ 5-12 
ITRJ .............................. 3-15 MPRINT .......................... 9-3 
ITRI(M) .......................... 9-13 tvlSE ............................... 1·-3 
ITYPE ........................ 5-3, 9-9 l\.1TYPE .......................... 5-13 
ITYPE, code ....................... 5-·4 MTYPE(M) ...................... 9-13 
IVERC~ ............................ 5-9 Il.-infinite .......................... 5-12 
JSOFT(I) ......................... 9 -12 J1.-finite-and-const.ant .............. 5-12 
JTYPE(J) ......................... 9-7 ~-finite-but-variable ............... 5-12 
KBZERO .......................... 5-6 IDlllUpo]e fields ................... 13-43 
KMAX ........................... 3-15 l'vIUSE ............................. 9--3 
KMIN ............................ 5-11 NAIR .............................. 9-5 
KPOLE ............................ 9-7 NCELL ........................... 3-16 
KR.EGI ........................... 3-15 NDRIVE .......................... 3-16 
KREG2 ........................... 3-15 Nelunann .......................... 1-7 
KTOP ............................ 5-11 NEW ............................. 3-18 
LBZERO ........................... 5-6 NFIL ............................. 5-17 
least squares ....................... 9-1 NFI'f .......................... t' •• 9--5 
LIMTIM .......................... 5-10 NIRN ..................... : ........ 9-5 
linear bump ........................ 9--8 NODMP .......................... 5-11 
LINX ............................. 3-16 NPAR ............................. 9-7 
LINY ............................. 3-16 NPERM .......................... 5-12 
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NPOINT .......................... 3--16 
NPOLE ............................ 9-7 
NPTC ............................. 5-7 
NREG ............................ 3-17 
NT ............................... 3-18 
N'fERl'v1 ........................... .5-7 
NUM .............................. 5-1 
optimization ....................... 9-1 
Opt.imizat.ion const.ants ............. 9-2 
OUTLAT .......................... 4-1 
OUTMIR ......................... 9-14 
Over-relaxation ................ 1-8, .5-S 
particular solution ............... 13-24 
PCNT ............................. 9-4 
peON ............................. 9-3 
permanent. magnet ............... 13-21 
permeahility ....................... 1--4 
PHAXIS .......................... 5-13 
PHI(J) ............................ 9-10 
physical mesh ...................... 1-8 
polynomial, hannonic .............. 1-9 
rellect.ion symmetry ....... 13-28, 13-30 
regeneration ....................... 9-12 
relaxat.ion parameter ............... 9--3 
reluct.ivit.y .......................... 1-4 
renlanent ........................ 13-10 
Residual-air ....................... 9-17 
Residual-iron ...................... 9-17 
RHOAIR ..................... 5-8,9-17 
RHOFE ...................... 5-8,9-17 
RHOGAM ......................... 5-9 
RHOPT1 .......................... 5-8 
RINT .............................. 5-7 
RLX ............................... 9-4 
RLXS .............................. 9-4 
RNORM ....... ~ ................... 5-8 
rotat.iona.l sYlllmetry ............. 13-27 
smoot.h hump ...................... 9-8 
SOFIT(I) ......................... 9-12 
soft rest-raints ................... 9-1, 12 
SRSUM ............................ 9--4 
STACK ........................... 5-12 
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st.ored energy .................... 13-19 
st.ress tensor ..................... 13-38 
synllnet.ry ........................ 13-23 
symmet.ry, rotat.ion ................. 5-5 
symmet.ry, reflectiol1 ................ 5-4 
1'l<~S1'1 ............................. 9-4 
1.'lIE'fA ........................... 3-1S 
torques .......... 1-9, 13-19,36, 37, 40, 
trimming .......................... 1-10 
types of bumps ..................... 9-S 
ullits .......................... 1-4, 1-9 
W2ND ............................. 5-7 
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In 1976 Holsinger and Tlalhac:h2 published a paper describing a new way of 
solving t.he generalized Helmholtz equation 

for 1.he eigenvalues k and t.he eigenfllnctions 4>( x). The quantit.y S is called t.he 
source term. The applicat.ions were t.o rf waveguides in t.wo dim~nsions and cylin­
drically symmet.ric rf cavities in t.hree dimensions. The Hehuholz eqllation is 8n 
ellipt.ic partial different.ial equat.ion, hence t.he same t.ype of boundary conditions 
are required for it.s solution as for f he generalized Poisson eqllat.ion, namely, 4>(:r) 
or its derivative lllust be specified on all port.ions of the mesh boundary, but not 
hoth on the same portion. 

The first. step in solving t.he problem is 1.0 dl'fine physical regions int.erna.l t.o 
the cavit.y and overlay these regions wit.h a logica.l t.riaugular mesh, which is tllell 
deformed int.o t.he so-called physical mesh. The sides of the t.riangles in the physical 
mesh conform as closely as pORsihle t.o t.he physical boundaries of t.he regions. These 
st.eps are accomplished using t.he programs AUTOMESH and LATTICE. 

The next. st.ep is t.o solve t.he Helmholtz eigenval11e prohlem. This is done in 
t.he code call<:·d SUPERFlSH. The solut.ion gives eit.her the 'I'M or TE modes of' t.he 
<:avity depending on the boundary condit.ions. Given t.he solut.ions, t.he user tlSU­

aJly wants auxiliary properties such as plot.s of electric field, t.ransit. t.ime fadors, 
power losses on the cavit.y walls, and sensitivity of t.he eigenfrequen<:ies to small 
pert.urbations of t.he cavit.y structnre. These auxiliary calculat.ions are done in t.he 
post.pro<:essors TEKPLOT and SFO. Each of t.hese codes will he described helow 
in some det.ail, but t.o begin wit.h, we will sU1llmarize t.he basic theory. 
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Chapter C.I 

SUMMARY OF THE BASIC 
THEORY 

In Hie subsect.ions that rollow we will writ.e down the hasic forms of t.he IIelmholt.z 
equation for cylindrical anrl cDrtesian C'oordillates, list the deJinit.ions tlf some aux­
iliary clunntities calculated by the post.-processors and discuss the syst.em of unit.s 
used in the codes. This is followed by a short discussion of the Ilumerical method 
used to solve the eigeuvalue problem. III particular we discuss the significance of 
the drive point in obt.aining a solut,ion. 

C.l.l Equations for the TM and TE modes 

The most common appliC'aHon of SUPEHFISII is for finding t.he accelerat.ing 
(TM) modes of a cylindrically symmet.ric accelerating cavity. H can be shown (see 
Sec. C.13.1) that Maxwell's eqllations t.ake t.he fOI'lll 

8II(J 18E;: 
-----=0 

8z c at 
(C.1.l.I) 

1 8 18E •. 
-- (rll(J) - -- = 0 
r Or c 8t 

(C.1.1.2) 

DE,. aEz 1 aH(J 
---+--=0 az 8r c at 

(C.1.1.3) 

1 8 8Ez ;0; (rE,.) + 8z = 0 (C.1.1.4) 

-where He is the component of Ute magnetic field in t.he cylindrical direct.iou, ex-
pressed in electric fidd uuits. The true magnetic field is Jt/p. t.imes IIe . 

5 
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and 
1 

C=~-

V4i 
(C.1.l.S) 

The reJat.ive penuil.t.ivit.y "i.e and t.he r·(:laf.iv(' permeahility Km are input paratn­
et.ers for each region, and they are t\s<."c1 when the true mnglldic fidd is required. 
See for example Ta.ble C.1.2.1 below. The direction of the fields arc illustrated in 
Fig. C.l.1.!. 

r 

z 

Figure C.1.1.I: lllnstration of eledrk and magn('tir fif'lrl Jines for t.he TM mont· in 
a cylindrically sYlllluet.rk rf cavity. The magnetic Hdd lines are comiug out. of the 
plane of the paper above t.he z-axis and going int.o t.he paper below the z-axis. 

In t.he TM mode r- and z-componf.'nt.s of t.he magnetic field and the 6-component 
of t.he electric field vanish. It. cCln also be easily shown that t.he equat.ions for the 
deflecting (TE) modes of an rf cavit.y are very similar t.o those for the TM illOdes, 
namely, 

BEe 1 a 
-----(-Ilr}=O az cat 

1 a 1 8 
- - (rEe) - --- (-lfr ) = 0 
r ar cat 

8 . a 1 aEe 
-(-Hr ) - -(-Hz) +-- =0 az aT' c at 

(C.1.1.6) 

(C.1.!.7) 

(C.1.1.8) 

(C.1.1.9) 
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The only difTer~~nces are the int.erC'hange of R for Hand t.he miuns sign appearing 
before Hr l'Ind Hz. The output of SUPEHI"ISB has no nag to tell t.he user which 
type of mode is bf'ing C'alcnlat.ed. The column labels always display field components 
for the TM modes. It is lip t.o the user t.o reint.erpret these column headings when 
TE modes are being calculated. Generally speaking, t.he only difference bet.ween 
solving a prohlem for TE modes instead of 1'M modes is the houlldary conditions. 
This is discussed further in Sees. C.3 and C.13.3 below. 

'We will work with Hie equat ions for t.he TM mode. If we assume that 

(C.1.1.lO) 

and define 

k =w/c (c.l.1.ll) 

Then Eqs. (C.l.1.1) t,hl'ough (C.1.L4) can be reduced to the form 

8 [18 1 8
2
H(J(z,r) 2 

8r ;ar(rH6 (=,r)) + 8:.2 +kII(J(z,r)=O (C.1.1.12) 

1 8II9(Z, r) . 
Er(z,r,t) = -"k----riz--slllwt (C.1.1.13) 

1 8 
E.,(z,r,t) = krfJr {rH(J(z,r))sinwt (C.1.1.14) 

Equation (C.1.1.12) is t.hf" Helmholtz eigenvalue eqnation, and the other t.wo define 
the electric field components. 

SUPERPISH also solves Maxwell's equations in t.wo-dimensional carl.esian C'.O­
ordinates. The main applicat.ions are to waveguides aud cross sections of an RFQ 
accelerat.ing cavity. It is assumed t.hat. t.he waveguide is illfinit.ely long in the z­
direct.ion and t.he fieltls are independent of z. That is, the program solves for t.he 
cut-off wavenumber and fields. For Cart.esian symmet.ry it. is usually t.he TE mode 
that is of interest. The geometry of t.he fields is illustrated in Fig. C.1.1.2. For the 
mode shown, the l1lagnet.ic field is coming out. of t.he end of t.he cavity. 

The equat.ions solved by the code are 

(C.1.l.I5) 

( 
1 BHz(:r, y) 

E:z; x,y,t) = k By coswt (C.1.1.I6) 
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Fip;t1re C.1.1.2: Illust.ration of elect-ric and magnetic field lines for the TE mode in 
a rf cavit.y hnving cart.esian syulllldry. 

) 
1 8HA;r., y) 

Ey(x, y, t = -k a3! (',oswt (C.1.1.17) 

The eigenvalue k is st.ill given by Eq. (C.1.1.l1) and II% is assumed t,o be propor­
tional to cos wt. 

C.l.2 Auxiliary Quantities Calculated in SF01. 

Tahle C.1.2.J is a Sllmmary of formulas for auxiliary quant.ities calculated from t.he 
fields generated by SUPERFISH. The discussion following the table defines the sym­
bols and describes the assumptions used in deriving the equations. Full derivations 
and references are given in Sec. C.13.2. 
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Table C.1.2.I Formulas for Auxiliary Quantities 
in Cylindrical Coordinates 

1. Energy /Volullle, 

u == .: I" ( 1I9(z, r }]2 rdrdz 
2 I. rdrdz 

2. Power Loss on Walls, 

kp Ie. 2 Pw == 7r -----aa [H, (z, r)] rdl 
21" C c 

3. Power Loss on Stems, 

kp J'" 2 p. :: 27rR" -2 3 3 [H, (z.,r)] dr 
II- c· "1 

4. Average Accelerating Field, 

1 jL/2 
Eo = - Ez(z,r = O)dz 

L -L/2 

5. Shunt Impeuallce, 

6. Quality Fact-or, 

7. Maximum Electric Field, Erne: is fouud hy searching. 

8. Frequency Perturbat.ion, 

ilk I6tJ {[H,(z,r)]2 - [EIl (z,r)]2 [E,.(z,r)]2}dv 
-= 2 k 2f,,[H,(z,r)J dv 

9. Transit. Time Factors (K = 27r/ L) : 

1 JL/2 
T(l\) = E L Ez(z,r 

o -L/2 
O)cosl(z dz 

K dT K JL/2 
TP(J() = --dl( = E L zEa(z,O)siu[(z dz 

27r 27r 0 -L12 

.. 
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~Table C.1.2.I (cont'd.) Formulas for Auxiliary Quantities 
in Cylindrical Coordinates 

(
K):! crT (J()2 1 JL/2 

TPP(If) = - dT."2 = -' E L ol2 E.:(ol, 0) cos K ol dz 
21T" J\. 2rr 0 -L/2 

10. Coupling Coefficients (J( = 21T" / L) : 

2 lL/2 
S(/() = -E Ez(z, 0) sin J( ol dol 

'oL 0 

/( lL/2 SP(/() = -- zEAz,O)cosJ\ol dz 
rr EoL 0 

J(:! lL/2., . 
SP P(I<) = -2E 1 z- E,,(z, 0) sm/( z dz 

21T 0 I 0 

The electric and magnetic fields are very nearly 90° ouL of phase. The ellergy 
st.ored iu the field shifts siuusoidally back and forth lJetweell the magnetic ami elec­
t.ric field, bUL remains a const.ant, independent of t.illle. Therefore, the energy prr 
unit volume U can be evaluu.tt'd when the magnd.ic field is maximum and t.he elec­
tric field is zero, without. loss of gent'ralit.y. The int,egral is over t.he olr-CTOSS section 
of the cavity, The inLegrat.ion over t.he cylindrical angle fjJ has been carried out 
analyt.ically. 

If the electrical resist.ivit.y f' of I he ("avit.y walls were zero, there would be no 
power loss and the elect.ric field amplitude would go to zero at. the wall. For walls 
with finite resist.ivit.y, t.he eledric field penet.rat.es t.lle wall and causes an ohmic cur­
rent tu flow. The derivat.ion of the equat.ioll for Pw is not. t,l'ivial and involves some 
approximat.ion.12 The main approximatioll is that t.he field energy in the wall is 
much less than the field energy in the cavity. III cylindrical coordinates, t.he int.egral 
over the surface of t.he cavity is easily changed t.o a line integral around the cross 
section of t.he cavit.y in the zr-plane. The line element is called dl and the contonr 
around t.he cavity cross section is called C. 

'Vhen there are small cylindrical stems holding t.he drift t.ubes in t.he middle of 
the cavity, there is au additional power loss given hy p •. Figure C.1.2.1 illustrates 
a typical stem arrangement .. 
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• 

Figure C.1.2.1: Cut.away of a DTL {.auk showing stems holding the drift tubes ill 
placf:'. 

In t.he formula for PII , R .• is thf:' radius of t.he st.f:'m; rl is the out.er radius of 
t.he orift t.ube; r2 is t.he radins of t.he tallk holding t.he d!'ift. t.uhes; alld z~ is the 
z-coordinat.e of tile St.tc'lU. The other parameters ill t.he forllluia have been defiued 
above. 

The average a('cl:'if'rat.ing field Eo is defined (1.'5 the integral of 'he Z-COI11 ponent. 
of t.he field along the heam din·clioll. The rf cdl has leugth L al1d is assttl1l~c1 t.o he 
symmetric wit.h t.he cent.er of the gap bd.wtc'C'll drift tubes 10ca.1.ed al Z = O. Real 
cavities are slight.ly asymOlf:'tric but since t.he eledric field is vanishingly smaH at 
t.he ends of t.he drift. t.ubes, the approxilllation that t.he cavity is sYlluuet.ric is a 
good one. 

Shunt. impedance Z. has dimf:'usiolls of Ohms/meter. It is a. measnre of excel­
lence. The larger t.he accelerating field for a given power loss/unit-Iellgt,h, t.he better 
the accelerator. 

The qualit.y factor Q is a ratio of t.he energy st.ored in t.he cavity t·o t.he energy 
dissipat.ed per radian of rf. A high Q is desirable if it means low power dissipa.­
t.ion, hut. if it means large stored energy, then it is 11ot. desirable because it implies 
sensitivity to frequency errors. For pulsed syst.ems high Q also implies a long t,ime­
constant. for filling t.he cavit.y wit.h rf field. 13 

The. maximulll electric field on a metal houudary E nta: is import.ant, because t.his 
determines whe.ther and where electrical breakdown will occur. The code must do 
a search since there is no way to calculate tltis quantity from a formula. 

It is also useful t.o know how sensit.ive the resonant, frequency is to errors in t.he 
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size of t.he cavity. The frequellcy pert.urhation is det.ermined hy l1!'iing Slat.er's Per­
turhation Theorem,14 whicll states that, for smaJI pert.urbations, the rciative ("hange 
in l·eSOll8.llt fl'equency caused by a perturbat.ion that dccreC18cs t.he volume of the 
ca.vit.y by an amount «5V is given hy FOMuula 8, in Table C.1.2.1. In part.iculal' when 
the perturbation is a stem, the formula reduces to 

(C.1.2.1) 

The transit. time factors T and TP come int.o the cakuJatioll of the t.ransit. lime 
TT, which is defined by the rela.tion 

TT = fL/2 dz 
LL/2 c/3~(=) 

(C.1.2.2) 

where c/3:{z) is the velocity of the synchronolls particle going through t.lle cavity. 
It can be shown that 

(C.1.2.3) 

where c/3i.n is the velocity of the synchronous particle at. t.hE' ellh'ance to t.he cavit'Yi 
k is related. to the resonaut frequt"!llcy of the ('avity hy E<I'(C,1.1.1O); and t/J. is t.he 
rf phase when the particle is at t.he center of the gap. The quantity «5 is given by 
the equation 

(C.1.2.4) 

where m is the rest mass of the particle. The transit. time factor TPP and. the 
coupling coefficients S, SP, and SPP are needed to descl'ibe the radial motion of the 
particle as it goes through the accelerating gap. For more details see Sec. C.13.2 or 
reference C.14.15. 
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C.l.3 Units 

Defore rUllning SUPER FISH the llSf'r must. define Ule cavit.y and give a st.art.ing 
frequency in AUTOMESn 01' LATTICE. The units of lellgt.h are assumed to be 
cent.imet.ers but t.bis unit can be dlanged t.o almost allyt.hing the U!'ier desit'es by t.he 
use of CONY in AUTOMESII = CON(9) ill LATTICE. The quantit.y CONY is the 
number of cel.ltimeters per unit. I('ugth desired. Angles f'ntel'ed into AUTOMESH 
or LATTICE are ass1lmed to be in degrees. The f".stimat.cd frequency w is assumed 
to he iu t.he unit.s of megahertz (JvUlz). 

All quantities a.ppeariug in t.he output. of SUPEIlFISH will have properly iden­
t.ifled unit.s. It shou1d be llot.ed t.ha.t qllaut.it.ies such as power loss PUI ' electric fields, 
et.e., which are calculat.ed in 5!F'01, are normalized by assuming t.hat. t.he average 
axial electric field Eo, defined in Tal>le C.1.2.l al)ove, is 1 M V /meter. 

C.l.4 Method of Solution Using a Drive Poiut 

The nwt.hod of solnt.ion iii! hasf'd on St.oke's Theorem ill vect.or allalysis. &lua­
tions (C.1.1.12) and (C.1.1.15) are spe,.:ial cases or '.he equation 

(C.1.4.1) 

where H is a funct.iou of (z, r) for cylindrical symmet.ry or (x, y) for cart.esian sym­
metry. To solve t.his {"(Illation in t.he region of illf.~rest, we introduce all irregular, 
t.riangular mesh and derive a linear difference equation at each mesh poiut. Figure 
C.1.4.1 shows the neighborhood of a given mesh point .. 

\Ve introduce a secoudary mesh by dra.wing connect.ing lines between t.lle "cen­
ter of mass" of every triangle and the cent.er of each of the six lines cOllnecting lin"~ 
to its nearest neighbors. The mesh point is now surrounded by a uniqne 12-sided 
polygon. This seconrlary mesh of dodecagons covers cOl11l>let.t'iy the whole region of 
the problem. The difference equations for H are now obt.ailled by integrating Eq. 
(C.1.4.1) over the area, one dodecagon at. a time. This yields 

L '\I x· ('\I x H) . da == fc '\7 )( H· dl = k 2 L H· da (C.l.4.2) 

If w~ assume t.hat. H can he approximated hy a linear f\lnction of the variables 
(z,r) or (:r:,y) within every triangle, t.hen H inside every t.ria.ngle is uniquely de­
termined hy t.he valiles of H at. the t.hree comer-mesh points of the t.riangle. The 
integrals ill E(l. (C.1.4.2) can be done analytically and the results expressed in 
terms of the value of H at the mesh point n and its six nearest neighbors, giving a 
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2 1 
2 

36----4-----9 e 

4 
5 

Figure C.1.4.1: Six nearest ne'ighhors of a given point {".allc.·d "0" in 1\ triangular 
mesh wit.h secondary dodecagon. The contour C is the path of integration ill Stoke's 
Theorem. 

set of homogeneous equat.ions of t.he fqrm 
6 

L Hnm (\I'm + k2W rtt ) = 0, n = 1, ... , N 
m=O 

(C.1.4.3) 

where N is t.he number of mesh point. This Sf"t of equations can he t.hought of as 
an N by N mat.xix of ("oeffici~nts mnltiplying a column matrix cont,ainjng t.he values 
of 11 at the mesh poiuts. Tllis is a very sparse mat.rix with at most six ellt·des ~ll 
each row. The equations then take t.he form 

N 

L: AnmHm = 0, n = 1, ... ,N (C.1.4.4) 
• m=l 

where the single index In on II now rHns 110W runs from 1 to N. 

We would like to use the so-called direct met.hod for solving this set of eqHations, 
hut this cannot be done unless we C!;ill convert this set of homogeneous equations 
artificially into a set of inhomogeneous equations. This is accomplished by replac­
ing one of the equations (say the equ.ation for the p-th mesh point) by the Silllpl«; 
equat.ion 

Hp= 1 (C.1.4.5) 

The prescription for makitlg the set inhomogeneous is as foHows: Every lllatrix 
element in row p and in column p is set eqHal to zero, except. the (p, p) diagonal 
element is set equal to oue. Column p is moved to the right side of the ~quatioll 
and its sign ,is changed except for the element in row p, which is set equallo one. 
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The direct. solut.ion t.hen gives vahlf's of II at all ot.her mesh points. If we take 
the original difiert"llce ('quat ion for t.ht" mesh point p, we can solve for lTp • TJJis 
value will in general differ from one, except. at. resonance. This difference can be 
interpreted as being proport.ional t.o the current J( k) nt'cessary at. that point t.o 
drive t.he cavity to t.he prescribed amplitude of H = 1 at the mesh point. p. For t.his 
reason we refer t.o t.his mesh point. as t.he "driving point .. " In essence, SUPEHFISH 
finds t.he eigenvalues k by numerica.lly findiug t.he zeros of a functiona.l proportional 
1:0 J(k). 

In principle, t.he locat.ioll of t.he drive ,loint is arbit.rary. Tn practice, the drive 
point. should not. he placed at a point. wht're t.he value of t.he Illagllet.ic field in 
TM modes is nearly zero. This will result. in a "current." J(k) t.hat. is very flat and 
t.his lUetkes it difficlllt to fillcI t.he zt>ro heing sought.. The algorit.luu for choosillg 
the ddault. locat.ion of the drive point. 1lsually leads to quick convergence, but for 
cavities wit.h unllsnal shapes t.he default. drive point may not. he chosen opt.illlally. 
If t.he user is having t.rouble gd.t.ing t.he code to (,Ollverge, he should use the opt.ion 
uf 1ll0Villg t.he drive point. to anot.her locat.ioll in t.he cavit.y. 

... 
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Chapter C.2 

Simple Example - Drift Tube 
Li-nac (DTL) Cavity 

A drift-tube linac, in essence, is a I01lg tube with a series of smaller tubes inside 
it. The smaller tubes are drift. tubes. These are attached to t.he wall of the outer 
hlbe by stems. The spaces between adjacent drift tubes are the accelerating gaps. 
A section of this assembly consisting of one-half of a drift tube followed by a gap 
followed by another half drift tube forms an rf cell of t.he liuac. When all cells are 
hllled to the same resonant frequency the entire assembly will also resonate at the 
same frequency. SUPERFISH is used to tUlle individual cells although it can also 
be used to study Illultiple cell structures. 

The portions of the rf cell boundaries have special names. The inner radius of 
the enclosing tank is the cavity radius; the outer radius of t.he drift tube is the drift 
tube radius; and the angle the drift tube face makes with the axis of the drift. tube 
is called t.he face angle. Figure C.2.l identifies some of these features. 

The cavity radius, the drift. tuhe diamet.er, the nose radius, t.he corner radius, 
and the bore radius are all defined hy the design of the linac. The main problem 
for any part.icular cavity is to choose the cavit.y length, face angle, and accelerating 
gap length in such a way that the accelerated particle gains just the right energy, 
surface electric fields are not too high, and the cavity has the design frequency of 
the linac. This usually requires several SUPERFISH rUllS, but ill this example we 
will ouly give the results of the final rUll. Once we have found the final design, 
there are a number of other things that one wants to know about the cavity. For 
beam dynamics one needs the transit time factor and other related integrals. For 
the electrical design it is useful to know the power dissipated on the metal surfaces 
of the cavity, the shunt impedance, t.he quality factor Q, the stored energy in the 
cavity and the surface electric fields. From a perturbation analysis we can learn how 
small changes in the positions of surfaces will affect the resonant frequency. 

The first step in running. the problem is to set up an input file for AUTOMESH. 

1 
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We shall assume that. t.he cell is symmetric and therefore it. is only necessary t.o cal­
culat.e half of t.he cell, t.hus reducing t.he amount of input to AUTOMESII. Figure 
C.2.1 s·hows the outline of one-half of t.he cavit.y. By default. SUPERFISH assllmes 
that the cavity is a figure of revolution about the line labelled 1-10. 
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.-._7 _: ~_:_...a_..J25 ____ -4: ... ::[ ................ . 
Figure C.2.1: Geometry of drift. tuhe linac cell. The cavity radins is 21.1; the drift 
tube radius is 4.03; the nose radius is 0.325; t.he bore radius is the lengt.h of the line 
9-10. The face angle is a = 3.5°. 

The picture of the full cavit.y can he visualized by reHect.ing Figure C.2.l in the 
vertical R-axis and rotating the whole figure around the horizontal Z-axis. The 
l1lullbered dots indicate the boundary segment endpoints that enter into the data 
file. The points are numbered in i.he order given in the A UTOMESH input file 
shown in Figure C .2.2. 
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ssuperfish dtl test problem 
Sreg nreg~1.dx=0.015.xmax~4.2843,ymax=21.1008.yreg1=5 .• 
yreg2=1 .• npoint=11S 
$po x=O.O • y=O.O S 
$po x=O.O • y=21.1008 $ 

$po x=4.2843 • y=21.1008 S 
$po x=4.2843 ,y= 4.03025 $ 
$po x=1.60454 • y= 4.03025 S 
$po nt=2 xO= 1.60464, yO= 3.63025. r=0.5, theta=116.6$ 
$po x=0.93936 , y= 0.84484 $ 
$po nt=2, xO=1.26316. yO= 0.826. r=0.325, theta=210.0$ 
$po x=4.2843 • y= 0.5 $ 
$po x=4.2843 ,y= 0.0 $ 
$po x=O.O , y= 0.0 $ 

Figure C.2.2: Input to AUTOMESH for DTL cell. 

• 

The cavit.y dimensions are ill cent.imeters. Figure C.2.1 is not drawn to scale and 
the dotted segments on the vertical lines indicate that the vertical scale has been 
foreshortened. 

The first line of the input file is the title, which can be what.ever you choose, 
except that the first column of the title must not. be a blank. (A blank in col­
umn one signals AUTOMESH that the input file specifies a magnet problem in­
put for POISSON or PANDIRA.) The lines following t.he first line are in standard 
FORTRAN namelist format wit.h a blank space in the first colulllll and the namelist 
items dplimited by $. The second and third lines of the file make up the REG (re­
gion) namelist. The variables to be entered are the number of regions, NREG, and 
the approximate longitudinal step of the logical mesh, DX in centimeters. One can 
also enter the vertical step DY, hut we have chosen to use the default value, which 
is about 0.S7 * DX. XMAX is the longitudinal extent. The YREGl and YREG2 
variables allow one to change the fineness of the vertical dimension of the mesh to 
reduce the nWllber of mesh point.s in the problem. From R = 5 Clll to R = 7 Clll, 

the mesh is to be twice as coarse as between R = 0 and R = 5 cm. Between R = 7 
cm and R = YMAX the mesh is coarsened again by another factor of two over that 
between 5 and 7 em. Since 5 cm is larger than the radius of the drift tuhe, this 
should not affect the accuracy of the solution very much. The variable NPOINT is 
the llumber of endpoint lines that are to follow. If there are n segments, there must 
be NPOINT = n + 1 endpoint data lines to close the boundary. There are other 
variables that can be set in the REG namelist, but we do not need them for this 
example and hence they will have their default values. (See Chaps. C.3 - C.S for 
a full description of these variables.) 
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The PO input data lilU~s describe t.he f'ndpoillts of curves t.hat form t.ile physical 
boundary of the region. The variable NT specifies the type of curve to be drawn 
from the previolls point to the next point. Its default value is 1 (a straight line), 
which is why NT is not specified on the first 5 PO lines. The first. PO line gives 
the (Z, R) coordinates of the starting point; the next four lines give the coordinates 
of Ule succeeding four points, each connected t.o the preceding point. by a straight 
line. The sixth PO line gives the endpoint of a circular arc that start.s at point 
5 and ends at point 6. The line gives the coordinates of the center of the circle, 
(Xo, lo), the radius. of t,he circle, R = 0.5 , and the angular posit.iol1 or t.he endpoint, 
T H ET A = 176.50 ; NT is set to 2 to tel1 the program that. it should draw a circle. 
The seventh line again gives the (Z, R) coordinates of a point reached by a straight 
line. The eight.h PO line describes a point reached by a circular arc, and the re­
maining lines describe endpoints of straight line segments. 'I'he last PO line is the 
same as the first, and thus closes the boundary. 

With the input data file prepared, we are ready to start the AUTOMESH 
run. This is done on the CTSS system by entering the name of t.he executable 
AUTOMESH file. Figure C.2.3 shows what happens at the terminal. Throughout 
the text when displaying tt"l'minaJ sessions, the information entered by t.he user will 
always he !lllderlined. AUTOMESH asks for the name of the input file, which in 
this example is SFTl. AUTOMESH then executes and prints out some illformR.tion 
on the logical boundary segment. endpoints, and produces a. file cal1ed TAPE73, 
which is used for input. to LATTICE. AU'fOMESH also produces a summary file 
OUTAUT. Usually there is no reason to consult OUTAUT, but it. can he useful if 
something is wrong with the input file or if you want to know the parameters, either 
input or default, used ill the rUll. It also contains a copy of the contents of TAPE73. 
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autom!sh 
1type input file name 

? sftl 
region no. 1 
logical boundary segment end points 
iseg kb lb kd ld ko 10 

1 1 1 0 1 1 78 
2 1 78 0 1 1 93 
3 1 93 0 1 1 146 
4 1 146 1 0 68 146 
6 68 146 0 -1 68 93 
6 68 93 0 -1 68 ;8 
7 68 78 0 -1 68 63 
8 68 63 -1 0 22 63 
9 22 63 -1 0 16 66 

10 16 66 -1 -1 14 14 
11 14 14 -1 -1 18 9 
12 18 9 1 0 68 9 
13 68 9 0 -1 58 1 
14 68 1 -1 0 1 1 

stop 
automes ctss time .594 seconds 
cpu= .211 sys::: .619 i/o+memory= .364 

all done 

Figure C.2.3: Log of interaction with AUTOMESH. The logical coordina.tes (kb, 
Ib) correspond to t.he begillniug points and Ule (ko, 10) to the end points of the 
segment. The long segment from (0, 0) to (0, 21.008) has been divided in 3 parts 
because of the mesh size cha.nges (YREGl=5 and YREG2=7). The quantities (kd, 
ld) represent. the incremental steps in going from (kb, Ib) to (ko, 10). Essentially all 
they give are the direction of the step. 

The next step is to execute LATTICE, which on CTSS is done by giving the 
executable file name LATTICE. Figure C.2.4 shows what happens. LATTICE asks 
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lattice 
1type input file name 
? tape73 

beginning of lattice execution 
dump 0 will be set up for superfis 
ssuperfish dtl test problem 
?type input values for con(?) 

? ~ 

elapsed time = 1.0 sec. 
Oiteration converged 
.lapsed time = 3.8 sec. 
generation completed 
dump number 0 has been written on tape3S. 
stop 

lattice etss time 4.337 seconds 
cpu= 3.669 5Y5= .034 i/o+memory= 

all done 

Figure C.2.4: Log of interaction with LATTICE. 

December .30, 1986 

.644 

for the input. file name; TAPE73 was ent.ered. The program then asks if the user 
wants to change any of t.he const.allts (CON(?)). Sometimes one wants t.o change 
t.he houndary conditions. Let us review these conditions. The upper houndary is a 
metal wall, whkh requires that elect.ric field lines be perpendicular to t.he houndary. 
This is called a Neumaun houndary condit.ion, and is the upper houndary default 
value for SUPERFISH. The two side boundaries are vaCUUBl, hence not conducting, 
but hy sYlUUletry t.he electric field lllust be normal to these bounda.ries; again these 
are default values for the side walls. The lower houndary is the axis and the field 
must be parallel to the boundary in t.he TM-mode. This is called a Dirichlet. bound­
ary condition, which is the SUPERFfSH default for the lower houndary. Therefore 
t.here is 110 need to change the boundary constants. A review of t.he other possihle 
input constants (See Cha.pters C.3 and C.5.) shows that the default values are ap­
propriate for this rUIl. The user t.ypes "S" (for "skip") t.o t.ell LATTICE to proceed. 
LATTICE completes execution by print.ing that it has written a block called DUMP 
o 011 file TAPE35. 

At this point we could call SUPERFISJI, but. it would be wise to see if t.he half 
cavit.y looks the way we want iL t.o. To do t.his t.he user execuLes TEKPLOT by 
typing TEKPLOT. Figure C.2.5 shows hqw TEKPLOT responds. 
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tekplot 

?type input data- num, itri, nphi, inap, nswxy. 
? O,s 

input data 
num= 0 itri= 0 nphi= 0 inap= 0 nswxy= 0 

plotting prob. name = superfish dtl test problem cycle 

?type input data-- xmin, xmax, ymin, ymax, 
? O. 4.5 O. 22. 

input data 
xmin= 0.000 xmax= 4.500 ymin= 0.000 ymax= 22.000 

?type go or no 
? go 

Figure C.2.S: Log of interaction with TEKPLOT. 

= 0 

TEKPLOT asks for five pieces of daia, whose default. values are a.ll zero. To get just 
the cavity out.line, the. defaults are sufficient. The format of the reply is numbers 
separated by spaces or cOlllmas. If one want.ed to enter only the first number, one 
could type the number and an "S" as shown in Figure C.2.S. If on t.he ot,her hand 
one want.s to change the fifth number, the first four numbers have to be entered 
first. Variat.ions on this format. are hopefully obvious. 

The meaning of the five variables is as foHows. NUM is t.he DUMP number. 
ITRI = 1 means that we want t.he triangular mesh plotted. NPHI is the numher 
of equipot.ential lines 1.0 be plotted; anon-zero value only makes sense if NUM is 
not equal to ze1:0. INAP has to do with the minimulU and maximulIl values of the 
equipotential lines to be plotted and hence also is illappropiate for NUM = O. The 
parameter NSWXY = 1 causes the 3:- and y-axes to be interchanged ill the plot. 

Line 3 on Figure 0.2.5 indie-ates that we have set NUM = O. TEKPLOT answers 
by t.yping out the input data it. proposes to use and t.he problem title. It. then asks 
for the houndary limits wanted on t.he graphical display. All that is needed are 
the rough values of the howldaries of the cavity. TEKPLOT ecilos this input and 
asks permission to proceed. If we answer no, the program goes back to the first 
input. line and the user may change any of the previous variables jll turn. On t.he 
CTSS system, if one answers: ~, TEI<PLOT erases the CRT screen and draws the 
cavity (See Figure C.2.6). To end TEKPLOT, press the carriage return key once. 
TEKPLOT asks for input data; type -1 s to exit TEKPLOT. 
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r 

I 

(?type input data - num. itri. nphi. inap. nswxy) 
? -1 s 
tekplot etss time 1.043 seconds 
epuz .209 sys= .027 i/O+memory= .808 

prob. name = superfish dtl test problem freq = 0.000 

Figure C.2.6: Output of TEKPLOT showing the DTL ca"it.y boundary. 

We are now ready to nUl SUPERFISHj the exec.utable file name on CTSS is 
FISH (See Figure C.2.7). SUPERFISH asks for an input. file; we answer "tty" if 
we wish to enter data interactively from the keyboard. If one has pl't"pa.red a set 
of input data in adyance and put it in a file, then t.he name of this file should he 
entered at. t.his time. In the interactive mode, SUPERFISH then asks for a DUMP 
number NUM. Then the program SUPERFISH types a couple of lines and asks for 
any changes in the CON array. This is the appropriate point to specify a guessti~ 
mate of t.he resona.nt frequency of t.he cavity. The next line tells t.he program to 
change CON(65) to 425. MHz and skip tu the end of the array without. making any 
other change. 
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?type IItty" or input file name 

? tty 
?type input value for dump number 

? Q 
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beginning of superfish execution from dump number 0 
prob. name = superfish dtl test problem 
?type input values for con(?) 

? .65 425. IS 

elapsed t~e = 2.7 sec. 
cycl. hmin hmax 

o O.OOOOe+OO O.OOOOe+OO 

solution time = 20.993 sec. 

residual 
1.0000e+00 

k •• a ~ 7.9341e-03 
freq = 4.2500e+02 

1 O.OOOOe+OO 2.3276e+00 1.0000e+00 
kfix = 68 lfix =146 delta1= -1.0127e-06 d1(k •• 2)= -2.7636e-07 

using slope = -1 formula with rlx ~1.0000 
del k •• 2 = -2.7636e-07 k •• 2 = 7.9338e-03 freq = 4.249ge+02 
solution converged in 1 iterations 
elapsed time ~ 24.0 sec. 

dump number 1 has been written. 
?type input 

? ::.h 
value for dump num 

stop 
fish 
cpu= 

ctas time 
4.186 8y&= 

25.175 
.388 

seconds 
i/o+memory= 20.601 

Figure C.2.7: Log of interaction with SUPERFISH on CRAY. 

SUPERFISH then executes with the results shown in Figure C.2.7. The resonant 
frequency found by the progratn is very close to the guesstima.te. 

A useful check ot) the solution is to look at some of the field lines to be sure that 
we have the mode that we are looking for. This is done by exiting SUPERFISH 
and entering TEKPLOT as shown at the end of Figure C.2.7 and the beginning of 
Figure C.2.8. This time, when TEKPLOT asks for input to NUM, etc., 
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tekplot 
?type input data- num. itri. nphi. inap. nsvxy 

? 1060, 

input data 
num= 1 itri= 0 nphi= 60 inap= 0 nsvxy= 0 

plotting prob. name ~ superfish dtl test problem cycle = 1 

?type input data-xmin. xmax. ymin. ymax. 
? Q. 4.6 O. 22. 

input data 
xmin~ 0.000 xmaxz 4.500 ymin= 0.000 ymax= 22.000 

?type go or no 

? ~ 
Figure C.2.8; Log of int.eraction with TEKPLOT for field plot. 

we type "1 0 50 s" t.o t.ell the program to use DUMP 1, not plot t.be t.riangular 
mesh, draw 50 equipot.elltials of r H.p, which are parallel to the elect.ric field lines, 
and to skip to the end of the input. Again, the rough boundaries are the same as 
before. TEKPLOT then draws Figure C.2.9. 
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(?type input data - num, itri, nphi, inap, nswxy) 
? -1 s 
tekplot etss time 6.188 seconds 
cpu= 2.913 sys= .050 i/O+memory= 1.226 
all done 

prob. name = superfish dtl test problem freq = 424.993 

Figure C.2.9: Output of TEKPLOT for elect.ric field lines. 

TEKPLOT is exit.ed as before by typing "-1 s." The next step is to execute the 
SUPERFISH Output routine, SFOl. Figure C.2.10 shows the results of typing the 
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sfctl, 
?type "tty" or input file name 

? tty 
7type input value for num 

? 1 
beginning of sfodtl execution from dump number 1 

prob. name = superfish dtl test problem 

Ttype input values for con(T) 
T .60 9 s 

7type input values for iseg's(?) 
T 4 -6 -6 -7 8 9 10 11 12 s 
1 
superfish output summary 09:01:31 84/06/17 
problem name = 
cavity:length ~ 8.669 cm, diameter 
frequency (starting value = 426.000) 
beta= 0.1216 proton energy 
normalize tactor (eO = 1.0 mv/m) ascale 
stored energy (for problem geometry) 
stored energy (full cavity) 

= 
= 
= 
= 
= 
= 
= 
= 

42.202 cm 
424.993 111hz 

6.999 mev 
4827.3 
0.0094 joules 
0.0188 joules 
621.12 watts 

1042.24 watts 
power dissipation (for problem geometry) 
power dissipation (full cavity) 
t,tp,tpp,.,sp,spp = 0.874 0.038 0.006 0.394 0.063 0.004 
q = 48231 shunt impedance = 82.213 mohm/m 
product z.t •• 2 ztt = 62.816 mohm/m 
magnetic field on outer wall = 1281 amps 
maximum electric field on boundary = 6.741 mv/s 

iseg zbeg rbeg zend rend emax power d-treq 
(cm) (cm) (cm) (CIII) (mv) (w) (delz) 

4 0.000 21.101 4.284 21.101 0.00061 249.1 wall 0.0000 
8 4.284 4.030 1.604 4.030 2.73689 144.2 wall 0.0000 
9 1.604 4.030 1.106 3.661 6.60369 22.0 wall 2.9432 

10 1.106 3.661 0.939 0.846 6.30668 17.4 wall 6.8319 
11 0.939 0.846 1.264 0.600 6.74078 0.0 wall 0.3629 
12 1.264 0.600 4.284 0.500 0.72178 0.0 wall 0.0000 

total 432.7 wall 
-6 4.284 21.101 4.284 7.000 0.63067 61. 0 stam 0.9211 
-6 4.284 7.000 4.284 6.000 0.61812 16.7 stem 0.2423 
-7 4.284 6.000 4.284 4.030 0.32672 11.8 stem 0.3001 

total 88.4 stem 1.4636 
?type input value for num 

? -ls 
stop 
Bfol ctss time 1.904 seconds 
cpu= .311 sys= .062 i/o+memory= 1.641 

all done 

Figure C.2.l0: Log of interaction with SFOl for DTL cavity. 

d-freq 
(delr) 

-1.3230 
0.1067 
2.6166 
0.4179 
0.1434 
0.0021 

0.0000 
0.0000 
0.0000 
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execut.able file name SFOl.. This program can be nm from a prepared input file 
01' interactively from the terminal as we ha.ve dOlle ill Figure C.2.10. After telling 
SF01, when it. asks, that we will input from the terminal and to use DUMP 1, we 
change CON (50) to 9, indicating that we want power and fl'eClUellcy shifts calcu­
lated for 9 sections of the ca.vity boundary. SF01 then asks fol' the section numbers, 
ISEG's. The reply as shown ill Figure C.2.10 has 9 numbers, some of which are neg­
ative. The reason for t.his is as follows. Remember that. the REG line in the input 
to AU'rOMESH ~ked for mesh changes at R = 5 and 7 em. Inside the c,ode, this 
caused the left and right boundaries to be divided at R = 5 and 7, thus adding two 
boundary segment.s on each side. 1.'here are " now a total of 14 boundary pieces. The 
llwnberillg of the segments (uuml)el's in circles) is illustrated in Figure C.2.H. 

7 

5 

• • • • .... ---421-----! 
I • • 

0·~~-T···· 
C!J. • : · • • • · • • · 

8 i • • · . • • • • · . · . · . · . ! ! • • 

• 
2L 

--·r···· 

~~E.:~[ ................ . 
Figure C.2.11: Numbering of line segments for DTL problem. 
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The ISEG's input has t.he following interpretation .• Sectiol1 4 is t.he out·er wall; 
sections 5, 6, and 7 form the cavity boundary bet.ween the waH and the drift tube; 
sections 8, 9, 10, 11, and 12 are t.he drift t.ube. The minus signs before sect.ions 5, 
6, and 7 Ulean that we want SF01 to calculate power and frecluellcy shift.s for these 
portions as if a drift tube stem were supporting t.he drift tube. If these segment 
numbers were positive, SF01 would assume a solid wall. 

After accept.ing this input., SF01 executes, print.ing information about the prop­
erties of the cavity. Much of the information in Figs. C.2.1O and C.2.12 is self­
explanatory. The quantity beta is the relat.ivist.ic velocity rat.io for a prot.on of the 
energy shown. SFO 1 assumes t.hat t.he t.ot.al cell length corresponds t.o beta times 
the wavelength lambda of the electromagnet.ic mode for a proton and calculates beta 
from t.his information. The normalization factor tells us that SFO t assumed that 
the drift tube linac was operating with an average axial field of 1 MV /m. 1£ actual 
operation is to be at a different gra:dient., the stored energy and power must be 
adjusted accordingly. The normalization factor could also he changed by changing 
CON(100) at the beginning of the SUPERFISH run. The values in the line labeled 
liT, TP, TPP, S, SP, SPP" are the transit time factor and related Cjuantit,jes, which 
are explained in Section C.13.2. The magnet.ic field on t.he outer wall is constant 
for a TM(Ol) mode and is given in units of Amp/tn. The lllaximum electric field 
(Em~) at the boundary is given as a quick check. If one wants more det.ailed values 
along t.he boundaries 011 which power was calculated, one should look into the file 
OUTSFO. 

The final table print.ed by SFOl gives t.he power dissipat.ed on the segments and 
the frequency shifts that would result if the boundary in question were shifted in R 
or Z by 1 mm in a direction that. would result in an increase in the volume of the 
cavity. The values given for the segments representing t.he stem correspond to a 1 
cm radius rod. This radius can be changed by changing CON(81) at t.he beginning 
of the SF01 run. The frequency shift (delz) for the stem is the number of MHz 
change for a 1 mm change in the radius of the stem. 

The SFOl output file OUTSFO contains a list of the problem CON's used, the 
value of Ez at points on t.he axis, the values of several moment. integrals of Ez along 
the axis, and a copy of the terminal output. It also cont.ains tables for each segment 
on which power and frequency shift calculations were requested. Each segment t.a.ble 
consists of the I<, L' (logical mesh coordinates) and Z, R coordinates of the points 
011 the path, the value of H9 at the point. and the value of I E z IlUidway between 
points. At the end of the table appear t.he maximum elect.ric field on the path, the 
power, and the estimated frequency shifts per millimeter shift in Z and in R. A 
portion of this output is shown in Figure C.2.12. 
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power to be calculated on the following segment 
iaeg kb lb kd ld ke le 

12 18 9 1 0 68 9 

field along a specified path 

m kpRth lpath z r 

1 18 9 1.264 0.600 

2 19 9 1.339 0.600 

3 20 9 1.416 0.600 

4 21 9 1.490 0.600 

6 22 9 1.666 0.600 

6 23 9 1.641 0.600 

7 24 9 1. 717 0.500 

8 26 9 1.792 0.500 

9 26 9 1.868 0.600 

10 27 9 1.943 0.600 

11 28 9 2.019 0.600 

h-phi 
(a/m) 

3.766e+01 

2.467e+01 

1.670e+01 

1. 145e+01 

7.890e+00 

6.468e+00 

3.783e+00 

2.626e+00 

1.823e+00 

1. 267e+00 

8.804e-01 

abs(e) 
(vim) 

7.218£+06 

4.463e+06 

2.946e+06 

1. 991e+06 

1.362a+06 

9.380e+04 

6.484e+04 

4.492e+04 

3. 116e+04 

2. 164e+04 

12 1.2637a+00 6.0000e-01 4. 2843e+00 6.0000e-01 7.2178e-01 1.1383e-04 
wall O.OOOOa+OO 4.1813e-03 

• 
• 
• 

41 68 9 4.284 0.600 

emax on the above path ~ 7.2178e-01 
power on the a~ove path = 1.1383e-04 

total power = 6.2112e+02 

3.240e-05 

freq= 424.993 Mhz delta-fraq = 0.00418 mhz 
delta-fraq/fraq = 9.8386a-06 

1.300e-01 

per mm. for delta r perturbation (volume added) 

Figure 0.2.12: A portion of the output. of SF01 for the DTL. 
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Chapter C.3 

SUPERFISH Input for LATTICE 
and AUTOMESH 

Before the code AUTOMESH, the only way t.o enter dat.a describing t.he physical 
gt"ometry of the problem WRS thro11gh LATTICE. AH.hough most users will use AU­
TOMESH t.o enter input, it is wort.hwhile 11ndershmding the st.ructure of LATTICE 
input so that the st.ructure of AUTOMESH makes sense. Furthermore there may 
be occasions when t.he user wl!'ihes to modify the output of AUTO MESH, which 
becomes the input. to LATTICE. In this case, the user needs an understanding of 
the input to LATTICE. 

C.3.1 Format-Free Input Routine 
(FREE I, RA Yl, Nl, ... , RAYI, NI) 

The aut.hors of the Poisson Group programs developed their own format-free 
input rout.ine to make it easier t.o enter dat.a into all programs except AUTOMESH. 
The input into AUTOMESII is via the standard FORTRAN NAMELIST method. 

The other Poisson Group programs expect most of Ule input file t.o be in a format 
t.hat can be read by one of t.he following CALL st.atements~ 

CALL FREE(1,RAY1,N1) 
CALL FREE(2,RAY1,N1,RAY2,N2) 
CALL FREE(3,RAY1,N1,RAY2,N2,RAY3,N3) 

where RA Yi, RA Y2, and RA Y3 are arrays of length at. least equal t.o Ni, N2, and 
N3 respectively. In some cases the array length is variable. The CALL statements 
and dimensions are part of t.he program and hence not under t.he user's control, 
except. for arrays of variable length. Section C.3.2 spells out in detail which of the 
three CALL statements are being used to enter data and what freedom the the user 
has. 

1 
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The FREE format uses special characters to shorten input and t.o S8ve array 
space. These charad.ers and their functions are described below, and aD eX81111>le 
is given which uses all of them. When the forms in the left-halld column below are 
used for input, FREE int.erprets them as explained on the right. The case (upper 
or lower) for the letters R, Sand U may he important on some computers. 

*1 X This notation means store the number X, in t.he location (I) of the 
current array. If there are numbers following X, they 8.l'e stored in 
locations (1+1), (1+2), etc. 

XRN This notat.ion means store the number X, in N successive locations 
in t.ile current array. A hlank hetween X and R is optional. (Think 
of RN as being shol'thand for "repeat N times.") 

s 

c 

This symbol means skip the rest of the input to the current array 
and go to t.he next array, or end the read if the current array is the 
last array in the CALL FREE statement. 

This symhol means count Ute number of values read into the current 
array and save the lltlluber as NI, N2 or N3 as appropriate. It also 
acts like S above. The purpose of this feature is to read in arrays 
of variable length. 

Numbers may be either integers or floating point numbers. 'rhe la.tter can he 
in simple decimal format ±XX.XX orin scientific format ±X.XXXE±XX. The 
exponent must contain a plus or a minus sign. The plus sign in front of the mant.issa 
is opt.ionaI. The only other non-numeric characters allowed in the input field are 
the blank and the comma. Either the hlank or the comma can be used. to separate 
input values. Comments may follow the last S or C or required numbers 011 any 
inpu t line. 

The example below illustrates all the above features. A and B are dimensioned 
arrays, and K is a single variable. 

Calling sequence: Nz 100j CALL FREE(3.A.6.B.N.K,1) 

input line: 
-3.4. +5.3E-2 R2 S *20 .1R10 C 13 THIS IS AN EXAMPLE. 

This input produces the array values: 
A(1) = -3 
A(2) - 4.0 
A(3) II: 0.053 
A(4) - 0.063 
A(5)- unchanged 
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8(1) thru 8(19) = unchanged 
8(20) thru 8(29) = 0.1 
N = 10 
K = 13 

PART C CHAPTER 3 SECTION 2 3 

One' final import-ant note. The FREE ent.ry format requires all floating point 
numbers to have a decimal point. For"' example, ANGLE = 90 degrees must be 
entered as "90." in order t.o be rer 0v:nized cOrl'ectly. Leaving out t.he decimal point 
is a common beginner's mistake. 

C.3.2 SUPERFISH IIiputs to LATTICE 

Logically t.he user would begin by making an input file to AtTTOMESH, hut 
t.o underst.and t.he reasoning behind AUTOMESlL it is import.ant t,o understand 
the st,ruct.ure of the input file to LATTICE. The input file for LATTlCE is called 
TAPE73 for historical reasons. 

The structure of the read statements in LATTICE is shown in Fig. C.3.2.1. 

Reod 
New CON 

Values 
F'romqM 

Read 
New CON 

Valun 
From tty 

Read NSEG and 
~boundory 

£ndpolnts 

Figure C.3.2.1: Flow Diagram for Read st,atements in LATTICE for SUPERFISH. 

The first. dat:a line can have anything in columns 2 through 80. If t.he fh'st column 
is non-blank, then this data set is for a SUPERFISH problem. 1£ t.he first. c.olumn is 
hlank, then t.his data set is for a POISSON 01' PANDIRA problem. The characters 
in columns 2 through 65 are stored and used in printouts for run ident.ification. 
Decause of the smaller word size on the VAX as compared with the CRAY, only 
colulUns 2 through 33 are available to tIle user for run ident,ification when running 
on the VAX. 
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The reason that LATTICE distingtlishes hetween SUPERFISH and POISSON 
runs is hecause LATTICE initializes t.he elements of the CON aud C arrays with 
their default values. Some of the CON's and C's have different meauings for 
SUPERFISH as compared to POISSON or PANDIRA, and therefore the default 
values are different. • 

The next. line (or several lines if needed) is reserved for making changes in the 
default values oft.he CON's (element.s in the CON array). Ouly one CON absolutely 
must be changed; t.he user must tell t.he program the numher of regions, NREG = 
CON(2). NREG is the upper limit of the DO-loop for the next read statements. 

There are several other CON's t.hat. should he examined at this point. Many of 
these call only be changed in LATTICE if they are to have any effect at all on the 
problem. A list and brief description are given in Table C.3.2.1. 

Other CON's can be changed from t.he-ir default values at this time eve'll though 
they have no eff~ct in LATTICE. The cbanges will carry through to the out.put file 
TAPE35 and be available to the other programs when needed. 

The format for ent.ering t.he changes in the CON's is the special free format 
written for this program and described in Sec. C.3.1. The following example will 
illustrate the power of t.his format. Suppose we want. to change CON(2), UON(9), 
and CON(21) through CON(24). The input line might read as follows: 

*2 10 *9 2.64 *21 1 1 0 0 S 

The * occurs before the number of the element. to he changed. \Vhen several ele­
ments in a row are to he changed, only the first one need be indicated by a star. 
The final notation S means skip t.he rest of t.he elements in the array. This same 
free format is used to enter elements into the C and B arrays that come next. 
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Table C.3.2.I 

NUlllher Name 

CON(2) NREG 

CON(9) CONY 

CON(21) NBSUP 
CON(22) NBSLO 
CON(23) NBSRT 
CON(24) NBSLF 

CON(32) IPRIN'f 

PART C CHAPTER 3 SECTION 2 

CON's that can only be changed in LATTICE 

SUPERFISH 
Default Descript.ir)ll 

None Numher of Regions il1 t.he problt"m gt"Ometry. 
Present.iy, NREG $ 31. 

1.0 COllvt"l"sioll factor for the units of length ill the 
problem 
CONY = 1.0 for C'elltimet.ers 
CONY 0.1 fOf millimet.ers 
CONV = 2.54 for inches. 

1 Illdicator for boundary coudit.ions 011 the UPper, 

5 

o LOwer, RighT, and LeFt boulldaries of the rect.an-
1 gular ft"gion defining the pl·ohlem. A default value 
1 of 0 indicates a Dirichlet. hOllndary condition, 

which means electric fit"ld lines in t.he TM mode 
are parallel to the houndary lilH"i a default value 
of l indicates a Neumann bouudat·y condition 
which means eledl'ic field lines are pE"rpendicular 
to the boundary line in the 'I'M mode. 

o An illdiC'ator for print. ort:i.ons: ]PRINT 0 
gives 110 prilltoutj IP]UN'l' = L causes LATTICE 
to write the (X, Y) coordinates of mesh point.s 
to OUTLAT on the CRAY or to LATTICE.OUT 
on the VAX. It. is not oneil thai. this write to 
OUTLAT is of much use, but the option exists. 
This parameter call be changed again when 
running SUPERFISH. An odd value results in a 
print of the solution matrix on the OUTFIS file. 

CON(36) NSEG none The number of boumlal'Y segment endpoints for 
aU regions. This number is normally computed 
in AUTOMESH and passed to LATTICE: by 
t.he file TAPE73. 

CON(79) RIIOXY 1.6 The starting over-relaxat.ioll factor for the irreg­
ular mesh generation. Thel'e is seldom a reason to 
change this number. 
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Table C.3.2.I (continued) 
CON's that call only be changed ill LATTICE 

SUPERFISII 
Number Name Default Descript.ion 

CON(84) EPSO l.OE-5 The convergence criterion for mesh generation. 
There is seldom a reason t.o change this number, 
hut if LATTICE has tl'Ouble cOllvet'ging, increasing 
EPSO might help. 

There are six element.s in t.he C a.rray for each region; t.lley are called "region 
constants". The nrst of these is an aT'bitrary regioll ideutification number. These 
numbers need not be in numerical order. 

The sec-ond regioll constant. is a ma.t.erial code that tells the program whether 
the regioll being defined is air or a ma.terial with different dielectric and/or mag­
netic properties. For SUPERFISH prohlems C(2) can take 011 the values 0 through 
5. The value 0 means that the region is not. in t.he problem. Wheu C(2) = 0 for 
a region, no mesh is set up in this region. The treat.ment of t.he houndary points 
of such a region are determined by the region constant C(6) discussed below. The 
value C(2) = 1 indicates that the region is in the problem and is to be treated 
as all air or vaClllllll region. (This ail' value can be overwritten in SUPEIW'ISH if 
two or more mat,erials are used, by en{ering a value of MATER equal t.o 1. See 
NPERM=CON(18)) The vaJues 0(2) = 2 t.hrough 5 indicate regions with different 
values of relative permitt.ivity Ke and relative permea.bility Km. These values are 
read into SUPERFISH when NPERM=CON( 18) is not equal to O. 

The third region constant, C(3), should he 0 in SUPERFISH problems unless 
the region being ent.ered is a drive point. Then C(3) should he set to 1 and 0(6) 
should be set to -1. 

In SUPERFISH, the fonrt.h region constant C(4) is used to define the length of 
cells in muIt.icell cavities. Its use is a little complicated because t.he numbers being 
entered usually have nothing to do with the region being described. Figul'e C.3.2.2 
shows a three cell cavity. 
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3 

4 

r-- Zl -+---

Figure 0.3.2.2: Mnlticell rf cavitYjRegions 4 and 5 have C(2) = OJ the Zl and Z2 
are C(4)'s. 

Region 1 was originally the whole area. Out of t.his area we have defined several 
other regions using what is called "successive region data overwrit.iug." The lengths 
of the first two cells are indicated 011 the figure by the symhols Zl and Z2. The 
input value for C( 4) associated with each region is gi ven ill Table C.3.2.1I. 

Table C.3.2.II. 
Example of input for C( 4) in Multicell Cavity Problems 

Region C(4) 

1 
2 Z1 
3 Z2 
4 
5 

The Z values are ent.ered stR.rt.ing wit.h the s~col1d region and continued until 
lengths of the first (N - 1) cells have been entered. The program knows the length 
of the whole mult~cell problem and therefore it calculates the length of the last cell. 
The default value of C( 4) is O. 

The fift.h region const.a.l1t is an integer indicating the type of tria.ngle to be used 
in defining the logical mesh for the region. There are three choices: 

0(5) = 0 equal weight triangles (the default) 
C( 5) = 1 isosceles triangles 
C(5) = 2 right tria.ngles. 
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Equal weight. and isosceles t.riangles are geomet.rically Ule same in a strict.ly uni· 
form mesh. The difference comes in t.he relaxation process by which the logical mesh 
is deformed t.o the phy.sicalmesh. The distinction between the logical and physical 
mesh is discussed below when we discuss input to the B-array. The default is prob­
ably the best choice. 

The sixth region const.ant. is called a special boundary indicator. This constant is 
used for two purposes. It is used to indicate a user-defined drive point. (C(6) = -1), 
and it is used t.o indicat.e t.he boundary condition on a boundary of the problem that 
does not coincide wit.h the ext.reme rect.angular logical boundary of the problem. 
When it is used for the latter purpose, it can have a value of 0 or 1. C(6) = 1 indi­
cates a Neumann boundary condition, and C(6) = 0 indicates a Dirichlet. boundary 
condit.ion. The LATTICE default values for C(6) are C(6) = 0 for t.he first region, 
and C(6) = 1 for all other regions. This is uot suitable for a SUPERFISH problem 
which usually needs C(6) = 1 for all regions. When AUTOMESH is used, it sets 
up C( 6) = 1 for all regions by default. When the problem area does not fill the 
full rectangle defined by the first. region, that is, when some region has C(2) = 0, 
then C(6), must be used to specify the desired boundary condition. Figure C.3.2.2 
shows an example of a problem where Ule special boundary condition is required. 
The elect.ric field must be perpendic.ular to thE' boundaries of regions 4 and 5 which 
are drift tubes. This requires Neumann boundary conditions, or C(6) = 1, which is 
the default value. This means that. the user can skip the entry of this parameter ill 
this case. 

To avoid siugularit.ies in the solut.ioll of cavity modes, t.here must he a "drive 
point" in the cavit.y. This is a point region that. can be put anywhere in t.he cavit.y 
by the user. There is a default location in the code, but sometimes it is in an inap­
propriate position, and the user must specify his own location. C(6) = -1 for this 
point region and C(3) = 1 will do the job. The code knows that the point region 
defined ill the B-array is a drive point. 

The B-array requires a list of logical and physical. coordiuates for t.he boundary 
of each region. The first stage of auy problem using LATTICE is to set up a phys­
ical pichlre of the geometry and assign physical coordinates (X, Y) to points on 
the boundaries of the various regions. The second stage is to superimpose a regular 
triangular mesh on Ule whole area. Each mesh point can be assigned logical coordi­
nates (K, L) as illustrated in Fig. C.3.2.3. One can now associate logical coordinat.es 
(K, L) with physical coordinat.es (X, Y) by matching the physical poiut with the 
closest logical point. LATTICE will use this association to distort the logical mesh 
into the so-called physical mesh, consisting of irregular triangles as illustrated in 
Fig. C.3.2.4. 
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Figure C.3.2.3: A logical mesh for a drift tube linac. 

,..,~ '"_,It ... , ... , ... _ •• ..... " 

Figure C.3.2.4: The correspouding physical (relaxed) mesh fol' a drift tuhe linac. 



10 PART C CHAPTER 3 SECTION 2 December 31, 1986 

The tediousness of construct.ing Ule logical mesh and making the association of 
coordinates is the main reason AUTOMESH was created. Since LA'l'TICE conuects 
points on houndaries with straight lines, one need only specify point.s at the ends of 
long straight segmeuts, but approximating a circular arc with straight lines requires 
many points. 

Once again the special free format is llsed to enter the values in the B arra.y. The 
order of the input. is K(l), L(1), X(l), Y(l), K(2), L(2), X(2), (Y2), etc. Note that 
the origin of coordinates in the logical mesh is (1, 1), not (0, 0). This input list is 
terminated with the free format charadeI' C, .which stands [or "Count the number 
of input values". 

As indicated in Fig. C.3.2.1, the data groups for the C and B arrays are repeated 
for each region. The first region defines the largest rectangular region containing 
the prohlem and its boundary values ~l1ust. contain the largest K and L values in the 
mesh. The data for t.he second region redefines, or overwrites, the regiou constants 
for all mesh points belonging to tha.t region. Da.ta for each following region over­
writes previously defined values ill the same way. For example, suppose one wishes 
to define a drift tube region such as region 4 in Fig. C.3.2.2. ~f tills region were 
given first in the input data and then followed hy the larger region 1, then region 4 
would be overwritten and this region would not exist in the problem. 

Usually each region is closed, i.e., t.he data for the first and last boundary points 
of the region are identical. However, it. is possible to specify data for a "point region" 
or a "line region". Oue purpose of this would be to define t.he physical coordinates 
of specific points, for example a drive point in a cavity prohlem. For point and line 
regions, the input values of C(2) aJld C(5) are not used in the program. 

The final set of data. LATTICE needs for a SUPERFISH prohlem is a table 
giving, for each bouudary segment, the logical starting point, the change in K and 
in L from the starting poiut to the second point on the segment and the logical 
ending point of this segment. However, the first line of this data has a "special 
coded value" for the starting K logical coordinat.e. This special value of K is the 
number of boundary segments times 1000 plus the proper K coordinate. 

Figure C.3.2.5 shows the LATTICE input for tbe cavity of Fig. C.3.2.2. 
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1 lattice tnput example 

I 
-2 6 "21 1 0 I 1 -9 1.0000 
.. 36 12 -37 1 Sklg 

1 1 0.0000 0.0000 0 1 ,...g1on 
1 1 0.0000 0.0000 
1 3 0.0000 1.0000 

I 
1 1 3 5.0000 1.0000 
1 1 10 5.0000 4.0000 

1 10 0.0000 4.0000 
1 47 0.0000 20.0000 

79 47 39.0000 20.0000 

I 
79 10 39.0000 4.0000 
67 10 33.0000 4.0000 
67 '3 33.0000 1.0000 
79" 3 39.0000 1.0000 
79 1 39.0000 0.0000 

I 1 0.0000 0.0000 coun 
2 2 0.0000 12.0000 0 1 ,..eglon 

1 42 0.0000 18.0000 
1 47 0.0000 20.0000 
5 47 2.0000 20.0000 

I 5 42 2.0000 18.0000 
1 42 0.0000 18.0000 coun 

3 2 0.0000 24.5000 0 1 "'eglon 
75 47 37.0000 20.0000 
79 47 39.0000 20.0000 

I 79 42 39.0000 18.0000 
75 42 37.0000 18.0000 
75 47 37.0000 20.0000 coun 
4 0 0.0000 0.0000 0 1 ,..egjon 
15 3 7.0000 1.0000 

I 15 10 7.0000 4.0000 
35 10 17.0000 4.0000 
35 3 17.0000 1.0000 
15 3 7.0000 1 .0000 c:oun 
5 0 0.0000 0.0000 0 1 ,..eglon 

I 39 3 19.0000 1.0000 
39 10 19.0000 4.0000 
61 10 30.0000 4.0000 
61 3 30.0000 1.0000 
39 3 19.0000 1.0000 coun 

I 6 1.0000 0.0000 0 - 1 region 
79 47 39.0000 . 20.0000 c:cun 

28001 1 0 1 1 3 
1 3 1 0 1 1 3 

11 3 0 1 1 1 10 

I 11 10 • 1 0 1 10 
1 10 0 1 1 47 
1 47 1 0 79 47 

79 47 0 - 1 79 10 

I 
79 10 - 1 0 67 10 
67 10 0 • 1 67 3 
67 3 1 0 79 3 
79 3 0 - 1 79 1 
79 1 - 1 0 1 1 

I 
1 42 0 1 1 47 
1 47 1 0 5 47 
5 47 0 - 1 5 42 
5 42 • 1 0 1 42 

75 47 1 0 79 47 

I 
79 47 0 • 1 79 42 
79 42 - 1 0 75 42 
75 42 0 1 75 47 
15 3 0 1 15 10 
15 10 1 0 35 10 

I 
35 10 0 - 1 35 3 
35 3 • 1 0 15 3 
39 3 0 1 39 10 
39 10 1 0 61 10 
61 10 0 -1 61 3 
61 3 -1 0 39 3 

Figure 0.3.2.5: LATTICE input for the cavity of Fig. 0.3.2.2. The data ill the figure 
was generated using AUTOMESH and this method of generation is recommended. 
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C.3.3 SUPERFISH Input for AUTOMESH 

AUTO MESH prepares all input file, ('ailed TAPE73, for LATTICE. It constructs 
the logical mesh from triangles whose size and shape are specified by t.he user and 
from t.he physical region boundaries. It assigns logical (K, L) coordinates and phys­
ical (X, Y) coordinates to points on the boundaries of the region. -Extra line regions 
can be added to the problem where requested. These Jines form boundaries for 
changing the size of t.he triangles. AUTOMESH automatically assigns boundary 
conditions (CON(21) through CON(24)) to the problem and writes TAPE73. CON 
values t.hat AUTOMESH passes to LAl'TIC~ are CON(2) = NREG, CON(9) = 
CONV, CON(21) = 1, CON(22) = 0, CON(23) = 1, CON(24) = 1, CON(36) = 
NSEG, CON(37) = NCELL = 1. 

Occasionally the default values t.hat AUTOMESH gives for some CON values 
may not be proper for the prohlem .. In this case the user can change CON values 
when asked for CON changes by LATTICE or he may enter TAPE73 and make 
changes directly. 

The input t.o A UTOMESH is t.he same for either SUPERFISII runs or POISSON j 
PANDIRA runs with two exceptions. The first exception is t.he first data line, 
which is t.he tit.1e for Ule problem. If colullln 1 is bla.nk, AUTOMESH assigns 
POISSONjPANDIRA defaults t.o some varia.bles; if colu111n 1 is not blank, the 
program assigns SUPERFISH defaults. The second exception occurs when the user 
elects to use cylindrical coordinates by later setting UON(19) = ICYLIN. For POIS­
SONjPANDIRA (X, Y) corresponds t.o (R, Z); for SUPERFISH it is the opposite, 
namely, (X, Y) corresponds to (Z, R.). Mat.hematically this may be confusing, but for 
most physical problems it is the nat.ural choice. If the user is not satisfied wit.h this 
convention, he can change it t.o some ext.ent by setting NSWXY = 1 in TEKPLOT. 
Of course, this only changes the plots but not. the expected inputs to AUTOMESH. 

The first line of input to AUTOMESH is the title card. Posit.ions 2 through 
80 can be anything. Column 1 should be some nonblank character as mentioned 
above. The next 8 computer words (columns 2 through 65 on the CRAY, columns 
2 through 33 on the VAX) are used for output identificat.ion. 

Following the first line, AUTOMESH expect.s one or more groups of data. Each 
group consists of one REG NAMELIST input followed hy one 01' more PO NAMELIST 
inputs. The first REG NAMELIST must include a value for NREG; the NREG is 
the number of REG NAMELISTS expected. The READ structure is shown in 
Fig. C.3.3.1. 

NAMELIST is the standard FORTRAN input routine. Each such input starts 
with a blank in column 1 followed by. $"nanle" where "name" is the name of the 
input. Here "name" is either REG or PO. Any item in the group may be entered in 
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Read Read 
Title SREG ' II 1----" 

Read 
$PO 

Vri t e 1----IIIt 

TAPE73 '-----4 

Figure C.3.3.1: Flow chart for read statements in AUTOMESH. 

ally order separat.eod hy commas. If I.here is auy question ahout. NAMELIST, see a 
FORTRAN manual. The following'is a typical NAMELIST entry for the 118.111elist 
REG: 

$ REG NREG-5,DX=O.08,XHAX=3.5,YMAXa 2.85,IBOUND=1,NPOINT=8$ 
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C13.31l The REG NAMELIST. 

Twent.y~nine quantities call he entered in this N AMELIST for each region of t.he 
problem. Most quant.ities ent.ered for t.he first region are used for all succeeding 
regions unt.il changed by a subseClueut REG input. This is called "successive region 
data overwrite". Cert.ain quantities musf be entered, while others have meaningful 
default values. The following is a Jisl in alphabet.ical order describing the qURlltit.ies 
as llSed by SUPERFISH. Some can only be entered in t.he first REG NAMELIST 
and must not be changed in sebsequenl regions. These are marked by 0 before the 
variable. 

Name 

OCONV 

CUR 

DEN 

ODX 

Table C.3.3.1 Region Namelist Variables. 

Default Description 

1.0 Conversion factor for length units. If CONV = 1.0, units 
are centimeters. To use other units, set. CONV to the nUlll­
ber of centimeters per unit desired. CONV is the same as 
CON(9) in the input t.o LATTICE and should be entered 
for the first region only. . 

0.0 If t.he region is a drive point., CUR should be set to 1. If 
another region follows, reset CUR to 0 in that next region. 
This is the constant C(3) in the Sec. C.3.2 Input for 
LATTlCE. 

0.0 Lengt.h of cell for muHicell proLlems. This is C(4) in 
LATTICE region input. See Section C.3.2. 

none The requested width of triangles in the mesh for t.he first 
region. It must not be ch8.1iged for subsequent re~ions. 

o DY (ex DX) The requested height of t.riangles in the mesh for the first 
region. If DY is not specified the default value is either 
V3* DX/2 if ITRI = 0, or 1, or DY = DX if ITRI = 2 
(right triangle option). It must not be cha.1lged for subse­
quent regions. 

IBOUND -2 A special region boundary indicator. See discussion under 
t.he sixth region constant C(6) in the Input for LATTICE. 
If the present region is to be a new drive point, the user 
must set IBOUND = -1. 
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Name 

IPRINT 

IREG 

o ITRI 

OKMAX 
o KREG1 
<0 KREG2 
OLMAX 
<0 LHEGJ. 
o LREG2 

Table C.3.3.I (cont'd.) Region Namelist Variables. 
Defanlt DesCl'iption 

o 

(n) 

o 

none* 
none'" 
none* 
none'" 
nOlle'" 
none'" 

If IPRINT = 1, spedal diagnostic print.out is provided by 
the "logical path-finding" routine. Logical an.d physical 
coor.dinat.es are also print.ed for any non-zero value of 
IPRINT. This information is in file OUTAUT. (IPRINT 
here is not the same as CON(32) in Table C.3.2.I.) 

An arhitrary ntlluher identifying t.he region. The default 
value is 1 for the first entered REG NAMELIST and is 
incremented by 1 for each succeeding REG NAMELlST. 

The type of t.riangle to be 1.1sed for t.he mesh in the region. 
IT HI = 0 means equal weight; ITRI = 1 means isosceles; 
and ITRI = 2 means right. The distinction between equal 
weight and isosceles is t.he way that t.he relaxation is done 
from the logical mesh to the physical mesh. 

Used to refine t.he mesh in a user-defined rectangle of the 
problem area. When these values are entered, they asso­
ciat.e a logical mesh number with a physical position. 
Thus, KMAX corresponds t.o XMAX, LMAX corresponds 
to YMAX, KnEG1 to XHEGl, etc. This allows the user 
to force a smaller mesh step in. a given region. For exam­
ple, suppose XREG 1 = 10.0, XREG2 = 20.0, KREG 1 
= 10, KREG2 = 110. 'fhis gives (KREG1 - 1) = 9 mesh 
st.l"PS in t.he X-direct.ion of lengt.h 10.0/9 = 1.1 Uu!> t.o 
the location X = XREG = 10, giving a very coarse mesh. 
From X = 10.0 t.o X = 20.0 there will be (KREG2 -
KREG1) = 100 mesh st.eps of length DX = 10/100 = 0.1, 
giving a finer mesh. The size of the mesh beyond X = 
20.0 will depeud on t.he difference hetween KMAX and 
KREG2, and between XMAX and XREU2. The same 
principle applies t.o t.he V-direction. The val1.les of these 
variahles are global and hence should be entered for the 
first region and not changed ill s1.lbsequent regions. 

*If these va]ues are not ent.ered, the code assigns proper values (see under 
XREG1, XREG2, etc., below). 
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Table C.3.3.I (cont'd.) Region Namelist Variables. I 
Name Default Description 

<> LINX 0 A special indicat.or for vert.ical line regions. I 
LYNX = 0 produces vertical line regions at the:> locat.ions 

I w here mesh size changes occur (XREO 1 and X R EG 2). 
LINX = 1 produces no vertical line regions at the locat.ions 
where mesh size changes occur. This parameter was intro~ 

I duced into the code ill April of 1986. LINX = 1 can help 
LATTICE converge tinder some circumstances. 

<> LINY 0 A special indicator for horizontal line I·egions. J t works I the same way as LINX above, but for horizontal line 
regions at locations where Illesh size changes occur 

I (YREGI and YREG2). 

MAT 1 The material code for the region. MAT = 0 means that 

I all points in the region are to be omiUed from t.he prob~ 
lem and requires the use of t.he speciA.l boundary indicator 
IBOUND. The other possible values of this parameter are: 

I MAT = 1, air or vacuum. 
= 2, 3, 4, 5; Regions with different. va1nes of dielec~ 

tric constant K£ and relative permeabilit.y Km. I 
<> NOELL The number of cells in a mn1ticell SUPER FISH problem. 1 

It is not needed in AUTOMESH or LATTICE, but is 

I passed through the CON array to SFOl. It corresponds 
to CON(37). 

<> NDRIVE 0 Special indicator for drive points. I 
If NDRIVE = 0, AUTOMESH is to assign the drive point. 
If NDRIVE = 1, AUTOMESH expects the user to even- I tually supply a one point (NPOINT = 1) region. When 
AlTTOMESH det.eds NPOINT = 1, it automat icaUy sets 
CUR = 1 and IBOUND = -1 for that region. This special I indicator was installed in the code in July of 1986 to cor-
rect a problem. Previously the code might assign two 

I drive points and use its own in place of the user-supplied 
point. 

NPOINT none The number of segment. endpoints to be ent.ered in the I PO N AMELIS'l' that follows this REG N AMELIST. 

t 
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Table C.s.s.1 (cont'd) Region Namelist Variables. 
Name Default Descl·ipt.ion 

<> NREG none The numher of sets of REG NAMELIST dat.a to he en­
tered for t.his run. This must he entered in the first REG 
set and should not be changed in suhsequent REG sets. 

<> XMAX none Maximum physicru X value in t.he problem. For 
3-dimensional problems with cylindrical symmet.ry where 
the coordi nates are denoted by (f', t;:' = 0, z) X MAX is 
the maximum value of z. 

<> XMIN noue Minimum physical X value in t.he problem. For 
3-dimensional problems wit.h cylindrical symmetry where 
t.he coordinat.es are denoted hy (r, t;:' = 0, z) XMIN is 
the minillltim value of z. 

<> XREG 1 XMAX A line region is added at XREG 1. If KR EO 1 is not set, 
the widt.b of t.he i.riangle will approximat.ely double to t.he 
right of XnEG 1. If KREG 1 is set., Un:" t.riangle width will 
be determined as descrihed under KMAX, etc. above. 

<> XREG2 XMAX A line region is added at XnEG2. If KREG2 is not set., 
the widt,h of t.hE" t.riang1es will approximately double to 
the right. of XRE02. If KREG2 is set, the i,riangle widt.h 
will be determined as described under KMAX, etc., above. 

<> YMAX none Maximum physica1 Y value in t.he pl'ohlem. For 
3-dimensional problems with cylindrical symmetry where 
the c-oordillat.es al'e denoted by (r, t;:' = 0, z) YMAX is 
the maximum value of r. 

<> YMIN none Minimum physica1 Y va11.1e in the proh1em. For 
3-dimensional problems with cylindrical syml11et.ry where 
the coordinates are delloted by (r, t;:' = 0, z) YMIN is 
the minimum value of r. 

<> YREG 1 YMAX A line region is added at YREG 1. If LREG 1 is not set, 
the height. of t.he triangle will a.pproximately double ahove 
YR EG 1. If LREG 1 is set, t.he triangle height will he deter­
mined as described under KMAX, etc., above. 

<> YREG2 YMAX A line region is added at YREG2. If LREG2 is not set., 
the height. of t.he triangles will approximat.E"ly double above 
YREG2. If LREG2 is set., t.he triangle height will be deter­
mined as descrihed under KMAX, above. 
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C.3.3.2 The PO NAMELIST. 

The PO data sets specify t.lIe physical houndary of t.he present. region. The first 
PO data set specifies the initial point. Each succeeding set specifies the endpoint of 
a curve starting from the previolls point., and t.he type of curve to be dra.wn from the 
previous point to this endpoint. The NAMELIST variables are described as follows: 

Table C.3.3.II Endpoint Namelist Variables 

Name Default 

NT 1 

XO 0.0 
YO 0":0 

X none 
Y none 

R none 
THETA none 

NEW o 

Descript,ion 

The type of curve t.o be drawn from the previous point. 
NT = J means a straight line 

= 2 means au arc of a circle 
= 3 means a sector of an hyperhola 

The cartesian coordinates in t.he mesh rectangle of Ute 
present origin of the coordinates (X, Y) (R, or THETA). 

The cartesian coordinates of the point relative to i.he 
present origin l)oillt (XO, YO). For 3-dimensionalprohlems 
with cylindrical symmet.ry the coordinates are usually 
denoted (z, <p, r). AUTOMESH assumes <p = 0, 
Z ---4 X and r ---4 Y. Natw'ally Y 2:: 0 is assumed. 

The polar coordina.tes of t.he point relat.ive to the pI'esellt 
origin point., (see above) UNLESS drawing an hypt"rholic 
segment. In this case, n is the minimum distance from 
the origin (0, 0) t.o t.he hyperbola R2 = 23'Y, and THETA 
has no meaning. For circulR.C arcs THETA is measured in 
degrees from the displaced horizontal axis. See Figs. C.3.3.2 
and C.3.3.3. 

This variable is used to force separation he tween regions. 
When NEW = I, the points on the logical path for t.his 
segment are not allowed to coincide wah points 011 t.he 
path around any previous region. When NEW = -1, t.he 
points 011 t.he logical path for this segment are not allowed 
to coincide wit.h the points 011 the path arollud any previ­
ous region, except for the starting and ending point. 

AUTOMESH sets up a cartesian coordina.te system wit.h t.he poiut (XMIN, 
YMIN) in the lower left corner and the point (XMAX, YMAX) ill the upper right 
corner. 
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A point. is spec.ifted hy giving its coordinates relative to the origin point (XO, YO). 
The default value of (XO, YO) is (0,0). A point call he specified either in cartesian 
coordinates (X, Y) relat.ive to (XO, YO) or in L)olar coorciinat.es relat.ive to (XO, YO). 
When defining an arc of a circle between the beginning and el1(ling points of a 
boundary segment., the origitt point. (XO,1'O) must he moved to t.he location of the 
ce.lIter of the circle. See Fig. C.3.3.2. If t.he endpoint is specified hy cartesian coor­
dinates, the radius of the circle is calculated by the program to be 

R = V(X - XO)2 + (Y - YO)2 (0.3.3.1) 

Alternat.ively, the endpoint may he specified hy polar coordinates. The User ell­
t.ers the radius H. and the a.ngle THETA ill degrees relative to the X-axis. 

The only hyperbolas defined by the program are symmetric about the line 
X == Y, i.e., are defined by the equatioll 

y 
(Z) 

(0,0) 

I 

tlEW 
VIlF'OIHT 

Yo 
I 
I 

• I 
I 
I 
I 
I 

SECKJfT or 
BWUWfr C1JRVE 

x 
(n) 

(C.3.3.2) 

Figure C.3.3.2: Mea.ning of XO, YO, R, and () for circular s("gment. of regional bound-
ary. (X - XO)2 + (Y - }'"0)2 = R'2 j 9 is ill degrees. Note that X and Yare relative to 
the origin (XO, YO). XO, YO, and R must he calculated self-consistently with X P1 1-;' 
using Eq.(C.3.3.Q to an accuracy of one part ill a thousand when the endpoint is 
in polar coordinates R,9. 
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NEW 

y 
(Z) 

END POINT 

(0,0) 

SEGMENT OF 
BOUNDARY CURVE 

,. ,. ,. 
,. 

,. ,. ,. 

Deremb!"T 31, 1986 

PREVIOUS 
END POINT 

x 
(R) 

Figure C.3.3.3: Meaning of X, Y, R for hyperholic segment of regional boundary 
R2 = 2XY j the choice of X and Y must keep the hyperbola in the first quadra.nt. 
The quantities R, XI' and Yp must be calculated self-consist.ently to one part in a 
thousaIld, and likewise R, X and Y must be self-consistent to the same accuracy. 

Figure C.3.3.4 gives an example of AUTO MESH input. It is t.he file used to generate 
the three cell cavity LATTICE input in Figs. 0.3.2.3. and 0.3.2.4 
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1 lattice input example 
treg xreg=S.dx=.6.xmax=39 .• ymax=29 .• npoint=13.ncell~3$ 
$po x=O., yeO . t 
$po x=O., y= 1. $ 
.po x=3 .• y=1. $ 
.po x=3. ,y=4.$ 
$po x=0 .• y=4.$ 
$po x=O. ,y=29.' 
.po x=39 .• y=29 .• 
Spa x=39. ,y=4. $ 
Spo x=31. .y=4.$ 
$po x=31. ,y=1.' 
.po x=39 .• Y"'1. • 
$po x=39. ,y=O.' 
'po x=O. ,y=O.' 
.reg npointc 6,mat=2.den=9 .• 
$po x=O. ,y=15 .• 
'po x=O., y=29 .• 
'po x=6 .• y=29 . $ 
'po x=6 .• y=16.$ 
Spa x-a. ,y=16.$ 
$reg npoint=5.mat=2.den=21.6$ 
'po x=34 .• y=29., 
'po x~39 .• y=29.$ 
$po x=39 .• y=16.' 
'po x=34 .• y=16., 
'po x"'34 .• y=29.$ 
$reg npoint=5,mat=0. den=O.' 
'po x=5 .• y=1. $ 
'po x=5 .• y=4 . $ 
.po x=13. ,y=4.' 
$po x""13. ,y=1.$ 
'po x=6 .• y=1. $ 
.reg npoint=5,mat=0$ 
'po x=16. ,y=1.' 
,po x-16. ,y=4 .• 
,po xD27 .• y""4 : , 
'po x=27 .• y=1. $ 
'po x=16 .• y=1.$ 

Figure C.3.3.4: Exa.mple of AUTO MESH input. for three-celt ca.vity ShOWll in 
Fig. 0.3.2.2. 
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The input. variable NEW was int.rodttced. t.o fix small glit.c.hes in .. he logical mesh 
caused by an inhe-rent lhuit.at.ion of AUTOMESII. Unless c.ol're-ded, these glitches 
can affect LATTICE and cause inaccuracies ill SUPERFISH. 1£ the glitch occurs 
where two regions abut or where a region comes close the the mathematical bound­
aries of the problem, then sometimes the use of NEW will help. 

C.3.3.3 Boundary Condition Data Set Up by AUTOMESH. 

The ordinary boundary condit.ion indicators, CON(21) through CON(24) are set 
to their default values for SUPERFlSlI problems: 

CON(21) -
CON(22) 
CON(23) -
CON(24) -

NBSUP 1 
NBSLO - 0 
NBSRT - 1 
NBSLF 1 

The region special boundary indicators C(6) = IBOUND have been discussed ill 
Sec. C.3.2 above. 
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Chapter C.4 

OUTPUT FROM .LATTICE 

The funct.ion of LATTICE is to find t.he physical mesh on which the problem is 
to be solved and to write the necessary mesh and problem illformat.ion onto a file 
called TAPE35. LATTICE also produces an output file called OUTLAT. 

The information cont.ained in OUTLAT is usually not needed but may some­
times be helpful if something goes wrong in t.he solution process. OUTLAT contains 
for each region, the region lUA.t.eriall1umber, t.he total current, the current density, 
the region boundary indicator IBOUND, aud a Jist of t.he region's logical and physi­
cal boundary points. This is followed by a hist.ory of t.he mesh relaxation interation, 
which consists of the ~-residual, 11z, Pz, y-residual, 111/ and PI/' The quantities 11fD and 
111/ are the ~ and y rates of cOllvel'gence of the relaxat.ioll process. The qUBlltities PfD 
and p" are the over-relaxation factors. . 

After the iteration history, a t.able is printed giving the area of each region and 
the current density in each region. This is followed by a printout of the problem 
constants, that is, the CON array. Those CON's that have been changed in the 
input to LATTICE are flagged. 

In addition, 8.11Y error messages genE-rat.ed by running LATTICE are also recorded 
in t.his file. Finally, if CON(32) ::;:: IPRINT = -1, LATTICE prints a map of the 
::c and y vectors, t.hat is, it gives the coordinates of each mesh point. Figure C.4.1 
illustrates an OUTLAT file. 

1 
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beginning of lattice execution 
dump 0 will be set up for superfis 
.8uperfish dtl test problem 
region number a 1 material. 1 
total current = 0.0000 current density = 0.0000 
region boundary indicator= 1 

k 1 x Y 
1 1 0.00000 0.00000 
1 78 0.00000 6.00000 
1 93 0.00000 7.00000 
1 146 0.00000 21.10080 

68 146 4.28430 21.10080 
68 93 4.28430 7.00000 
68 78 4.28430 6.00000 
68 63 4.28430 4.03020 

13 68 9 0 -1 68 1 
14 68 1 -1 0 1 1 

relaxation parameters, 6682 unknown points. 

elapsed t 1me = 0.7 see. 
cycle residx etax rhox residy 

1 1. 3897e-02 1.0000 1.6000 1.7218e-04 
2 1.6932e-02 0.6661 1.6000 2.006ge-04 
3 1. 1466e-02 0.6772 1.BOOO 1. 3414e-04 
4 7. 6306e-03 0.6666 1.6000 9.1041e-06 
6 6. 1861e-03 0.6796 1.6000 6.2746e-06 
6 3.4363e-03 0.6626 1.6000 4.3637e-06 
7 2. 3603e-03 0.8871 1.6000 3.0665e-05 . 

81 1. 0057e-05 0.9437 1.9003 3.0921e-11 
82 9. 4727e-06 0.9419 1.9003 2.4441e-11 

iteration converged 
elapsed time • 2.6 sec . 
generation completed 

calculated current densities and areas 

region current density area 
number (amps/cm**2) (cm**2) 

1 0.0000 78.9743 
2 0.0000 0.0000 
3 0.0000 0.0000 
4 0.0000 0.0000 

December 19, 1986 

O-zoning 

etay rhoy 

1.0000 1.6000 
0.6466 1.6000 
0.6687 1.6000 
0.6787 1.6000 
0.8892 1.6000 
0.6966 1.6000 
0.7004 1.6000 

0.7928 1.7676 
0.7904 1.7676 
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December 19, 1986 

dump number 0 has been written on tape35. 

input or defaul~ value 
problem eonstants and variables 
con( ) .. superfish dtl 

( 2) • 4. nreg 
con( 6) .. O. mode 

( 9) .. 1.000.+00, conv 
( 18) = 0, nperm 
( 19) = 1, icylin 
( 20) 1:1 1.000e+00, X11l 

( 21) • 1, nbsup 
con( 22) • 0, nbslo 

( 23) IX 1, nbsrt 
con ( 24) '" 1, nbslf 
con( 29) .. 0, limtim 

( 30) 1:1 10, maxey 
( 32) 1:1 0, iprint 
( 34) = -1, inaet 
( 35) = 0, nodmp 

Gon( 36) = 14, nseg 

(101) - O.OOOe+OO, zctr 
(108) = 1.8008+02, dphi 

solution 
problem constants and variables 

( 3) • 146, lmax 
( 4) .. 58, max 
( 5) = 60, imax 
( 11) = 6122, nair 
( 12) = 0, nie 
( 13) = 0, ninter 

(109) = 8880, itot 
(118) = 10000, maxdim 
(119) = 5000, nwdim 

test problem 

PART C CHAPTER 4 3 

Figure C.4.1: Sections of the file OUTLAT lor the problem 
"superfish dtl test problesn." 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

Chapter C.5 

Input to SUPERFISH 

Since SUPERFISH gets most of its required input from TAPE35, the user has 
little to input except CON's. SUPERFISH asks for a dump nwuber and for CON 
changes. 

The following list gives the CON's that affect the SUPERFISII calculation. 

CON( 18) = NPERM Number of sets of relat.ive permittivit.y and permeability 
(Ke and K.m ) data to be read in. NPERM is used when 
regions have material codes (MAT) not. equal to 0 or 1 
in the REG NAMELIST. After entry of NPERM, the 
code will ask NPERM times for an input line of the 
form: "MATER EPSIL FLOMU", where MATER is 
the material code number in the region having relative 
permittivity EPSIL and relative permeability FLOMU. 

CON(19) = ICY LIN A flag to indicate t.he symmetry of the problem. 
ICYLIN = 1 (default) means the problem has cylindri­

cal symmetry. 
ICY LIN = 0 means the problem has two-dimensional 

cartesian symmetry. 

CON(30) = MAXCY Maximum number of iterat.ions to find resonant 
frequency. Default value is 10; it can be changed if 
convergence is slow. 

CON(32) = IPRINT If IPRINT is odd, a map of the solution array A is 
written 011 OUTFIS me. Default value is O. TIlls may 
be useful in debugging. 

1 
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CON(34) = INACT A flag to allow interact.ive ('.ont.rol during SUPERFISH 
frequency iterat.ions. If IN ACT i= -1, calculation is 
stopped at end of each iteration and user is asked to type 
"go", "no", or "in". If "go", iteration continues; ~f "no", 
iteoratjon is ended; if "in", user is asked for new iteration 
vaJlles of numbers in the CON array and it.erat.ion contin­
ues wit.h t.he new values. The number of iterations is still 
limited hy c.:ON(30). The default value of INACT is-1. 

CON(35) = NODMP A fla.g which indicates whether the out.put of t.he 
SUPER ("ISH rlln is to be writ.t.en on TAPE35. 
If NODMP = 0 (default. value), a new dump is written 

to TAPE35. 
If NODMP = I, no dump is wriHen. 

CON(62) = NSTEP Number of st.eps in k2 • If NSTEP -# 0, SUPERFISH 
makes a search in k2 to aid Ule user in locating possible 
resonant frequencies. The program makes NSTEP steps 
through a range of P = l!.tf.IJ 2 det.ermined by CON(63) 
and CON(65) or c.:ON(66) defined helow. The default 
value of NSTEP is O. 

CON(63) = DELKSQ The size of the steps t.o be t.aken in k 2 during the search 
for a resonant. frequency. This number is used only when 
CON(62) i= O. 

CON(65) = FREQ An estimate of the resonant. frequency to start an iter­
ative convergence to a final resonant frequency or a 
starting freqllen('y for a step search in k2 • If making a 
step search and CON(65) is not zero, then CON(66) is 
ignored. 

CON(66) = XKSQ Start.ing value of P to be used in t.he search for a reso­
nard. frequency. This number is used only when CON(62) 
i= 0 and CON(65) is zero. 

CON(73) = IPIVOT A flag to indicate t.he type of pivoting desired in ihe 
numerical procedure to find the fields. The default is 0, 
no pivoting. 
IPIVOT = 1 gives partial pivoting, and 
IPIVOT = 2 gives complete pivoting. 
See Sec. 13.4 for an expla.nation of the pivoting procedure. 
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CON(86) = EPSIK Convergence criterion for SUPERFISII iteration. When 
IAk211 k2 < EPSJK iteration stops. See also CON(30). 
Default. wIne is 1.0&04. 

CON(87) = IRESID If IRESID = I, the code ,aiculates the residual of the 
solnt.iol1 matrix A and writes the result to the OUTFIS 
file. The default. is O. 
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Chapter C.6 

Output from SUPERFISH 

SUPERFISH writ.es informat.ion t.o TAPE35 and an out.put. file called OUTFIS 
as well as t.he informat.ion it writ.es t.o t.he t.erminal. Examples of terminal out.put. 
are given in Chapter 12. The principal informat.ion on the solution is writ.t.en to 
TAPE35 as dump 1 (or higher). The analysis of t.he solut.ion informat.ion is done by 
the out.put routine SFOl, which reads t.he proper dump information from TAPE35. 

The out.put. file OUTFIS contains a list. of t.he CON's values used for the solu­
tion, a list of the material propert.ies I\.c and K.m for each region, and an iteration 
history. The history is the same as t.hat. sent. to the t.erminal. 

The dump t.hat. SUPERFISH writes t.o TAPE35 can be read by TEKPLOT and 
used to plot field lines. 

1 
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Chapter C.7 

Input and Output. for TEKPLOT 

C.7.1 Input for TEKPLOT 

TEKPLOT will plot the phy!;ical boundaries and mesh resulting from a LATTICE 
output. It will also plot the field lines from SUPERFISH output. More than one 
plot can be made in the same run by repeating the first two input data groups. The 
structure of the input is shown in Fig. C.7.1.1. 

READ: 
i'UII t-----< 
rna 

NPHI 
NAP 

READ: 
AM IN '--------' 
AMAX 

STOP 

READ: 
XMIN 

XMAX 
YMIN 
YMAX 

RUN 

Figure C.7.1.1: Flow diagram for Read Statements ill TEKPLOT. 

1 
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This program uses the special free format described in Sec. C.3.1. The meaning 
of the parameters is given in the table below. 

Name 

NUM 

ITRI 

NPHI 

INAP 

NSWXY 

XMIN 
XMAX 
YMIN 
YMAX 

Default Description 

o The TAPE35 "dump" numher on which the (X, Y) coordi­
nates of the mesh, and (if NUM > 0) the field values have 
been written. 

o An indicator t.o specify whet.her the triangular mesh is to he 
plott.ed or only t.he physical boundary lines of regions. 
ITRI = 0 means do not, plot the t.riangular mesh. 

= 1 means plot the triangular mesh. 

o The number of fi~ld Hiles t.o be plot. ted. The program does 
not. plot lines for the smallest and largest field values, one 
of which is usually just a point .. For TM modes with cylin­
drical geometry (.he program plot.s lines of const.ant 

o 

0'" 

XMIN 
XMAX 
YMIN 
YMAX 

r ... H<I>(z, r), which are parallel to electric field lines. For 
cartesian geomet.ry it plots cont.ollrs of const.nt. Hz. For most 
problems a good lllullber for NP HI is between 20 and 50. 

An indicator for an additional Read stat.ement·. 
INAP = 0 means do not read AMIN and AMAX, 

= 1 means read (on t.he next data line) the millimtlm 
and maximum values (AMIN and AMAX) of t.he equipoten­
tial lines to be plott.ed. The values plotted are 
(AMAX-8),(AMAX - 2 ... 8),.", (AMIN + 8), 
where 8 is (AMAX-AMIN)j (NPIU+l). 

An indicat,or allowing an int.erchange of the X and Y axes. 
NSWXY = 0 means no int.erchauge; 
NSWXY = 1 means interchange. 

The limits of tl~e plot, which may be any part of the problem 
rectangle. The variables XMIN, XMAX, YMIN and YMAX 
should not be confused with variables of the same name 
t.hat are entered in AUTOMESH and det.ermine the size of 
the problem rectangle, hQwever,.if allowed to default, Lhey 
will Lake 011 the values defined in AUTOMESH. 

"'Or last input value. 
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After making t.he plot., TEKPLOT waits for a carriagt> return he-fore prompting 
t.he user for more input. Upon receiving t.he carriage ret.urn, TEKPLOT asks for a 
dump number wit.h accompanying input. To t.erminate t.he run the user enters -1 S 
for the dump number. An example of TEKPLOT input is given in Fig. C.7.1.2. 

tekplot 
?type input 

? ~ 

data- num. itri. nphi. inap. nswxy. 

input data 
num::;: 0 itri= 0 nphi= 0 inap= 0 

plotting prob. name = full size cavity 

?type input data- xmin. xmax. ymin. ymax 
? 80. 125. O. 25. 
input data 

nswxy= 0 

xmin= 80.000 xmax= 126.000 ymin= 0.000 ymax= 25.000 

?type go or no 
? go 

cycle = 0 

Figure C.7.1.2: An example of interactive inptlt. to TEKPLOT. 

C.7.2 Output of TEKPLOT 

In addition t.o providing the plots desC"ribed above, TEKPLOT also makes an 
output file named OUTTEK, which contains a list of the contour values that were 
plotted. TEKPLOT will only plot closed regions. 

C.7.3 System-dependent Plot Routines in TEKPLOT 

TEKPLOT uses PLOTIO commands. If PLOT10 is not available at. the user's 
installation, then the user will have to go into the FORTRAN code and substitute 
commands from his own graphics system. The calls t.o PLOT10 and their functions 
are listed at the beginning of the source code to facilitate substit.utions. 
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Chapter C.8 

Further SUPERFISH Output 
Routines - SFOn 

PresenUy there is no st.andard program to display the auxiliary properties of all 
rf cavit.y. The reason for this is that one is int,ercsted in diA"erent things for different 
designs. The llseful quant.it.ies for a drift-tube }jnac (DTL) and a radio-frequency 
quadrupole (RFQ) are not t.he same. Even in a DTL, t.he desired out.put would be 
different for single cell and multiple cell problems. We are working on a universal 
SFO rout.ine, but at present there are only SFO's for particular problems. Below we 
give an example of all SFO that works for one half of a DTL cell and for lllulticell 
problems. 

SF01 is a rout,ine used t.o extract. inforlllat,ion from the solut.ion produced by 
SUPERFISH for a Dl'L. Thus, t.he input.s to SFOI tell t.he code what. sort, of answers 
are wanted. The code asks the user to specify the SUPERFISH out,put "dump 
number" and then asks for changes in the problem constants. There are eight 
problem const.ants that can be changed meaningfully at this stage. These are list,ed 
below. 

The auxiliary quantit.ies print.ed out by SFOl have been described in Sec. C.1.2. 
There is no universal agreement on these definit.ions and therefore comparison with 
the output of other codes such as URMEL, CAVIT, etc., should be done with care. 

There exists anot,her postprocessor called SHY which calculat.es t.he value of the 
electric field in the TM mode over an area in the XV-plane. It has been deactivated 
but will be activat.ed again in the near future. 

1 
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CON(37) = NCELL NU11lher of cells ill mult.kell problems. See Secs. C.3.2. 
or C.12,4 

CON(50) = NPEG Number of boundary segment.s on which power and 
frequeucy perturbat.ions are to he calculated. Default 
value is O. 1f t.he USer ent.ers a nonzero number into 
CON(50), t.he program will ask for a list. of segment 
numhers. The segment numbers are separated hy 
spa("es. A negat.ive segment number inclicates that. it 
is to be calculated as if it were a drift tube stem of 
radius n.STEM = CON(81). 

CON(78) = LINT The logical L-coordinat:e of the line along whidl the 
normalization integral f E::dz is calculated. The 
default. is LINT = 1, the bott.om line of the logical 
mesh. If t.he z-component of t.he elect.ric field vanishes 
on this line, the normalization is ill-defined, and the 
user lllust choose some other line. If LINT 1= 1, or 
the line L = 1 is not the horizont.al axis (Y = 0) the 
transit.-t.ime factor and relat.ed quanW.ies are not cal­
culated. 

CON(8l) = RSTEM Radius in ("('ntimet.l;'rs of t.he assumed drift. t.ube st.em. 
Default value is 1.0. It is used in the calculation of the 
power dissipation and frequency pert.urbat.ion. 

CON(lOO) = VSCALE NOl'lna.lizat.ion fador for average axial electric field. 
VSCALE is t.he user-desired, average elect.ric field on 
t.he cylindrical (z) axis in volts/meter. The default 
value is l.OE+06 V 1m. 

CON(106) = BETA The particle velocity divided by the velocity of light. 
If no value is entered, BETA will be calculated from 
ZCTR = CON(107) and DPIII = CON(108) on the 
assumpt.ion that t.he accelerated particle is a proton. 

CON(107) == ZCTR The z-coordinate (cylindrical ("oorclinates) of the 
"synchronous part.icle" when the electric field is max­
imum. Usually, this is the same as the geometric center 
of the gap between two drift tubes in all Alvarez lillac. 
The default val ue is zero. 

CON(108) = DPHI The change in the rf-phase in degrees as the 
"synchronous particle" crosses the portion of the cavit.y 
defined by LATTICE. The default value is 180 degrees. 
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Chapter C.9 

PAN-T 

PAN-Tis a code that. calculates the tt"mperat.lIre dist.l'ibut.ion in t.he walls of an 
rf-cavity given the electric field at the walls, the thermal conductivit.y of the wall 
materials, and the temperature at the outer surface of the wall. The code was writt.en 
around 1982 and has been used bot.h at Los Alamos and at Chalk River Nuclear 
Laborat.ories in Canada. Presently it. is not. compatible wit.h the standard versions 
of AU'l'OMESH, LATTICE, and SUPERFISH, which are required to produce the 
input for this program. As soon at. this code is availahle for use with the standard 
versions of the POISSON Group Codes, users will be notified and a more det.ailed 
description of its usage will be given. 

C.O.1 The Basic Physics of PAN-T 

Let us assume that. t.he heat flow in the walls of an rf-cavity has come to equilib­
ritl1ll, so that the temperature T(x,y, z) and the heat, flow vector H(:r:, y, z), mea­
sured in units of (watts/cm2 ) are independent of time. It is well known that the 
heat flow is proportional to the gradient of the temperature, namely, 

H = -I((:r:,y, z)VT, (C.9.1) 

where K is the thermal conductivity of the wall material, which will be allowed to 
depend on position in space. 

The source of heat is the dissipat.ion of t.he rf-field in t.he walls of the cavity. 
This can be calculated from the field at. the walls and the electrical resistivity of the 
wall matt-rial. Let this source be called Q(x, y, z). Its units are watts/cm3

• Energy 
conservation requires that the amount of heat crossing the surface S 6f a closed 
volume V must be equal to the amount of heat generated in the volume. This gives 
the integral relation 

(C.9.2) 

1 
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Using Green's Theorem, we immediately get the differential relation 

V.H=Q. (C.9.3) 

When Eq.(C.9.1.1) is inserted into this equation, one obtains the generalized Poisson 
equation, 

v . (I<VT) = -Q. (C.9.4) 

It is easily seen why the solution of t.his problem is an ohvious extension of the 
POISSON Group Codes. In fact, the aut.hor of the codes has used a modification 
of PANDlRA to obtain the solut.ion. This is probably t.he source of Ule name for 
the program (PANdira for Temperat.ure.) The thermal conductivity function J( 

in PAN-T corresponds to t.he reluctivity function "y of the magnetic problem. In 
PANDIRA "y can be a function of the magnetic field. This makes t.he generalized 
Poisson equation nonlinear. In PAN-T, the author of the code has restricted the 
fWlction J( to be a linear function of position. We are further restricted to two 
cartesian dimensions or to cylindrical symmetry in three dimensions. This means 
that either 

[(x,y) = A + B:t + Cy (C.9.5) 

in cartesian coordinates, or 

[(z,r) = A + Bz + Cr (0.9.6) 

in cylindrical coordinates. In most applications, the wall is metallic and we can set 
B = C = 0 in the input data. 

The specialization of E<d 0.9.1.4) t.o cartesian, two-dimensional space requires a 
slight redefinition of the source term and the thermal c.ondudivity. One must define 
the source Q(x,y) as having dimensions of watts/cm2

, and the conductivity K as 
having dimensions of watts/deg C. The heat equation is written 

a aT a aT 
-(1(-) + -(K--) = Q 
8x ax ay 8y 

(0.9.7) 

In cylindrical coordinat.es, with all functions independent of the cylindrical angle 
- (J, the heat equation can be written 

~ (rKBT) + ~ (rI(BT) = rQ. 
8r 8r az az (0.9.8) 

The code replaces K and Q by rK and rQ when finding the solution. These quan­
tities likewise have reduced dimensions of watts/deg C and watts/cm2

• 
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C.9.2 Preparation of Input File 

PAN-T reql1ires as input either file TAPE37 created hy LATTICE, or file TAPE38 
prepared by StJPERFISH. If the user is going to work from TAPE37, then he must 
somehow generate and include in this file the heat source tenn Q. If working from 
the output. of SUPERFISH, the source term is generated automatically and included 
in TAPE38. 

PAN-T recognizes cavity walls by the material numhers assigned to the regions 
containing. the wall material. A region with material number MAT having values 
between 6 and 10 is assumed to be walllllateriai. The material number for th,e vac· 
uum or air portion of the cavity is given as MAT = 1. The normal way of entering 
MAT nUlilhers is in lhe SREG NAMELIST$ input to AUTOMESH. Figure C.9.2.1 
shows an example of an input to AUTOMESH for a drift-lube liuac that specifies 
two wall regions. 

When AUTOMESH is executed with this as an input file, it generates an out­
put file called TAPE36 that. hee.omes the input file to LATTICE. LATTICE in 
tum produces a file called TAPE37 that becomes the input for SUPERFISH. The 
user runs SUPERFISn in Ule nonnal way and this generates an ont.put file called 
TAPE38. TAPE38 contains most of the information needed hy PAN-T, except for 
t.he boundary conditions for the thermal problem, the thermal conductivities of the 
wall materials, and the fixed temperatures on the out.er walls of the cavity. The 
format for entering this information is .described ill the next section. 
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xcell 31 lampf tank 1 
$reg nreg-3. mat=l. dxc O.6. xmax-7.846, ymax-SO.O. 

yreg1=12.0.yreg2=24.0. npoint=9 $ 
$po x=O.O. y=O.O $ 
$po xcO.O. y=47.0 $ 
$po x=O.O. y=60.0 $ 
$po x-7.846, yz60.0 $ 
$po xc 7.846. y=47.0 $ 
$po x~7.845. y=9.0 $ 
$po x=7.845. y=0.75 $ 
$po x2 7.845. y=O.O $ 
$po x=O.O. y=O.O $ 
$reg mat=6. npoint=6 $ 
$po x=O.O. y=47.0 $ 
$po xcO.O. y=50.0 $ 
$po xz 7.846. y=60.0 $ 
$po x=7.845. y=47.0 $ 
$po x=O.O. y=47.0 $ 
$reg mat=7, npoint=7 $ 
$po x-7.845, y=9.0 $ 
$po x=4.135. Y29.0 $ 
$po nt-2. xOz 4.136. y027.0. r=2.0, theta-180.0 $ 
$po x=2.136. y=1.26 $ 
$po nt=2. xOz2.S35. yO=1.25. r=0.5. theta-290.0 $ 
$po xa 7.845, y~0.75 $ 
$po x-7.845. y=9.0 $ 

·i 

December 19, 1986 

Figure C.9.2.1: Input. to AU'TOMESH for a DTL cell containing two regions with 
different wall materials denoted by MAT= 6 and 7. 
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C.D.S Special Input to PAN-T 

PAN-T uses the special FREE format described in Section C.3.t above. When 
running iuteractively from the terminal, the program prompts for all data with self­
explanatory messages. Figure C.9.3.t shows an example of an interactive session. 
The computer response numbers are fictitious, but this should give the idea. 

The printed output is saved in a file called.OlTTPANT. The user can get a visual 
idea of Ule t.emperature isotherms hy nUlllillg TEKPLOT just as he would for any 
SUPERFISH problem. Since we do not have a recent run of PAN-T, we cannot 
show a plot of the problem: "xcell 31 lampf tank 1." 
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?type Ittty" or input file name 
? tty 
?type input dump number 
? 1 
beginning of pant execution from dump number 1 
problem name= xcell 31 lampf tank 1 
?type input values for con(?) 

*21 0 1 0 1 s 

input for conductivity. mater z 6 
?type abc 

k=a+b*z+c*r(v/cm-degc) 

? 4.0 0.0 0.0 

input for conductivity. mater - 7 
?type abc 

? 4.0 0.0 0.·0 

material properties 
region no. material no. 
(v/cm-degc) 

2 7 
3 6 

a 

4.000 
4.000 

b 

0.000 
0.000 

?type input for mat. no. and upper bound. fixed temp. 
? 7 30.0 

?type input for mat. no. and right bound. fixed temp. 
? 6 40.0 

elapsed time = 1.0 sec. 
cycle amin amax 

o +1.0000e-06 +1.2345e-02 
1 +1.0oo0e-06 +1.2345e-02 

solution converged in 1 iterations. 
elapsed ttm= 2.0 sec. 

?type input dump number. 
? =1 

all done 
Figure 9.3.1: An example of an interactive session with PAN-T. 

c 

0.000 
0.000 
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Chapter C.I0 

Diagnostic and Error Messages 

C.I0.1 Messages from AUTOMESH 

Diagnostic and Error messages printe'd from AlTTOMESH can he hroken into three 
categories: 1. those starting with the word "ERROR", 2. those starting with the 
word "TROUBLE", and 3. two additiollalmessages. In t.he sections below, we list 
the messages, briefly define the problem and give a possihle solution. 

The following five conventions make the explanat.ions simpler to write. 

1. CHANGE THE MESH SIZE - usually the mesh is t.oo coarse; uSe'r should rerun 
the problem with a finer mesh; sometimes a slight. mesh size change will suffice. 

2. (Xl, Yl)/(Rl, THETA1) - the Cartesian/polar coordinates of the previous 
poiut (from). 
(X2, Y2) / (R2, THETA2) - the Cart.esian/polar coordinat.es of the present 
poiut. (to). 

3. R --- (print.ed as t.he value of R. variahle) means t.hat t.his variable has been set 
out of range and not supplied by the user. 

4. (--) means computer prints out the value. 

5. REGION (--) /0. K. - AUTO MESH has successfully found paths for all boun­
dary points' in this, (--), region; if errors occur in one region, AUTOMESH 
proceeds to the next. 

1 
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C.lO.1.l Messages containing "ERROR" 

1. 

2. 

3. 

4. 

" __ - ERROR --- DATA FOR THIS CIRCLE FROM (Xi,Yi)/(Ri, THETAi)" 
TO (X2,Y2)/(R2, THETA2) IS INCONSISTENT ... 
Either one or bot.h coordillates are not. given or t.he two points with 
center at. (XO, }'O) do not lie on the same circle to a relative accuracy of 
10-3

• Correct the input data for the list.ed coordinates. The user should 
check t.hat the coordinat.es are given RELATIVE to (.KO, YO). Message 
from subroutine DATUPS. 

" __ - ERROR --- DATA FOR THIS LINE ARE INSUFFICIENT II 

Either one or bot.h coordinates are not given. Correct the input. data 
for the listed coordinates. Message from subrOlltine DATUPS. 

" __ - ERROR --- DATA FOR THIS HYPERBOLA FROM (Xi,Yi) TO (X2,Y2) IS 
INCONSISTENT" ... 
Either one or both coordinates are not given, R is not given, or the t.wo 
point.s do not lie on t.he same hyperbolic. branch to a relative accuracy 
of 10-3 • Message from subroutine DATUPS. 

" __ - ERROR --- X/Y IS OUT XMIN, XMAX/YMIN, YMAX LIMITS " 
The X or Y point. printed is less or great.er than the given minimum or 
maximum value for X/V in the first REG input line. Correct input. 
Message from DATUPS. 

6. " __ - ERROR --- (KMAX + 2) * (LMAX + 2) = (--) IS GREATER THAN 
PROGRAM DIMENSIONS OF (--) ... " 

6. 

The tot.al number of mesh point.s have exceeded the maximnm value 
dimellsioned. Cut mesh size or increase parameter MXDIM and reCOlll­
pile as directed by the complete diagnostic message. (Note: Versions 
of the code received from us before June 1986 have a different diagnos­
tic message and do not give directions for changing MXDIM.) 
Message from subrout.ine SETXY. 

" __ - ERROR --- TROUBLE IN FINDING THE PATH OF A POINT " 
AUTOMESH encountered trouble in both "forward" and or "backward" 
pass in subroutine LOGIC. To correct, decrease mesh size near the 
point and try again. Message from main program. 
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C.I0.1.2 Messages containing "TROUBLE" 

1. " __ - TROUBLE --- DIMENSIONS FOR THE NSEG ARRAYS, EXCEEDED NSG OF 
( __ ) ••• II 

AUTOMESH has exceeded the maximum numher of boundary segments 
dimensioned in the program. Increase parameter NSG and recompile 
as directed. Message from subrout.ine FISHEG. (Not.e: Versions of the 
program received before J line 1986 have no direct.ions for increasing 
NSEG. The user can only decrease the number of segments in the input.) 

2. " __ - TROUBLE --- NPOINT = (--), EXCEEDS DIMENSION OF ( __ )" 
The number of PO E"ntries for t.his region has exceeded I.he maximum 
number dimensioned. To correct, decrease the numher of points or in­
crease paramet.er NPTX and recompile as dit·ected. (Note: Versions of 
the program received before June 1986 have no direct.ions for increasing 
NPTX. The user can only decrease t.he number of points in the input.) 
Message from main program or subrout.ine INSERT. 

3. " ___ TROUBLE --- THE PROGRAM FOUND THE SAME (K, L) COORDINATES 
FOR THE FIRST AND LAST POINT OF THIS CURVE ... " 
The program has assigned the same mesh point. in either vertical or 
horizontal direction for (Xl' li) and (X2' 1'2). This usually means mesh 
size is not fine enough. 

330. Message is printed from suhrout.ine LOGIC. The last line of t.he message 
prints Ule phrase "FORWARD PASS" or "BACKWORD PASS." 
AUTOMESH executes subroutine LOGIC twice--first in a "forward" 
search, and a second pass in a "backward" search-to find the path of 
the current segment. Then the program chooses the pat.h wit.h the small­
er number of segmellts wit.h no errors. A fatal error occurs if BOTH 
directions encounter "TROUBLE." To correct, change mesh size. 

4. " __ - TROUBLE --- PROGRAM DIMENSIONS 1000 FOR THE KL ARRAYS ARE 
INSUFFICIENT" 
The program has difficulty in fiuding t.he pat.h for this segment and thus 
has exceeded the dimension allocated for storage of the pat.h array. 
See 3a. above. 

5. u ___ TROUBLE --- LOGICAL PATH IS TRAPPED AT K = (--), L "" ( __ )" 
The program canllot find t.he path for this current segment. See 330 above. 
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6. " __ - TROUBLE --- CANNOT FIND A FIXED H-PHI POINT" 
Message from suhroutine POTREG. The code cannot fiud a point in 
the problem region with coordinates that agree wit.h t.he assigued 
magnetic (h'ive point coordinates. In principle you should not get this 
message unless you assign your own drive point and ma.ke an error in 
the input. In practice, we suspect a logic error in older versions of 
the code. Please call us if you cannot find t.he source of t.he error. 
In versions of t.he code received after Septellleber, 1986, the message 
means that AUTOMESH had difficulty assigning the drive point at 
the upper lefthand comer of the ravity. To correct, input your own 
drive point region by set.ting NDRIVE = 1 in the first region and later 
defining a point. region where you want t.he drive point. AUTOMESH 
will automatically set CUR = 1 and IBOUND = -1 as required. 

7. "--- TROUBLE --- TOO MANY END POINTS FOUND FOR THE LINE" 
The program has trouble adding a vertical/horizontallille region. 

7a. AUTOMESH could encounter a number of problems in subroutines 
XLINER/YLINER while aHelllPting to add vertical/horizontaiiine 
regions. To corred, CHANGE MESH SIZE or ill versions of the program 
received after April, 1986 set LINX/LINY = 1 in the first REG entry. 
(This latter opt.ion deletes Ule adclit.ioll of all vedical/horizontalline 
regions at horizontal/vertical mesh change locations.) 

8. "--- TROUBLE --- NO END POINTS FOUND FOR LINE" 
The program has trouble finding a lUesh point for the end point of the 
added line region. See 70.. above. 

9. " __ - TROUBLE --- ONLY ONE END POINT FOR THE LINE" 
The program has trouble finding an end point for this added line region. 
See 7a. above. 

10. "--- TROUBLE --- A POINT WITH (K = KREG) HAS X NOT • TO XREG" 
"--- TROUBLE --- A POINT WITH (L 0:: LREG) HAS Y NOT = TO YREG" 

The program has difficulty adding a vertical/horizontal line region. 
See 7a. above. 
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C.IO.1.3 Additional Diagnostic Messages 

1. 

2. 

IIDIMENSION OF 2000 FOR KR, LR ••• If 
The program has rUIl into difficulty and has exceeded the maximum num­
ber or point.s dimensioned ror a region. CHANGE MESH SIZE a.nd try agaiu. 
Message (l'om subroutine LOGSEG. 

"DIMENSION OF 3000 INSUFFICIENT FOR KG, LG .•. " 
The program has run into difficulty and has exceeded the total number 
of points dimensioned for aUl'egioJls. CHANGE MESH SIZE and try again. 
Message {l'om subroutine SAVAGE. 
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C.I0.2 Messages from LATTICE 

LATTICE writes all of riiagnost.ic and error messages to t.he output file, OtTTLAT, 
and some to the terminal if rUll is int.eractive. An explanation of the com1Uon ter­
minology used in these messages is listed below. 

1. 

2. 
3. 
4. 

k, l 

x, Y 
k', l' 
(--) 

The mesh point numbering for the horizontal and vert.ical coordi­
nat.es. 
The horizont.al, vert.ical coordinat.es, respectively. 
The mesh point numbering for the second of the hvo points. 
Means t.he computer prints out the value. 

C.10.2.1 Messages Containing "ERROR EXIT" 

1. "--- ERROR EXIT --- TWO MESH DATA POINTS WITH A DIFFERENT K, L 
HAVE THE SAME X, Y COORDINATES" 
followed by values of k, l, k', l', :1::, and y. This message is from the 
function ANGLF. The code has found the same physical coordinates 
assigned to two different logical points. Check input dataj t.ry reducing 
mesh spacing if input looks correct. 

2. "--- ERROR EXIT --- IN SUB. ANGLE COST :z (--) AT KO = (--) LO = 
(--)" 
Messa.ge from function ANGLF. The code has a cosine value greater 
than 1.0 at the logical poiut (KO, LO). Check input data, try reducing 
mesh spacing. 

3. "--- ERROR EXIT ---.NWMAX EXCEEDS PROGRAM DIMENSIONS OF (--) ... " 
Message from subrout.ine PRELIM. The storage for recalculating coup­
lings has been exceeded. This storage has dimension of 1/2 of the para­
meter MXDIM. Increase MXDIM and recompile. 

C.10.2.2 Messages Contaiuing "INPUT DATA ERROR" 

1. "--- INPUT DATA ERROR --- ILLEGAL CHARACTER", 
followed by a print of the input line. Message from subroutille FREE. 
The code has found a character it does not recognize ill the line 
printed. Correct input. 

2. "--- INPUT DATA ERROR --- NO MANTISSA WITH EXPONENT", 
followed by a print of the input line. Message froUl subroutine FREE. 
The code found an exponent standing alone in the line printed. Correct 
the input line. 

, 
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C.I0.2.3 Messages Containing "DATA ERROR" 

These messages are issued whenever LATTICE en("ounters any etrors in reading 
the input file. Mostly, such errors occur when a user creat.es his own input file 
for LATTICE. If t.he input. file for LATT[CE has heen generat.ed by a successful 
AUTOMESH run, it is unlikely there would he any errors of t.his type. [n any case, 
t.he errors issued are self-explanatory. The user need only correct the identified error 

. ill the input file and rerun. 

1. " __ - DATA ERROR --- THE NO. OF BOUND DATA VALUES (K, L, X, Y) = 
(--) FOR THIS REGION IS NOT A MULTIPLE OF 4" 
Message fronl subrout.ine REREG. The code has found t.hat the co or­
dinat.e data 011 t.he input file is incomplct.e. Correct. t.he input. file 
(Usually TAPE 73). If generated by AUTOMESH, try changing 
mesh spacing. 

2. " __ - DATA ERROR --- THE FIRST AND LAST POINTS OF REGION HAVE 
SAME K, L BUT DIFFERENT X, Y COORDINATES" 
Message fro\1l sttbrout.ine REREG. Meshing has heen done incorrectly. 
Correct input file. If generated by AUTOMESH, t.ry changing mesh 
spacing. 

3. " __ - DATA ERROR --- NEGATIVE OR ZERO L" 
Message from suhroutine REREG. The input file has an illegal value 
for the logical coonlinaLe L. Correct inpuL file. 

4. "--- DATA ERROR --- NEGATIVE OR ZERO K" 
Message from subroutine REREG. The input. file has an illegal value 
for the logical coordinate K. Correct input file. 

5. 11 __ - DATA ERROR --- L, K AND LPRIME, KPRIME NOT ON SAME LOGICAL 
LINE" 
Message from suhrout.ine REREG. There is an error in the boundary 
input to LATTICE. Check input file. 

6. " __ - DATA ERROR. --- L EXCEEDS LMAX" 
Message from subroutine REREG. The code has found a boundary 
point. in the input file wit.h a logical L cooruinate greater than the 
maximum L coordinate. Correct input. 
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7. " __ - DATA ERROR --- K EXCEEDS KMAX" 
Message from subroutine REREG. The code has found a houndary 
point in the input file wit.h a logical K coordinate greater than the 
maximwn K coordinate. Correct input. 

8. " __ - DATA ERROR --- YOU HAVE EXCEEDED THE MAXIMUM NUMBER OF 
REGIONS ALLOWED = ( __ )" 
Message from subroutine REREG. Too many regions. Increase para­
meter NRGN and recompile. 

9. " __ - DATA ERROR --- YOU HAVE EXCEEDED THE MAXIMUM NUMBER OF 
INPUT BOUNDARY POINTS PER REGION = ( __ )" 
Message from subroutine REREG. The storage for single region boun­
dary points has been exceeded. increase parameter NPMX and reCOlll­
pile. 

10. " __ - DATA ERROR --- TWO CONSECUTIVE DATA POINTS IN THIS REGION 
HAVE SAME K, L COORDINATES II 
Message from subroutine REREG. The code has found t.wo consecutive 
boundary points assigned the same logical coordinat.es. Correct input 
data. 

11. " __ - DATA ERROR --- TWO CONSECUTIVE DATA POINTS IN THIS REGION 
HAVE SAME X, Y COORDINATES II 
Message from subroutine REREG. The code has found two consecut.ive 
boundary points assigned the same physical coordinates. Correct input. 
data. 

12. " __ - DATA ERROR --- (KMAX+2)*(LMAX+2) EXCEEDS PROGRAM DIMENSIONS 
OF ( __ )" 

Message from subrout.ine REREG. There are too many mesh points in 
the problem. Increase the parameter MXDIM and recompile. 

C.I0.2.4 Messages Containing "TROUBLE" and "WARN­
ING" 

1. " __ - TROUBLE --- DIMENSIONS FOR NO. OF SEGMENTS EXCEEDED NSG OF 
( __ ) ••• II 

Prints to OUTLAT and terminal and immediately aborts. Message from 
main program; follow instructions given in the complete error message 
and recompile. 
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2. "--- WARNING ---THE MESH HAS NEGATIVE AND/OR ZERO AREA TRIANGLES" 
LATTICE writes to t.he file OUTLAT, a message whenever it encoun­
ters negat.ive or zero area in subrout.ine FILPOT, followed by the 

3. "---

three coordinat.es t.hat. make up this triangle. The program processes 
the t.riangles of all regions before printing above message to OUTLAT 
and terminating. Message from main program; follow instructions or 
remesh t.he problem with a different mesh spacing. 

WARNING ---THE NUMBER OF INTERIOR POINTS = 0 " 
Message from su!Jrou1.ille SETTLE is self-explanatory in versions 
released after April 1986. For previous versions, the user has somehow 
set up t.he problem wrong. All points are boundary points and hence 
the potent.ial is determined everywhere. 

C.l0.2.5 Miscellaneous Messages 

1. "THE ABOVE REGION IS NOT CLOSED." 
This message is output. to OUTLAT from suhrout.ine R~REG and is only a 
warning. User should check to see that t.\te same values for t.he first and last. 
coordinates for this region are specified if a closed region wit.h interior points 
is desired. 

2. "ITERATION TERMINATED---MAXIMUM NUMBER OF CYCLES." 
This message is output t.o OUTLAT from subroutine SETTLE and is only 
a warning. The mesh generation did not. converge to the required accuracy 
after 100 iteration cycles. Run is continued wit.h present mesh. User could 
try l'unning t.he problem wit.h t.his mesh or CHANGE MESH SIZE and rerun. 

3. "THE LAST CORRECT POINT IS K = (--), L = (--)" 
Message from subrout.ine REREG. This message occurs aft.er INPUT DATA 
ERROR messages numbers 3, 4,5,6,7, 10, and 11. The logical coordinates 
are an aid in finding the error. 

4. "ITERATION CONVERGED" 
Message from subroutine SETTLE. The mesh relaxat.ion process was successful. 
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C.I0.3 Messages from SUPERFISH 

C.I0.3.1 Messages with "ERROR EXIT" 

1. "--- ERROR EXIT --- NO DATA FOR EPSILON/MU MATERIAL" 
Message from suhroutine EPSIN. The code found a region wit.h MAT > 
2 but. found NPERM = UON(18) equal to zero. Rerun wit.h CON(18) 
set equal to the lltunber of different set of K,./ Km lines to be input. See 
CON(l8). 

2. 11 ___ ERROR EXIT --- EPSILON::; 0.0 FOR MATERIAL NO. (--)" 
Message from suhroutine EPSIN. The code found an error ill the Ke/Km 

input for one of Ule materials with material number> 1. See CON(18) 
for proper input format. 

3. "--- ERROR EXIT --- 2ND TRY --- IMPROVEMENT FAILEDII 
Message from subroutine FROOT. The root finder reject.ed an improve­
ment for t.he 2nd time and ended the run. Try rerunning wit.It a different 
initial frequency. 

4. " __ - ERROR EXIT --- DIMENSIONS OF 10 FOR FREQ. ITERATION 
EXCEEDED" 
Message froUl subrout.ine FROOT. The code did not. find a resonance 
aft.er 10 tries and has st.opped the run. Rerun with a better guess for 
the resonant frequency. 

5. " ___ ERROR EXIT --- (KMAX+2)(LMAX+2) EXCEEDS PROGRAM DIMENSIONS II 

Message from suhroutine SRDUMP. Too lllauy points ill the problem 
lUesh. Increase the MAXDIM parameter and recompile. 

6. " ___ ERROR EXIT --- THE MESH HAS NEGATIVE AND/OR ZERO AREA 
TRIANGLES II 
Message from suhroutine SRDUMP. The mesh has a region where the 
triangles have collapsed or where logical lines have crossed. Relllesh 
the problem. If using LATTICE try changing the mesh spacing. 

7. " __ - ERROR EXIT --- NROW ... MINO(KMAX, LMAX) c (--) EXCEEDS 
MATRIX. DIMENSIONS OF ( __ )11 

Message from subroutine STRIBES. The st.orage needed for t.he matrix 
iuversion is greater than allowed. Increase paramet.er IMX jJl all places 
it occurs and recompile SUUPERFISH and POILIB. (Note: there may 
be other dimensions statements to change in early versions of the code.) 
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C.lO.3.2 Messages with "INPUT DATA ERROR" 

1. " __ - INPUT DATA ERROR --- ILLEGAL CHARACTER" 
Followed hy a prillt of t.he input data line. Message from subrout.ine 
FREE. The code ha.'S found a character it does 110t recognize in the 
liue printed. Correct input .. 

2. "--- INPUT DATA ERROR --- NO MANTISSA WITH EXPONENT" 
Followed by print. of the input data liue. Message fl'om suhroutine 
FREE. The code bas found all exponent standing alone in the line 
printed, Con'ed, input. liue. 

C.lO.3.3 Miscellaneous Messages 

1. " __ - SOLUTION TERMINATED --- MAXIMUM NUMBER OF ITERATIONS" 
Message from main program. The code has performed t.he number of 
iterations requested by CON(30) = MAXCY and st.opped the iter­
ation. Restart with bet.ter guess for resonant frequency. 

2. " __ - WARNING --- CC = (--) SET = 0.0 IN FROOT" 

3. 

Message from subroutine FROOT. This is a warning t.hat the root 
finder is having some trouhle. If t.he rUll continues and converges, it 
may be ignored. If the iteration does not converge t.ry a better guess 
for the resonant frequency. 

U ___ TROUBLE WITH THE LAST IMPROVEMENT" 
Message from suhrout.ille FROOT, The root finder doesn't like its 
anSWer. This print will be followed hy message llumber 4 (below) or 
by ERROR EXIT message number 3. 

4. "THE PREVIOUS D(I( * *2) WILL BE DISCARDED" 
Message from subroutine F ROOT. The root finder has discarded the re­
sults of the last iteration. If t.he iteration converges this can be ignored. 
If the run is stopped, try a better guess for the resonant frequency. 

5. "NO. OF REGIONS INPUT, (--) GREATER THAN NRGN." 
Message from subroutine SRDUMP. The region storage is too small. 
Increase para.meter NRG N and recompile. 

6. "NO. OF SEGMENTS, (--) GREATER THAN NSG." 
Message from'subroutine SRDUMP. The nUluber of segments input 
exceeds stora.ge. Increase para.meter NSG and recompile. 
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C.IO.4 Messages from SFOl 

C.l0.4.1 Messages with "ERROR EXIT" 

1. 11 __ - ERROR EXIT --- RSUM = 0.0 IN SUB. HELINEII 
Message from suhrout.ine lIELINE. The code is doing an integral and 
has found two adjacent. points wit.h average radius (or average y coor­
dinate) equal to O. In a cylindrical geomet.ry this will result in a divide 
by 0 so the run is stopped. Check to sec if segment. numbers requested 
for power and frequency shifts are correct. Don't ask for power and 
frequency shifts on the offending segment. 

2. 11 __ - ERROR EXIT --- KPATH, LPATH DIMENSIONS OF 500 EXCEEDED II 
Message from PATII. The st.orage in COMMON/PATB/ has heen ex­
ceeded. In most. cases this means that t.he code cannot. find the pat.h 
for this segment .. For a very long segment. an increase in storage may 
hdp but this is rare. Somet.imes a change in mesh spacing will help. 
The rest of the problem can often be done by not requesting power on 
this segment. 

3. 11 __ - ERROR EXIT --- (KMAX+2)(LMAX+2) EXCEEDS PROGRAM DIMENSIONS 
OF ( __ )11 

Message from sllhrout.ine ZRDUMP. Too many points in prohlem. 
Increase paramet.er MAXDIM. 

4. 11 __ - ERROR EXIT --- THE MESH HAS NEGATIVE AND/OR ZERO AREA 
TRIANGLES II 
Message from sllhrout.ine ZRDUMP. The mesh has a region where the 
triangles have collapsed or where the logical lines have crossed. Remesh 
the problem. If using LATTICE, try changillg the mesh spacing. 

C.l0.4.2 Message with "INPUT DATA ERROR" 

1. "--- INPUT DATA ERROR --- ILLEGAL CHARACTER" 
Followed by a print of t.he input line. Message from subroutine FREE. 
The code has found a character it does llot recognize in the line print.ed. 
Correct input. 

2. "--- INPUT DATA ERROR --- NO MANTISSA WITH EXPONENT II 

Followed by a print of the input line. Message from suhrout.ine FREE. 
The code has found an exponent standing alone in the line printed. 
Correct input line. 
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C.I0.4.3 Messages with "DATA ERROR" 

1. tI ___ DATA ERROR --- THE STARTING K,L MESH POINT IS NOT A 
REGION BOUNDARY POINT" 
Message from suhront.ine PATH. The code has found t.hat an int.erior 
point has been passed as a segment eud print. Probably a code bug. 

C.I0.4.4 Messages with "ERROR RETURN" 

1. tI ___ ERROR RETURN --- CAVITY LENGTH IS NOT CORRECTLY DEFINED" 
Message from subrou(~ine EZAXIS. The code found no houndary or 
interior points along logical line given by CON(78) = LINT or the 
value of ZLONG was O. LlNT should be 1 on ent.ry to EZAXIS. 

C.I0.4.5 Messages with "WARNING" 

"--- WARNING --- RO = 0.0 in SUB. TRASIT" 
Message from suhrout.ine TRASIT. The code is calculating t.ransit. time 
integrals and has found a point whose right upper neighboring point 
is not. in the problem. This would result in a divide by zero so the con­
tribut.ion of the ()oint to the integral is ignored. 

2. "--- WARNING --- YO = 0.0 IN SUB. TRASIT" 
Message from subrout.ine TRASIT. The code is calculating t.ransit. time 
integrals and has found a point whose right upper ndghboring point 
is not in the prohlem. This would result in a divide by zero so the con­
tribution of t.he point is ignored. 

C.I0.4.6 Miscellaneous Messages 

1. "INTEGRATION ON THE Z-AXIS IS NOT ALLOWED" 
Message from subroutine HEPOW. The user has asked for power on a boun­
dary segment that lies on the Z axis in cylindrical geomet.ry. Tlus will result 
in a divide by zero so the code st.ops. Remove the request for power on Ule 
offending segment. 

2. "NO. OF REGIONS INPUT, (--) GREATER THAN NRGN ti 

Message from subroutine ZRDUMP. The number of regions to be input ex­
ceeds the storage. Increase parameter NRGN and (·ecompile. 

3. "NO. OF SEGMENTS (--) GREATER THAN NSG ti 

Message from subroutine ZRDUMP. The number of segment.s being input 
exceeds the st.orage. Increase parameter NSG and recompile. 
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C.l0.5 Messages from TEKPLOT 

1. It ___ INPUT DATA ERROR --- ILLEGAL CHARACTER" 
I:<bllowed I>y a print. of the input line. Message from subrouline FREE. 
The code has found a character it does not recoguize ill t.he line 
printed. Correct input. 

2. "--- INPUT DATA ERROR --- NO MANTISSA" 
Followed by It print. of the inpulline. Message from suhroutine FREE. 
The code has found all exponent ~tallding aione in the liue printed. 
Correct the input line. 

3. "NUMBER OF REGIONS ON TAPE36 :c (--) LARGER THAN DIMENSION 
NRGN . RUN STOPPED" 
Message from subroutine TRDUMP. The Humher of regions to be input ex­
ceeds storage. Increase parallleter NRGN and recompile. 
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Chapter C.ll 

Convergence and Accuracy 

C.ll.l Convergence 

When searching for a resol1ance, SUPERFISH checks the value of 6.k2 /k 2 

(k = 2rr fie) to see if it is less than CON(86) = EPSIK. Here, 6.k2 is the change 
ill k 2 from the previous iteration. The default value of EPSIK is 10-4 • The allowed 
numher of iterations is set by CON(30), which has a default value of 10. This num­
her should be enough to find Ule resonance in most cases. If it is not. enough, the 
("ode root, finder lllay he lost. The user should check the printed values of Dl(I( * *2) 
to determine what is going on. If these va.1ues are decreasing monotonically, the code 
is prohahly converging and the user should start over with a new starting.frequency 
near t.o the iteration's final frequency. If the Dl(I( * *2) values are jumping or the 
printed frequencies are far a.part, it is likely that the code is having trouble and 
it. might he profitable for t.he user t,o run StJPERFISH in the step mode (INACT 
=1= -1) to get a better feel for the location of the zeros of D1(If * *2). 

C.ll.2 Accuracy 

In an early article, Halbach and Holsinger2 report. errors of 1 part ill 104 for the 
frequency a.nd 1 part in 3000 for t.he stored energy when calculating t.he fundamental 
mode of a pill box cavity modeled with 1395 points. Accuracy was less for higher 
modes. 

Gluckst.ern, Ryne, and Holsinger6 ha.ve shown that, 1 part in 104 accuracy in 
frequency is obtainable in a pill box cavity with equal lengt.h and radius using a 
mesh as coarse as 15x15. For a spherical ca.vity they obtain 1 part in 104 using a 
20x20 mesh. Gluckstern, Ryne, and Holsinger6 and Gluckstern6 ha.ve shown that 
the convergence goes as N-2 where N is the number of points in the mesh and have 
developed a method for improving SUPERFISH results using a postprocessor. 

1 
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Several years ago we compared t.he results of SUPERFISH wit.h the results of 
URMEL on standa.rd problems like the pill box and the sphedcal cavity. URMEL 
gave frequencies of the higher modes which were consistently 0.3 10 0.5 % lower 
t.han t.hose of SUPERFISH. We have not benC"lunarked the more recent version of 
URMEL against SUPERFISH and therefore all we can say is that the user should 
be cautions when using the frequencies of higher-order modes. 

Another more annoying problem has to do with the values of power loss, Q, 
and shunt impedance. We find that different. cavity codes use different definitions. 
Also different versions of SFOt out in the user ("olluuunity use different definitions. 
Some, including our current standard version, do not scale properly when the nor­
malization constant VSCALE is changed. Once again, the user should be cautious 
unt.il we can clarify this matter. 
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Chapter C.12 

SUPERFISH Examples 

C.12.1 Spherical Cavity 

This example is a SUPERFfSH run of a spherical cavity. The input file SPHI 
is shown in Fig. C.12.1.1. A 1 appeal'S in column one of the first card to denote a 
S UPERFISH problem. The file is very simple. The calculation requires only half 
the sphere and since the code assumes it is working with a figure of revolution about 
the z-axis if ICYLIN = CON(19) = 1 (default for SUPERFISH problems), only the 
upper half of the half sphere need be modeled. 

1 1 spherical cavity 
2 treg nreg=1, dx=2., xmax=100., ymax=100., npoint=4 • 
3 .po x=O., y~O, • 
4 .po x-O" y&100. $ 
5 .po nt~2. r=100., theta=O .• 
6 .po x-O., Y"'O, • 

Figure C.12.1.1: Input file for AUTOMESH. 

AUTOMESH is run by typing the executable file nalne, automesh. Figure 
C.12.1.2 shows the session at the terminal. AU'l'OMESH asks for an input file 
name; it is given sph1 and executes quickly. Typing the LATTICE executible file 
llalne latt ice, results in the action shown in Fig. C.12.1.3. On asking, the code 
is told that tape73 is the input file. Then LATTICE asks for CON's; there are no 
changes so the reply is "s". The code then executes. 

To run SUPERFISH the exe('.utahle file name, fish is typed (See Fig. C.12.1.4). 
When it asks, the code is told to take input from TTY aJld to use dump O. The 
only change necessary to the CON's is all initial frequency value; CON(65) is set to 
130.MHz. SUPERFISH finds the resonant frequency in three iterations. 

1 
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? automesh 
? type input file name 

? sphi 

region no. 1 
logical boundary segment end points 
iseg kb Ib kd Id 

1 1 1 0 1 
2 1 59 1 0 
3 61 1 -1 0 

stop 

ke 
1 

51 
1 

automes 
cpu-

ctss time 
.102 sys-

.287 seconds 
.020 i/o+memorya 

all done 

Ie 
69 

1 
1 

December 23, 1986 

.166 

Figure 0.12.1.2: Log of interaction with AUTOMESH. 

lattice 
? type input file name 

? tape73 

beginning of lattice execution 

dump 0 will be set up for superfis 

1 .pherical cavity 

?type input values for con(?) 
? .I. 

elapsed time • 0.6 .ec. 
Oiteration converged 

elap.ed time· 1.4 sec. 

generation completed 

dump number 0 has been written on tape36 
stop 

lattice ctss time 1.616 seconds 
cpu- 1.206 sys- .022 i/o+melllorya .388 

all done 

Figure C.12.1.3: Log of interaction with LATTICE. 
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December 23, 1986 PART C CHAPTER 12 SECTION 1 3 

fish 

? 

? 

? 

? type "tty" or input file name 
tty 

? type input value for dump num 
Q 

beginning of superfish execution from dump number 0 

prob. name = spherical cavity 

? type input values for con(?) 
*66 130. s 

elapsed time = 1.3 sec. 

cycle hmin hmax residual 

o O.OOOOe+OO O.OOOOe+OO 1.000e+00 

solution time = 2.297 sec. 

k**2 = 7.4234e-04 
freq ~ 1.3000e+02 

1 O.OOOOe+OO 1.0626e+00 1.000e+00 
kfix = 1 Ifix = 59 delta1 = 2.7168e-02 d1(k**2)= 1.1284e-06 

using slope = -1 formula with rix =1.000 
del k**2 = 1.1284e-05 k**2 = 7.6363e-04 freq = 1.3098e+02 
solution time = 2.208 sec. 

2 O.OOOOe+OO 1. 131ge+00 . 1.000e+00 
kfix ~ 1 Ifix = 69 delta1 = -2.2771e-03 d1(k**2)= -8.0643e-07 

delta1(k**2) d1(k**2) 
1st deriv. -2.6094e+03 -1.0714e+00 

using two point secant formula 
del k*.2 = -7.6177e-07 k**2 = 7.6288e-04 freq = 1.3092.+02 
solution time = 2.419 sec. 

3 O.OOOOe+OO 1. 1261e+00 1.000e+00 
kfix = 1 Ifix ~ 69 delta1 = -1.630ge-04 d1(k.*2)= -6.8330e-08 

delta1(k.*2) d1(k**2) 
1st deriv. -2.8121e+03 -9.937ge-01 
2nd deriv. -9.6241e+06 3.6833e+03 

using three point parabola formula 
del k**2 = -6.8344e-08 k**2 = 7.6282e-04 freq = 1.3091e+02 

solution converged in 3 iterations 

dump number 1 has been written 

Figure C.12.1.4: Log of interaction with SUPERFISH. 
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To get. information on the performance of the cavity we run SF01, Fig. 0.12.1.5. 
SF01 is t.old to take input from the TTY and to use dtlmp 1, which holds the 
SUPERFISH solution. When asked, CON (50) is set to 1, indicating that power 
and frequency shifts are desired on only one segment .. SF01 asks for the number of 
that segment. and we give it "2". This segment is the only one 011 the boundary of 
the sphere. SF01 asks if a summary is wanted at the terminal and priuts it when 
answered "go". Some of the informat.ion printed doesn't apply, for example, STEM 
radius, but the user should have 110 problem separatiug the wheat froUl the chaff. 

dol 
?type "tty" or input file name 

? "tty" 
?type input value for num 

? 1 
begining of sfo1 execution from dump number 1 

prob. name = spherical cavity 

?type input values for con(?) 
? .- 60 1 II 

11t~e input values for iseg's 

?type go for output summary at terminal 
1 ~ 

8uperfish dtl output summary 10:13:63 84/09/26 

problem name = spherical cavity 
cavity length = 200.000 cm cavity diameter = 

d.t. gap = 0.000 em stem radius = 
frequency (starting value = 130.000) '. = 

beta = 0.8734 proton energy = 
normalization factor (eO=l mv/m) ascnle = 

0.000 cm 

1.000 cm 
130.914 mhz 

988.060 mev 

7398.1 

stored energy (mesh problem only) = 3.7281 joules 

pover dissipation (mesh problem only) 

t,tp,tpp,s,sp,spp = 0.168 0.160 -0.034 
• 23966.43 vatts 

0.860 -0.068 0.042 

q = 128012 shWlt impedance .. 

product z*t"2 ztt z 

magnetic field on outer vall 
maximum electric field on bOWldary 

= 
= 

41. 74 mohm./m 
1.04 mohm/m 

1962 amp/m 
0.643 mv/m 

iseg zbeg rbeg zend 
(cm} (cm) (cm) 

2 0.00010 0.00010 0.000 

?type input value for num 
? 

rend emax pover d-freq d-freg 
(em) (mv/m) (v) (delzT (delr) 
0.000 0.6430 2.40e+04 vall -0.0313 -0.1296 

Figure 0.12.1.5: Log of interaction with SFOl. 
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TEKPLOT can be used to display the field pat.tern. Fig. C.12.1.6 shows how 
it's done. We enter the executable file name TEKPLOT. The program asks for 
NUM, ITR1, NPHI, INAP, NSWXY. The a.nswer 1 0 76 s tells the code to set 
NUM = 1 (use dump 1), ITR1 = 0 (no mesh drawn), NPHI = 75 (draw 75 lines). 
The final "s" t.ells the code to use defaults for the remaining values. The code asks 
for x and y limits on t.he region to he plotted and we answer "s" to tell it to use the 
internal values of XMIN, XMAX, YMIN and YMAX. A "go" when asked, causes 
the program to produce Fig. 0.12.1.7. TEKPLOT is terminated by hitting the 
carriage return a.nd entering -1 s when asked for a new value for NUM. 

Additional information 011 the run call be fOllnd in the OUTAUT, OUTLAT, 
OUTFIS, and OUTSFO files produced by the codes used. 

tekplot 
?type input data- num, intri, nphi. inap. nwxy, 

? 1 0 75 s 
input data 
num= 1 itri= 0 nphiE 76 inap= 0 nswxy= 0 

plotting prob. name = spherical cavity 

?type input data- min, max, ymin, ymax 

input data 
xmin= 0.000 xmaxc 100.000 ymin=O.OOOO ymax c 100.000 

? type go or no 
? ~ 

Figure C.12.1.6: Log of interaction with TEKPLOT. 
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Dt'cember 23, 1986 

prob. nama = spherical cavity freq : 130.914 ? 

Figure c. 12. 1.1: TEKPLOT output of electric field lines. 
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C.12.2 Synchrotron Cavity with Dielectrics and 
Ferrites 

This example illust.rat.es R SUPERFISH run of a cavity loaded with several dif­
ferent dielectric and ferrite materials. 

Figure C.12.2.1 shows the input. file, FULLCAV, for t.he problem. There are 13 
regions. The first region defines t.he ext.reme boundaries and the remaining regions 
define areas inside t.he extreme boundaries each of which has its own constant. but. 
individual value of permeability I" and permiU.ivit.y E. In"each region a mat.erial 
numher is set in t.he REG NAMELIST. Figure C.12.2.2 shows the terminal output 
resulting from the AUTOMESH run. The LATTICE run is showl1 in Fig. C.12.2.3. 
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1 full siza cavity I 
2 $rag mat=1,nrag=13,npoint=16,xmin=0.,xmax=126.00,ymin=0.,ymax=26.00, 
3 <Ix= .60,dy=1.00$ 

I 4 $po x=O.O,y=O.O$ 48 $po x=110.80,y=16.00S 
6 $po x=116.88,y=0.0$ 49 trag mat=2,npoint=6$ 
6 $po x=116.88,y=8.0$ 60 $po xc 114.34,y=16.00$ 
7 $po x=6.0,y=8.0$ 61 $po x~114.34,y=26.00$ I 8 Spo x=S.0,y=9.0$ 62 $FO x=116.88,y=26.00$ 
9 $po x~96.64,y=9.0$ 63 Spo x=116.88,y=16.00$ 

10 $po x=116.88,y=13.0$ 64 Spo x=114.34,y=16.00$ I 11 $po x=116.88,y=2S.0$ 66 trag mat=3,npoint=6$ 
12 $po x=96~64,y=26.0$ 66 $po x=96.64,y=14.0S 
13 $po x=96.64,y=14.0$ 67 $po x=116.88,y=14.0$ 

I 14 $po x=96.64,y=13.0$ 68 Spo x=116.88,y=14.76$ 
16 Spo x=93.0,y=13.0$ 69 Spo x=96.64,y=14.76$ 
16 $po x=86.0,y=17.6S 60 Spo x=96.64,y=14.0$ 
17 $po x=0.0,y=17.6$ 61 trag mat=4,npoint=6$ I 18 Spo x=O.O,y=O,O$ 62 $po x=99.18,y=16.$ 
19 Srag mat=2,npoint=6$ 63 $po x=100.18,y=16.$ 
20 $po x=96.64,y=16.0$ 64 $po x=100.18,y=26.S 

I 21 $po x=96.64,y=26.0$ 66 Spo x=99.18,y=26.S 
22 $po x=99.18,y=26.0$ 66 $po x=99.18,y=16.S 
23 $po x=99.18,y=16.0$ 67 $rag mat=4,npoint=6$ 
24 $po x=96.64,y=16.0$ 68 $po x=102.72,y=16.$ I 26 trag mat=2,npoint=6$ 69 $po x=103.72,y=16.$ 
26 $po x=100.18,y=16.00$ 70 Spo x=103.72,y=26.$ 
27 $po x=100.18,y=26.0$ 71 Spo x=102.72,y=26.$ I 28 $po x=102.72,y=26.0$ 72 .po x=102.72,y=16.$ 
29 $po x=102.72,y=16.0$ 73 $rag mat=4,npoint=6S 
30 $po x=100.18,y=16.0$ 74 Spo x=106.26,y=16.$ 

I 31 Srag mat=2,npoint=6$ 76 $po x=107.26,y=16.S 
32 $po x=103.72,y=16.00$ 76 Spo x=107.26,y=26.$ 
33 $po x=103.72,y=26.0$ 77 $po x=106.26,y=26.$ 
34 $po x=106.26,y=26.0$ 78 $po x=106.26,y=16.$ I 36 $po x=106.26,y=16.00$ 79 $reg mat=4,npoint=6$ 
36 $po x=103.72,y=16.00$ 80 $po x=109.80.y=16.$ 
37 trag mat=2,npoint=S$ 81 Spo x=110.80,y=16.$ 

I 38 $po x=107.26,y=16.00$ 82 $po x=110.80.y=2S.$ 
39 $po x=107.26,y=2S.0$ 83 $po x=109.80.y=26.$ 
40 Spo x=109.80,y=26.0$ 84 Spo x=109.80,y=16.$ 
41 $po x=109.80,y=16.00$ 86 trag mat=4,npoint=6$ I 42 $po x=107.26,y=.16.00$ 86 $po x=113.34,y=16.$ 
43 Srag mat=2,npoint=6$ 87 $po x=114.34,y=16.$ 
44 Spo x=110.80,y=16.00$ 88 $po x=114.34,y=26.$ I 46 $po x=110.80,y=26.0$ 89 .po x=113.34,y=26.$ 
46 $po x=113.34,y=26.0$ 90 $po x=113.34,y=16.$ 
47 $po x=113.34,y=16.00$ 

I 
Figure C.12.2.1: Input file for AUTOMESII. t 
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December 30, 1986 

.. U'IIOIM.1\ 
'!'tJlle input fih _ 

! ful1nv 

ra,1on no. 1 
logical bGundary ulJllMfllt omd pointa 
i.e, kb 1b kit 1d ke ~e 

1 1 1 1 0 235 1 
2 236 1 0 1 236 9 
3 235 9 -1 0 11 9 
4 11 9 () 1 11 10 
6 11 10 1 0 196 10 
& 196 10 1 0 236 14 
., 236 14 0 1 236 26 
8 236 28 -1 () 196 28 
9 196 26 -1 -1 194 16 

10 194 16 -1 0 193 14 
11 193' 14 -1 0 18" 14 
12 IS" 14 -1 0 1.,1 19 
13 171 9 -1 0 1 19 
14 1 9 0 -1 1 1 

resion no. 2 
10gic81 boundary .e,..nt end poin'll. 
i.e, kb 1b kd lit ke le 

15 194 IT" 196 26 
18 196 28 1 0 200 26 
1" 200 26 -1 -1 199 1., 
18 199 17 -1 0 194 1" 

resiGn no. 3 
10,ical boundary .esmont end points 
i.eg kb Ib kd Id ke 1e 

19 201 1" 1 1 202 26 
20 202 26 1 0 207 28 
21 20., 28 -1 -1 208 1" 
22 206 1" -1 () 201 17 

resion no. 4 
101ic~ boundary segment end points 
t .. , kb 1b ltd 1d ke 1e 

23 208 17 1 1 20B 26 
24 209 28 1 0 214 26 
26 214 28 -1 -1 213 1" 
26 213 17 -1 0 208 1" 

resion no. 6 
lOStc81 boundU'J •• gment end potBt. is.. kb 1b kit 1el ke 18 

2" 216 1" 1 1 216 28 
28 218 28 1 0 221 28 
29 221 26 
30 220 17 

re,iotl. 'fto. 8 

-1 -1 220 11 
-1 0 216 1., 

10Sic.1 boundary .epllllt lind point. 
i .. , kb 1b kd 1d ke 1e 

31 222 11 1 1 223 28 
32 223 28 1 () 228 28 
33 228 28 -1 -1 22., 17 
34 22" 17 -1 0 222 17 

PART C CHAPTER 12 SECTION 2 9 

res ion no. 1 
logioal boundary .egmen'll end poinU 
i.ag kb Ib kd Id ke le 

36 229 17 1 1 230 28 
38 230 28 1 0 235 28 
3" 235 26 0 -1 236 1" 
36 236 1" -1 0 239 17 

regiGn no. 8 
10gicl11 bGundary sesmo:nt end points 
i.eg kb Ib kd 1d ke 1e 

39 194 16 1 0 236 16 
40 235 16 0 1 23S 1& 
41 235 16 -1 0 195 18 
42 195 16 -1 -1 194 16 

region no. 9 
logical bounduy .epOInt end points 
iseg kb Ib kd 1d ke le 

43 199 11 1 0 201 11 
44 201 11 1 202 26 
45 202 26 -1 0 200 26 
48 200 26 -1 -1 199 17 

region no. 10 
10,ical beunduy segJll8nt end points 
iseg kb Ib kd 1d ke 1. 

4" 206 1" 1 0 208 11 
48 208 11 1 1 209 26 
49 209 26 -1 0 201 26 
60 20" 26 -1 -1 208 1., 

region no. 11 
logical boundery segment end points 
i •• g kb Ib kd Id ke le 

St 213 1" 1 0 216 1" 
62, 216 17 1 1 216 28 
53 218 26 -1 0 214 26 
54 214 26 -1 -1 213 1" 

resion no. 12 
10gicl11 boundary segmen~ end point. 
taeg kb Ib kit ld Its 1e 

65 220 1., 1 0 222 1" 
56 222 1., 1 223 26 
S7 223 26 -1 0 221 26 
S8 221 26 -t -1 220 11 

reston no. 13 
10sical boundary •• sm-nt end points 
i.ag kb 1b ltd 1d ka 1e 

69 22" 1" 1 0 229 1" 
eo 229 1" 1 1 230 26 
81 1 1 0 235 1 

.top 
xauto ct •• 'IIime 
cpu= • .,36 .y.= 

all dona 

1.636 .econds 
.033 i/o+tMmorr-. 868 

Figure 0.12.2.2: Log of interaction with AUTOMESII. 
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lattice 

?type input file name 
? tape73 

beginning of lattice execution 

dump 0 will b. set up for superfis 

1 full size cavity 

?type input values for con(?) 
? I 

elapsed time = 1.9 sec 
o iteration converged 

elapsed time - 2.2 sec 

generation completed 

dump number 0 has been written on tape36. 
stop 

lattice ctas time 2.417 second. 
cpu- 1.896 sys. .031 i/o+memory~ .491 

all done 

Figure C.12.2.3: Log of interaction with LATTICE. 

I 
D~cE'llJb~r 30, 1986 I 
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No CON's are changed since t.he only changes needed call be postponed until 
the SUPERFISH nm. Figure C.12.2.4 sbows the right end of the cavity where all 
t.he regions with different. J.L and £ are sit.nat.eo. This figure was obtained hy \Ising 
'l'EKPLOT and set.t.ing XMIN to 9.5. aud XMAX t.o 125. so t.hat only part of the 
region would be plotted. The full cavity is showlI ill Fig. C.12.2 .. 5. 

prob. name == fulsz cy freq = 57.799 ? 

Figure C.12.2.4: TEKPLOT output for right end of cavity. 

Figure C.12.2.6 shows the result. of running SUPERFISH. As usual, we answer 
tty for the input and 0 for the dump uumber. For t.he CON changes we input 
*18 3 *65 67.77 s. The change ill CON(18) tdls the program t.here are to be 
3 sets of relative ( and relative J.L values to be input. CON(65) is, of course, the 
st.art.ing frequency. Because CON (18) was set t.o 3, the program asks for MATER, 
EPSILON, MU three times. Each time the reply consists of the mat.erial numher, 
the relative dielec.tric constant Ke and the relat.ive permeability Km' After the third 
line, the code runs the problem. Using TEKPLO'l', we can look at t.he field patt.ern 
in the cavity. Figure C.12.2.7 shows a blowup of the right end of t.he cavit.y and 
C.12.2.8 shows the whole cavit.y. 
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prob. name" fuls: cy fraq = 51.199 ? 

Figure 0.12.2.5: TEKPLOT output for fullleugth of cavit.y. 
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?type "tty" or input filename 
? tty 

?type input value for dump num 
? Q 

beginning of superfish execution from dump number 0 

prob. name = full size cavity 

?type input values for con(?) 
? .18 3 .66 67.77 s 

?type input for mater, epsilon, mu 
? 2 14.6 1.6 

?type input for mater, epsilon, mu 
? 3 10.0 1.0 

?type input for mater, epsilon, mu 
? 4 10.0 1.0 

elapsed time = 3.7 sec. 
cycl"e hmin hmax 

o O.OOOOe+OO O.OOOOe+OO 

solution time = 9.312 sec. 

residual 
1.0000e+00 

1 O.OOOOe+OO 2.2981e+00 1.0000e+00 

k •• 2 = 1.4660e-04 
freq = 6.7770e+01 

kfix =236 lfix = 26 deltal = 1.6310e-03 dl(k •• )= 1.4886e-07 

using slope = -1 formula with rix =1.0000 
del k •• 2 = 1.4886e-07 k •• 2 = 1.4676e-04 freq = 6.779ge+Ol 
solution time = 9.876 sec. 

1 O.OOOOe+OO 2.308ge+00 t.OOOOe+OO 
kfix =236 lfix = 26 deltal = -7.0304e-06 d1(k •• )2= -6.77428-10 

? 

-------------------------------------------------------------------delta1(k •• 2) d1(k •• 2) 
1st deriv. -1.0332e+04 -1.0046e+00 

using two point secant formula 
del k •• 2 = -6.7417e-10 k •• 2 = 1.467e-04 freq = 6.779ge+01 

solution converged in 2 iterations 

dump number 1 has been written. 

?type input value for dump num 

Figure C.12.2.6: Log of int.eraction wit.h SUPERFISH. 
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prob. name = fulsz cy freq = 57.790 ? 

Figure C.12.2.7: TEKPLOT output for field in right end of cavit.y. 

prob. name = fulsz cy freq = 67.790 ? 

Figure C.12.2.8: TEKPLOT output of field ill full cavity. 

Figure C.12.2.9 shows the tenllinal output. resulting from running SFOI. We 
tell the program t.o get input from "tty" and SUPERFISH out.put data from dump 
1. CON(50) is set to 10 to get power and frequency shifts on 10 segments in the 
problem. The program requests the numbers of the segments and is given 10 seg­
ment numbers. The program then executes. 

More information on the results of running the various codes can be found on 
the output files OUTAUT for AUTOMESH, OUTLAT for LATTICE, OUTFIS for 
SUPERFISH and OUTSFO for SFOI. 
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1101 

? 

? 

? 

? 

1 

?type "tty" or input file name 
tty 

'?type input value for dump num 

! 
?beginnins of superfiach execution from dump number 1 

?prob. name = full size cavity 
?type input value for con(?) 

*50 10 s 

?type input value for iseg's 
3.4,5.6.7.8,9.10,11,12.13 

superfish output summary 

problem name '" 

cavity length = 233.760 cm, 

10:23:39 84/09/24 

diameter 

frequency (starting value= 67.770) 

beta:: 0.4507 proton energy 

normalize factor (eO=1.0 mv/m) ascale 

stored energy (for problem geometry) 

stored energy (full cavity) 

power dissipation (for problem geometry) 

power dissipation (full cavity) 

= 

= 

• 

= 

., 

1:1 

= 

= 

60.000 cm 

57.799 mhz 

112.792 mev 

81167.6 

38.7417 joules 

77.4834 joules 

1353630.48 watta 

2707260.95 watts 

t.tp.tpP.s,sP,spp = 0.984 0.005 0.001 0.137 0.021 0.000 

q= 10393 shunt impedance = 0.863 mohm/m 

= 0.837 mobm/m 

magnetic field on outer wall = 21545 amp/m 

maxiltlum electric field on boundary = 54.844 mv/m 

Figure C.12.2.9: Log of interaction with SFOl. 
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C.12.3 Electron Linac Cavity 

This example calculates i.he resonant. frequency and ot.her propert.ies of a cavity 
proposed for an electron linac. Figure 0.12.3.1 shows the AUTO MESH input file 
named EOELL. In this problem, the units are inches so the variable CONY is set 
to 2.54, the number of centimeters per inch, in the REG NAMELIST. The height 
of the mesh triangles is approximat.ely doubled at 1.75 inches by setting YREG1 = 
1. 75. The eleven PO N AMELIST cards give the successive endpoillts of t.he bound­
ary segments .. 

1 1 electron linac cell 
2 $reg nreg=1,dx=.036,xmax=2.3,ymax=3.36,npoint=11, 
3 conv=2.64,yreg1=1.75 $ 
4 $po x=O., y=O. $ 
6 $po x=O.O, y=3.2384 $ 
6 $po x=.4967, y=3.2366 $ 
7 $po nt=2,xO=.376,yO=1.6642,x=1.676,y=-0.1937 $ 
8 $po nt=2,xO=1.8,yO=1.3606,x=0.128,y=-0.2147$ 
9 $po x=1.006,y=0.6 $ 

10 $po nt=2,xO=1.006,yO=.55,r=.05,theta=270. $ 
11 $po x=2.269, y=0.6 $ 
12 $po x=2.269, y=O.O $ 
13 $po x=1.006, y=O.O $ 
14 $po x=O.O, y=O.O $ 

Figure 0.12.3.1: Input file for AUTOMESH. 

The next step in solving the problem is to run AUTOMESH. We type automesh, 
the name of the AUTOMESn executable file. The code asks for the input file name 
and is given ecell. AUTO MESH runs producillg Fig. 0.12.3.2 at the terminal. 

automesh 

?type input file name 
ecell 

region no. 1 
logical boundary segment end points 
iseg kb Ib kd ld 

I 1 1 0 1 
ke Ie 

1 69 
2 1 69 0 1 1 84 
3 1 84 1 0 16 84 
4 16 84 1 0 60 69 
6 60 69 0-1 60 46 
6 60 46 0-1 66 39 
7 66 39 0-1 30 21 
8 30 21 -1 0 30 18 
9 30 18 1 0 66 17 

10 66 17 0-1 66 1 
11 66 1 -1 0 30 1 
12 30 1 -1 0 1 1 

stop 
automesh ctss time .366 seconds 
cpu'"' . 172 sys= .023 i/o+memory= .169 

all done 

Figure 0.12.3.2: Log of interactioll with AUTOMESII. 
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To finish setting up t,he mesh, we run LATTICE. Figure C.12.3.3 shows the 
LATTICE execution listing. • 

lattice 

?type input file name 
tape73 

beginning of lattice execution 

dump 0 will be set up for superfis 

1 electron linac cell 

?type input values for con(?) 
? § 

elapsed time = 0.8 sec. 
Oiteration converged 

elapsed time = 2.3 seC. 

generation completed 

dump number 0 has been written on tape36 
stop 

lattice ctss time 2.697 seconds 
cpu= 2.150 sys= .028 i/o+memory= 

all done 

.419 

Figure C.12.3.3: Log of int.eract.ion wHh LATTICE. 

When a.c;ked, the code is told that t,he input, is from TAPE73. When it asks for 
new values for t.he CON's, no changes are necessary so t.he code is told t.o proceed by 
typing an "s" followed by a carriage return. LATTICE executes wit.h no problems. 

We decide t,o look at. t.he mesh t.o make sure we have set. up t.he proper problem. 
W(>. t,ype t.he TEKPLOT executable fil~ name tekplot (See Fig. C.12.3.4). The 
code asks for input. data and we reply that. we want dump NHM = 0 and to show 
t.he mesh (ITR1 = 1). The line is t,erminated by an "s" t,o tell Ule code to use. the 
default values for Ule remaining input,. The code then shows the values it is going 
to use alld asks for the :z: - y limits on the plotting area. The reply "s" tells the 

tekplot 

?type input data- num, itri, nphi, inap, nswxy, 
? Q.....L!. 

input data 
num= 0 itri= 1 nphi= o inap= 0 

plotting prob. name = electron linac cell 

?type input data- xmin, xmax, ymin, ymax, 
? ~ 

input data 

nswxy= 0 

xmin= 0.0000 xmax= 2.269 ymin= 0.0000 ymax= 

?type go or no 
? go 

3.238 

Figure C.12.3.4: Log of interaction with TEKPLOT for mesh. 
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code to use the minimum and maximl1m values in t.he mesh. The code prints these 
values and ;:u;ks if it should proceeo. \Ve reply "go;" the code blanks the screen and 
produces Fig. C.12.3.5. To end TEKPLOT hit the carriage return and type -1 s. 

prob. name = electron linac cell freq = 0.000 

Figure C.12.3.5: TEKPLOT output showing mesh. 
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To proceed wit.h t.he soltiLioll, we type fish (See Fig. C.12.3.6), which is the 
execuLahle file name of SUPERFISH. The program asks for "tLy" or the name of 
an input file and is told tty. The designation "tty" is short for "teletype", which 
means typing input from the tenniual. 

'1'type "tty" or input file name 
'1' tty 

?type input value for dump num 
'1' Q 

beginning of superfish exe~ution from dump number 0 

prob. name = electron lina~ cell 

?type input values for con('1') 
'1' *65 1240. s 

elapsed time = 1.7 sec. 

cy~le lunin lunax residual 

0 O.OOOOe+OO O.OOOOe+OO 1.000e+00 

solution time = 3.804 sec. 

k**2; 6. 7540e-02 
freq = 1.2400e+03 

1 O.OOOOe+OO 1.392ge+00 1.000e+00 
kfix = 60 lfix = 59 deltal 1.0906e-03 dl(k**2)= 9.6243e-05 

using slope = -1 formula with rlx = 1.000 
del kU2 = 9. 6243e-05 k"2 = 6 .. 7636e-02 freq = 1. 240ge+03 
solution time = 3.623 sec. 

2 O.OOOOe+OO 1.3973e+OO 1.000e+00 
kfix = 60 lfix = 59 deltal = -4. 1411e-06 dl(k**2)= -3.6272e-07 

del k**2 = -3.6136e-07 
solution ~onverged in 

elapsed time 9.4 sec. 

delta1 (ku2) 
1st deriv. -1.1375e+01 

using tllO point se~ant formula 
k*.2 = 6.7636e-02 freq = 

2 iterations 

dump number 1 has been written. 

'1'type input value for dump num 
'1' 

d1(k"2) 
-1.0038e+00 

1.240ge+03 

Figure C.12.3.6: Log of interaction with SUPERFISH. 

It. asks for t.he dump number and is t.old Q. The next request. is for CON­
chRnges and we t.ype *65 1240. s t.o t.ell it t·o st.al't. it.s it.erat.ion at 1240 MHz. 
The program requires t.wo it.erat.iolls to find Lhe resonant. frequency at 1240.9 MHz. 
We exit SUPERFISH by typing -1 s. 
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To llse dump 1 to determine properties of t,he cavity we t.ype sfo1. SFOI asks 
for eit.her "tty" or all illput file name. Given "tty," t.he program asks for a dump 
llu1l1beri we ellt.er 1. When the program asks for CON's we change CON(50) t.o 9 
and indicat.e this is all by typing a s. 

CON(50) is the number of boundary segments (See beg in Fig. C.12.3.2) on 
which we want power anel frequen<,y shifts calculated. SFO 1 prints a summary of the 
resu1t.s at the terminal when we answer its <luest.ion with a "go" (See Fig. <..:.12.3.7). 
More details of the results can be found in OU'1'S1"O,. 
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ef.Q.1 
?type "tty" or inpuit file name 
? tty 
?type input value for num 
? ! 

beginning of sfol execution from dump number 1 

prob. name = electron linac cell 

?type input values for con(?) 
? .50 9 s 

?type input values for iseg's 
? 2 3 4 5 6 7 8 9 10. 

?type go for output summary at terminal 
? go 

superfish dtl output summary 10:03:09 84/09/26 
problem name = electron linac cell 
cavity length = 11.527 cm cavity diameter = 

d.t. gap = 10.414 cm stem radius 
frequency (starting value =1240.000) = 
beta = 0.4771 proton energy 
normalization factor (eO=1 mv/m) ascale = 
stored energy (mesh problem only) = 
pover dissipation (mesh problem only) = 
t,tp,tpp,s,sp,spp = 0.583 0.109 0.004 0.640 
q = 17080 shunt impedance 
product ~.t •• 2 ztt = 
magnetic field on outer vall = 
maximum electric field on boundary = 

ieeg zbeg rbeg 
(em) (cm) 

2 0.000 4.446 
3 0.000 8.226 
4 1.262 8.219 

5 5.206 4.445 

zend rend 
(em) (cm) 

0.000 8.226 
1.262 8.219 
5.206 4.445 
5.207 3.456 

emax 
(mv/m) 

0.7396 
0.0158 
0.2704 
0.3011 

pover 
(v) 

2.30e+02 van 
7.82e+Ol vall 
3.68e+02 vall 
6.77e+Ol vall 

6 
7 

8 

9 

6.207 
4.897 
2.555 
2.655 

3.456 4.897 2.885 0.3682 5. 16e+Ol vall 
1.524 3.6447 1.52e+02 vall 
1.270 7.1569 2.81e+00 vall 
1.270 2.3364 2.38e-Ol vall 

2.885 
1.624 
1.270 

2.555 

2.655 
5.763 

? 

10 6.763 1.270 5.763 0.000 0.0107 9.38e-06 vall 
?type input value for num 

'---input data error--- illegal character 

retype line 
-Is 
stop 

sfol 
cpu= 

all done 

ctss time 
.209 sys= 

.7B6 
.037 

seconds 
i/o+memory= .640 

0.000 cm 
1.000 cm 

1240.880 mhz 

129.335 mev 
8555.7 
0.0021 JOUles 
960.41 watts 
0.045 0.022 
60.64 mOhm/m 
20.60 mohm/m 

1623 amp/m 
7.156 mv/m 

d-freq 
(delz) 

d-freq 
(delr) 

-6.7080 0.0000 

-0.0155 -3.2060 
-9.1618 -9.7270 

-2.4970 -0.1441 
-1.6527 -0.9099 
3.6095 6.2116 

12.1550 0.0000 
0,0000 0.9841 
0.0000 0.0000 

Figure C.12.3.7: Out.put of SFOI for electron linac prohlem. 
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TEKPLOT can be lIsed to look at. t.he field paUern in t.he cavity. This t.ime 
dump 1 is used and NPHI is set to 75. The results are shown ill Figs. C.12.3.8 and 
C.12.3.9. 

tekplot 
?type input data- num, itri, nphi, inap, nswxy, 

? 1 0 75 B 

input data 
num= 1 itri= 0 nphi= 75 inap= 0 nswxy= 0 

plotting prob. name = electron linac cell 

?type input data- xmin, xmax, ymin, ymax, 
? .! 

input data 
xmin= 0.000 xmax= 2.269 ymin= 0.000 ymax= 3.238 

?type go or no 
? ~ 

Figure C.12.3.8: Log of interaction wit.h TEKPLOT. 

prob. name = electron linac cell freq = 1240.880 

Figure C.12.3.9: TEKPLOT output for field distribution. 
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Chapter C.13 

APPENDICES 

C.13.1 RF Cavity Theory 

This section summarizes the theory behind SUPERFISH. The problem is to find 
the electromagnetic resonance fre'luen<"ies anel evaluate the field components in a 
cavity surrounded by perfectly conduding walls. As with POISSON, there are two 
geometries that can be handled: three-dimensional with cylindrical symmetry and 
two-dimensional cartesian symmetry. The theory will be presented for cylindrical 
symmet.rYi at t.he end we will indicate t.he modificat.ions for cartesian coordinates. 

Alt.hough there are no real current.s or charges in the cavity, we are going to 
introduce a fict.it.ious magnetic current density K, and magnetic charge density (7 

which will "drive" t.he fields in the cavit.y. At resonance, the amount of current 
needed to drive the cavity should approach zero. Somet.hing like this is used to 
determine the resonance frequency in the iteration scheme. 

We shall assume that t.he medium in the cavity is homogeneous, isot.ropic, non­
conduding, with piecewise COllstant permittivity and permeability so that 

D=€E, (C.13.1.1) 

B = /LH. (C.13.1.2) 

Wit.h cylindrical symmet.ry E, H, K, and (7 must be independent of O. 

Maxwell's equatiolls can be written in t.wo sets, which are 

[V x E + 8
a
B
t l,. = [(,. or _ 8E9 + 8H,. - [( az /L at - ,., (C.13.1.3) 

1 
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[V E 8B] _]( ~ 8 (rE9) 8Hz _]( 
x + 8t -: or r 8r + p, at - z, 

: 

(C.13.1.4) 

[
V x H _ 8D] = 0 or 8Hr _ 811 z _ € 

8 E9 = 0, 
8t 9 8z 8r 8t 

(C.13.1.5) 

V.B =(7 or ~8(rHr) + 8Il: =~, 
r 8r 8z p, 

(C.13.1.6) 

and 

[V x H - 8!1-] r = 0 or _ 8H9 - € 8Er = 0, 
VI, 8z 8t 

(C.13.1.7) 

[
V x H _ 8D] = 0 or ~ 8 (rH9) _ € 8Ez = 0, 

8t r 8r 8t 
z 

(C.13.1.8) 

[ 8B] or 8Er _ 8Ez + II 8H9 = ](11, 
V x E + at 9 = ](9 8z 8r ,.. at 17 

(C.13.1.9) -

V. D = 0 or ~ 8 (rEr) + 8E: = O. 
r 8r 8z 

(0.13.1.10) 

Note that the first four equations involve the field components (Hr , E9, IIz ), 

while the last four are nearly identical but involve (Er, H9, E%). This ~orl'esponds 
to a separation into transverse electric (TE) modes for which E9 =1= 0 and transverse 
magnetic (TM) modes for which H9 =1= 0., It is usually the TM modes of the cavity 
that are of interest to accelerator designers, because they have Ez =1= 0 on the cylin­
drical axis. 

Equa.t.ions (C.13.1.3) through (C.13.1.5) can be comhined to give a second-order 
partiaJ differential equation for E9 alone. Differentiate Eq. (C.13.1.3) by Z; differen­
tiate Eq. (C.13.1.4) by rj subtract the two results; and make use of Eq. (C.13.1.5) 
to eliminate the combination (8Hr/8z - 8H%/8r). 

The result is 

_ ~ [~~ (rEd)]- 82E9 + 1I",8
2

E9 = (8](r _ 8K%) = [V x KJ . ( ) 8r r 8r 17 8z2,.. ... at2 8z 8r 9 C.13.1.11 

Similarly we can obtain an equation for H9 by using Eqs. (C.13.1. 7) through 
(C.13.1.9); the result is 

8 [1 8 ] 82 
H9 B2 H(J 8J((J 

- 8r ; 8r (rH9) - 8z2 + I"€ at2 = €m' (C.13.1.12) 

We are interested in solutions that are periodic ill time. Let us arbitrarily as­
sume that 
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K(r,z,t) = K(r,z)sinwt. (C.13.1.13) 

It then must follow from Eqs. (C.13.1.11) and (C.13.1.12) that we can write 

(C.13.1.14) 

and 
~-H8(r, z, t) = V It H 8(r, z) cos wt. (C.13.1.15) 

This definition of II 8 makes E8 and H 8 have t,he same dimensions. As a result, 
the same coding call be used for both the TE and TM modes ill SUPERFISII. 

When these assumptions are put int.o Eqs.{C.13.1.11) and (C.13.1.12), t.be re­
sults are 

V2E8 - :2E8 +k'lE8 = - [V X K]8' (C.13.1.16) 

V2H8 - ~H8 + k'lH8 = -ewJ(8 = - rik J(8' 
r2 V J.t 

( C.13.1.17) 

where 

k = yp:€w (C.13.1.18) 

is called the eigenvalue and 

(C.13.1.19) 

is the two-dimensional Laplacian in cylimlrical coorninat.es. Given E8 and H 8 from 
these equations, one can use Eqs. (C.13.1.3) t.hrough (C.13.1.8) to find Hr,Hz.,Er, 
and Ez.. The integration over time is t,rivial. The const.ants of int.egration just de­
termine the initial phase of the fields at t = 0 and can be set equal to zero for our 
purposes. The results are 

El (8E8 -) Hr = -V ~k 8z + K,. coswt, (C.13.1.20) 

~1 [1 8 ( -) -] Hz. = V ~k ; 8r rE8 - IC coswt, (C.13.1.21) 

E = - ----smwt ~
18H8 . 

,. J.t k 8z ' 
(C.13.1.22) 

~1 [1 8 -] . Ez. = - - - --(rII 8) Sl1lwt. 
J.tk r8r . 

(C.13.1.23) 
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It is easily seen that Eq. (C.l3.1.1O) is identically satisfied aud that Eq. (C.l3.1.6) 
is satisfied if 

K 
. 8u(r,z,t) 

V' . sm wt = - at . (C.l3.1.24) 

This is just t.he equation of continuity for magnet.ic current with the magnetic charge 
given by 

u(r,z,t) = O'(r,z)coswt. (C.l3.1.25) 

Note that in the TM mode, the electric field Jines are parallel to t.he lines of con­
stant rH", which can be seen as follows. A field line is a curve r(z) whose tangent 
is proportional to the ratio of the eleclric field components, thus 

( C.13.1.26) 

This implies that 

1 8 8H" 
-- (rH,,) dr + -dz = 0, 
r8r 8z 

( C.l3.l.27) 

or, multiplying t.hrongh by r, 

V'(rHe)' dr = 0, (C.l3.1.28) 

which implies that r He is a constant alollg an electric field line. This result is llsed 
in TEKPLOT. 

It is helpful in understanding the Halbach and Holsinger paper2 t.o apply the 
Poynt.ing t.heorem16 to the cavity fields. Poynting's theorem in this case ca.n be 
written as 

(C.l3.1.29) 

where the first term on the left is interpreted as the flow of energy out. across t.he 
cavit.y sul'face a, enclosing the volume v. The second term on the left is the change 
in en~rgy of elect.romagnelic fields in t.he enclosed volume. The t.erm on the right is 
t.he rate of work being done on the field by the magnetic current., Let. llS introduce 
the time-dependence and carry onto the time derivative. Since the cavit.y is closed, 
the surface integral must vanish. The result is 

! {{ - - ! (-2 -2) V pH, K = w to E - H dv, (C.l3.1.30) 

where 
(C.l3.1.3l) 
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and similarly for H2. This is t.he generalized version of Eq. (8) in Ref. 2 for cavities 
containing dielectrics or permeahle material. This differs from t.he result of Ref. 2 
in t.hat it is no longer possible to t.ake k out of the integral because € and J.L need 
riot he constantj only w can come out of the integral. 

Equation (C.13.1.30) gives us an w-dependent quant.it.y proport.ional to the fict.i­
t.ious magnet,ic current that call he used to determine when resonance occurs. The 
program uses the normalized qua.ntity 

D(w2) =w jH.Kdv/ jEH
2
dv=.R(W2) _w 2. (C.13.1.32) 

From Eq.(C.13.1.30), it. is easily seen that 

R (w2) = w2 j €E
2
d·v/ j €H

2
dt,. ( C.13.1.33) 

Resonance occurs at. a value of w for which D(w2) = 0, whkh implies t.hat no 
magnetic current is re(luired t.o maintain fields ill the cavit.y. it also means t.hat 
R(w2

) = w2
, which implies that the energy st.ored in the electric field is eqnal to the 

energy in the magnetic field. 

It turns out that t.his crit.erioll is not sufficient to det.ermine the resonances. It 
is also necessary that dD(w2)/dJ...J2 = -1. Detween each true root of D(w2) there is 
a false root where t.he slope is + 1. This can be seen as follows. Let the derivative 
with respect to w2 be denoted by a prime, 

!!L - /' dJ...J2 - . (C.13.1.34) 

In vect.or form, after t.he time dependence has been removed, Maxwell's equa­
tions become 

v x E - v'fP. wH = K, (C.13.1.35) 

v x H - v0i wE = O. (C.13.1.36) 

This implies that 

-, (H TTl) -, V X E - ~ 2w + wn = K , (C.13.1.37) 

-, (E -,) V X II - ~ 2w + wE = O. (C.13.1.38) 

If now we calculate 

V· (E X H' -E' X H) = if.VxE-E.VxH -H.VxE +E'.VxH, (C.13.1.39) 
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one finds that 

(
- -I -I -) -I - - -I y'fP. (-2 -2) V· ExH -E xH =H ·K-H·K - 2w E +ll . (C.13.1.40) 

If now we integrate over the volume of the cavity and note t.hat. 

J V . (E x H' - E' X H) dv = f (E x H' - E' X H) . da (C.13.1.41) 

can be made to vanish with t.he proper boundary conditions, then 

J E (- -I -I -) J f (-2 -2) V p. H· K - H . K dv = - 2w E + H dv. (C.13.1.42) 

If we let the fietit,iolts current K vary with w2 in such a way that H2 is not 
!-, . 

changed as we approach resonance, then II = 0 and we get the formula 

J ~ - -II! (-2 -2) V -,;. H . K dv = - 2w E E + H dv. (8.13.1.43) 

With the same assumption, take the derivat.ive of D(w2
) in Eq. (C.13.1.32)j the 

result is 

1 J ~- -I J-2 D'(w) = 2w2D+w V-,;.H.Kdv/ fH dv, (C.13.1.44) 

or 

1 1 J (-2 -2) J-2 D' (w) = 2w2D - 2 t: E + II dtl / fH dv. (C.13.1.45) 

At resonance, D = 0 and the elect.ric energy equals the magnetic energy so that 

D' (wre,,) = -1. (C.13.1.46) 

The program llses the fact. that D' < 0 to improve convergence and t,o discrimi­
nate between real and false resonances. 

Suppose WI and W2 are t,wo adjacent resonant frequencies. At t.hese frequencies, 
D = 0 and D' = ..,--1. This is illustrated in Fig. 0.13.1.1. If D is a continuous 
function, somewhere between WI and W2 t.here must be a place where D = 0 but 
D' > 0, which is the false resonance root. 

The modifications to the above t.heory for application to waveguides and cross 
sections of a Radio-Frequency Quadrupole (RFQ) are straightforward. All t.hat must 
be done is to replace the Laplacian given in cylindrical coordinates by the Laplacian 
given in cartesian coordinates. Figure 0.13.1.2 shows a waveguide of arbitrary but 
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Figure C.I3.I.l: Demonstration that D(W2) must have false ze~o. 

uniform cross section. The directions of the coordinate axes are indicated on t.he 
figure. 

Figure C.13.I.2: The coordinat.e systt:'lll for a waveguide with arhit.rary hut uniform 
cross section. 

The only waveguide modes that can be calculated by SUPERFISH are the TE 
and TM cutoff modes, name.ly, those modes that have zero propagation vector along 
t,he z-axis. Fortunat.ely these are the modes of interest in t.he design of an RFQ. Let 
us repeat the derivat.ion given at the beginning of the section wit.I. a slight variat.ion. 
Once again, we sta.J:t with Maxwell's equat.ions 
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aD v x H- - = 0 at ' 
8B 

VxE+-=K at ' 

December 30, 1986 

V·D=O, ( C.13.1.47) 

V·B=u. (C.13.1.48) 

To see more dearly what. Holsinger and Halbach have done ill the code, we write 
the material relations in the following form 

H =.!.B = f{ (_1 B) = E(cB) = EF, 
f.L V J1. ~ V f.L V f.L 

(C.13.1.49) 

D=€E. (C.13.1.50) 

The field F has the sa.mE." physical dimensions as those of the elect.ric field E. In 
terms of E and F, Maxwell's equations take the form 

1 aE 
V x F- -- = 0, 

cOt 

1aF 
VxE+--=K 

c at ' 

V. E = 0, (C.13.1.51 ) 

V·F = cu. (C.13.1.52) 

III t.he usual fashion, we can derive the wave equat.ion for F by t.aking the curl of 
first. equation and subst:it,uting for the curl of E from the t.hird equation. This leads 
to the following sequence of equations 

1 a 1aF 
V x V x F - --(K - --) = 0, 

cOt cOt 

2 1 aK 1 a2F 
V(V· F) - V F - -- + -- = 0, 

c at c 2 Ot2 

2 1 aK 1 a2F 
V(cu) -V F- --+ -- =0, 

c at c2 Ot2 

2 1 a2F 1 aK 
V F- -- = V(cu) - -- =:; T. 

c2 at2 c at 

(C.13.1.53) 

(C.13.1.54) 

(C.13.1.55) 

(C.13.1.56) 

By taking the curl of the t.hird equation and substituting for the curl of F from the 
first equation, one can derive a wave equation for the electric field E, which takes 
the form 

( C.13.1.57) 

1 

I 

1 

~ 

t 

f , 
r 
1 

J 
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A t.rial solution for the TE propagating wave mode in cartesian coordinates t.akes 
the form 

Fz(z,y,z,t):::: F>;(z,y)cos(kzz -wt). (C.13.1.58) 

\Vhen t.his is subst.ituted into the z-component of the wave equation, one obtains 
the equation 

(C.13.1.59) 

The z- and t- dependence can be removed from t.his equat.ion by assuming the 
fictitious driving magnetic current and charge take the followiug form 

1(;(:c, y, z, I) = If >;(x, y) sin(kzz - wi), (C.13.1.60) 

u{X, y, z, t) = O'(x, y) sill(kzz - wt). (C.13.1.61) 

The final equat.ion for F z is 

8 Fz 8 Fz w ., - _ W--;-2- 2- (2 ) 
8x2 + 8y2 + -;;2 - k; F % = ckzu + -;; 1\ z· ( C.13.1.62) 

It can be shown that, if we assume t.he· following relations for E z , [(~ and 1(1/' 

E%(z, y, z, t) = E.,(x, y) cos(k%z - wt), (C.13.1.63) 

K",(x,y,z,t) = If;r(x,y)cos(kzz - wi), (C.13.1.64) 

/\"I/(X, y, z, I) = /\" I/(x, y) cos(k;;z - wt), (0.13.1.65) 

t.hen the wave equat.ion for Ez reduces to 

8
2
Ez 8

2
Ez (w2 _ k 2 ) E = _(~J(I/ _ 81(",) 

8 2+82+ 2 % z 8 a' x . y c x y 
(C.13.1.66) 

One can get a self-consistent set of equations by assuming further the following 
relations 

E~{x, y, z, t) = E",{z, y) sin(k%z - wt), (C.13.1.67) 

EI/(z, y, z, t) = EI/(x, y) sin(k-zz - wt), (C.13.1.68) 
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(C.13.1.69) 

(C.13.1.70) 

When these relat.ions are put into the first anel third Maxwell equations, the result 
is 

(C.13.1.71) 

(0.13.1.72) 

(C.13.1.73) 

(C.13.1.74) 

Since t.he quant.ities F z:, FII , Ez:, and Ey occur on bot.h sides of t.he above four equa­
tions, one can further simplify the equations by proper substitutions. The final 
result is 

(C.13.1.75) 

2- 2-
8 Fz 8 Fz 2 2 - _ -.. 
8~2 + 8y2 + (ko - k:JFz = ckz (1 + koltz, (0.13.1.76) 

Fz: = ko(8Ez _ kz8Fz), 
P 8y ko 8x 

(C.13.1.77) 

F = _ ko(8Ez _ kz 8Fz), 
II k 2 8x ko 8y 

(C.13.1.78) 

- ko 8Fz kz 8Ez -
Ez: = - p( 8y + leo, 8x + K II ), (C.13.1.79) 

E = ko(8Fz _ kz 8Ez _ K ) 
II P 8x ko 8y II: , 

(C.13.1.80) 

where the quantities k and ko are defined by the relations 

k = Jk~ - k~, (C.13.1.81) 
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w 
ko= -. 

c 
(C.13.1.82) 

These equations cannot he furt.her separated unless we assume that we are dealing 
with the cutoff mode for which the wavevedor k% is zero. Under t,hese circulllstances, 
t.he eql1at~pns above hreak int.o t,wo sets. The first set involves the field components 
Fz! Ez , aud Ell' TIns is the TE mode. The second set of equations involves the 
field compollellts E::, FI! and F'lJI which corresponds to Ule TM mode. There is 
110 need to be concerned. about the magnet.ic currellt alld charge densities in these 
equations, because they will vanish at resonance. 

The tbeory for filldillg the resonant modes in eart.esiall coordinates follows very 
closely tbe theory presented above in E'ylindrical coordinates. 
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C.13.2 Auxiliary Properties of RF-Cavities 

The formulas llsed ill SFOI t.o calculate auxiliary propert.ies have heen displayed 
in Sec.C.1.2. These formulas are to some extent. based 011 long-established conven­
tions. Some of them were derived using assumptions appropiat.e only to proton, 
drift-tuhe lillacs and should not. be asslImed to apply to eled.ron linacs or to RFQ 
proton linacs. The derivation of some of these formulas is not. readily available in 
the accelerator literature. 

The int.ellt.ioll of this sect.ion is t.o give the derivat.ions and point. out t.he assump­
t.ions inherent in t.he formulas. The expert. user will prohably find not.hing new here, 
but the novice lllay proHt from t.his discussion. 

(This section is present.iy in rough draft stage and will be sent. t.o persons on the 
mailing list for the Los Alamos Accelerator Code Group when it. is finished.) 
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C.13.3 Boundaries and Meshes 

This section has not been written. It will closely parallel Sec. B.13.5, which is 
·in rough draft stage. The intention of this section is to give t.he user some guidance 
on choosing proper boundary conditions for SUPERFISH problems. This is not 
a trivial problem because the boundary conditions allowed by the code are only 
approximate for some geometries. 

The subsection on "meshes" will describe the numbering of mesh points on the 
logical mesh and describe ordering used in the code for setting up t.he equations 
to be solved. It. will also describe the "virtual" mesh points beyond the physical 
boundary of the problem. 
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C.13.4 Numerical Methods 

This section is only partially written. Persons who have received t.his manual 
directly from t.he Los Alamos Accelerator Code Group will receive the completed 
section when it is finished. The numerical methods have heen partially described in 
Chapter C.l, and in Sec. C.l3.!. The fundamental paper describing the methods 
was writ.ten by Holsinger.2 For the conven.ience of the reader, it has been reproduced 
here and must serve as a substitute until a more cOlllplete descript.ion is available. 
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The difference equations for axisymmeLric fields are formulated in an irregular triangular mesh, and solved with a direct. 
noniterative method. This allows evaluation or resonance rrequencies. fields. and secondary quantities in extreme 
geometries, and for the rundamental as wcll as higher modes. finding and evaluating one mode ror II. 2000 point problem 
tll.lces of the order or 10 sec on the CDC 7600. 

INTRODUCTION 

Over the last 10 to 15 years, a number of computer 
programs have been developed that find the 
electromagnetic resonance frequency and evaluate 
the axisymmetric fields in rf cavities with axi­
symmetric symmetry. The codes that allow this 
analysis to be made in an essentially arbitrary 
axisymmetric geometry (see for instance Refs. 1-3) 
have the following in Common: For some geo­
metries, like cavities that have a large diameter 
compared to their length, and/or for modes 
higher than the fundamental mode, the convergence 
rate can be extremely small, or convergence may 
not be achieved at alt Stated very briefly, the 
reason for these problems is the fact that in all these 
codes. an overrelaxation method is used to solve 
a set or homogeneous linear field equations. The 
properties of these equations are such that some 
well developed methods for overrelaxation-factor 
optimization are not applicable, and it might well 
be true that the eigenvalues of the matrices for some 
problems are located in such a way that even an 
optimized overrelaxation scheme would still result 
in unacceptably low convergence rates. 

To eliminate these problems, we developed the 
code SUPERFISH that uses a direct, noniterative 
method to solve a set of inhomogeneous field 
equations. This code is a combination of some parts 
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of the code RFISH,4 some new ideas, and the 
direct solution method used by Iselin in his magnet 
code FATIMA.' In order to give a good overall 
understanding of SUPERFISH in a limited space, 
we do· not present all detailed formulas, but do 
include the description of all parts that are con­
ceptually significant, even at the expense of 
reformulating and/or condensing parts of the cited 
literature. 

In Sections 2 and 3 we discuss separately the 
structure of the difference equations, and the direct, 
noniterative method used to solve a set of in­
homogeneous linear equations. In Section 4 the 
basic structure of SUPERFISH is described. and 
the remaining sections give some details of the 
theory and of the program as it exists today, and an 
outline of contemplated future developments. 

2 STRUCTURE OF THE DIFFERENCE 
EQUATIONS IN AN IRREGULAR 
TRIANGULAR MESH 

Inspection of Maxwell's equations shows that for 
aE/al/> = 0, eH/al/> = 0, i.e., axisymmetric fields, 
two independent sets of solutions can exist: one 
having as only nonzero field components E .. , 
H r , H.; the other, H .. , Ez , E •. These two solutions 
are, for equivalent boundary conditions, identical; 
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we therefore talk only about the latter set. 
Assuming, without loss of generality, that the 
magnetic field is proportional to cos CDt. and the 
electric field is proportional to sin CDt, and using 
suitabJe units. Maxwell's equations can be written 
as 

curl H ... kE, 

curl E = kH. 

(la) 

(I b) 

with k == CD/C. and Hand E representing the electric 
and magnetic fields divided by their respective time 
dependence. 

We seek to find numerical solutions for some of 
the eigenvalues k'and associated fields of Eqs. (1a) 
and (1 b) in cylindrical cavities of essentially 
arbitrary shapes, with H = 0 on the axis and 
possibly some other parts of the boundary 
(Dirichlet boundaries), and the electric field perpen­
dicular to the remaining boundaries (Neumann 
boundaries). implying infinitely conducting walls 
there. 

2.1 The Mesh 

To solve the differential Eqs. (la) and (lb). we 
introduce an. irregular triangular mesh6 in the 
z-r plane. Figure 1 shows the logical mesh. with 
mesh points identified by labels K and L. assuming 
the integer values 1 through Kmn z: K l , and 1 
through L l • To establish a mesh that can be used 
to solve the field equations for a particular geom­
etry, defined by its boundaries, the user first 
assigns boundary coordinates z. r to an arbitrary 
but reasonable selection of logical points K. L. 
The mesh generator. described in Ref. 6, then 
generates a mesh of triangles that is topologically 
identical to the logical mesh. but has all boundaries 
defined by mesh lines. The mesh generator finds 

L 

FIOURE I Logical triansular mesh. 

the Z, r coordinates of interior points, for a given set 
of boundary points. with an iterative process that 
is similar to a numerical method used to solve 
Laplace's equation. Figure 2a shows a logical 
mesh, and Figure 2b a physical mesh, for one half 
of an Alvarez cavity. In Figure 2a, points on heavily 
drawn logical lines represent those with assigned 
z, r coordinates. The two heavily drawn interior 
lines are used to delineate zones with different 
mesh point densities. Exterior mesh points. i.e., 
points inside the drift tube, are not shown since they 
do not affect the field calculations. 

2.2 The Difference Equations for Interior Points 

We use the quantity H = H. to describe the rf 
fields. This somewhat unconventional choice 
(usually r . H. is used) has the advantage of not 
requiring any special treatment of the region close 
to the axis, since H will be proportional to r there. 
whereas rH • .... rl for small r. From Eqs. (1a) and 

FIOURE 2a Logical mesh for 112-Alvarez cavity. 
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iiIIiI!IIl.IlB!IlI!IIlllB_z 
FIGURE lb Physical mesh ror 1/2-Alvarez cavity. 

(lb) we obtain as the differential equation for H: 
curl(curl H) = k2H. (2) 

To derive difference equations for H. we use the 
procedure described by Winslow6

: we first intro­
duce a secondary mesh by drawing connecting 
lines between the "center of mass" of every triangle 
and the center of each of the three sides of the 
triangle. As a consequence. every mesh point is 
now surrounded by a unique twelve-sided polygon. 
This secondary mesh of dodecagons covers com­
pletely the whole problem area, and Figure 3 
shows the dodecagon surrounding just one mesh 
point. The difference equati<?ns for H are now 
obtained by integrating Eq. (2) over the area 
(in the z-r plane) of one dodecagon at a time. 
This yields 

f curJ(curl H) . da == f curl H . ds == kl f H . cis. 

(3) 

Assuming that H behaves like a linear function of 
z and r within every triangle, H inside every 
triangle is uniquely determined by the values of H 
at the three corner-mesh points of the triangle. 

• 

2 

FrGURE 3 Irregular (riangular mesh with sC'Condary do­
decagon. 

The integrals in Eq. (3) can therefore be expressed 
in terms of the value of H at the "center-mesh 
point" of the dodecagon and its silt nearest logical 
neighbors, giving a relationship of the following 
kind 

6 

L H"(v,, + klw,,) = O. (4) 
o 

with v" and w,. depending only on the coordinates 
z, r of the seven mesh points involved. 

Identifying each difference equation with its 
"center-point," we therefore get one difference 
equation for H at every interior mesh point. 

2.3 The Treatment of Boundary Points 

Turning now to mesh points on the boundaries 
of the problem, it is clear that no difference equa­
tions are needed for H at boundary points when the 
boundary conditions require H == 0 there. Never­
theless, we have to explore whether or not the 
difference equations for such points are satisfied. 
To this end, we consider first Dirichlet-boundary 
points that are not on the problem axis. This kind 
of boundary condition can obviously only be 
imposed as a symmetry condition along a plane 
defined by z = const. This implies that in the real 
world a point on one side of this line has an H-value 
of the same magnitude. but opposite sign. as the 
symmetrically located point. and the difference 
equation, Eq. (4), is clearly satisfied for every such 
boundary point. 

This argument cannot be applied without 
elaboration for points on axis (r = 0). and the 
difference equations resulting from Eq. (3) are 
in fact not satisfied for those points. To see how 
this can be interpreted, we can introduce on the 
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right-hand side of Eq. (1b) a (magnetic) current 
density term j that has only an azimuthal com­
ponent. This gives on the right. hand side of Eq. (3) 
the additional term kI, where I represents the total 
current associated with the point under considera­
tion, and assumed to be concentrated there. In 
our case of axis points. an azimuthal current on 
the axis is. ot course. without consequences. and 
this whole argument could also be used to lend 
legitimacy to the application of the symmetry 
consideration to axis points. 

When E is required to be perpendicular to 
boundary-mesh lines. we consider that part of the 
dodecagon surrounding a boundary point that 
goes through inside problem triangles, i.e., the 
polygon 0-1'-2'-3'-4'-0 in Figure 4. Since E ... 
curl H/k is required to be perpendicular to lines 
4-0 and 0-1. 

r curl H . ds = O. 
J4'-0-l' 

This means that the difference equation for H at 
such a boundary point is identical to that ror 
interior points except that only contributions from 
interior triangles are taken into account. 

A very important property of the difference 
equation, Eq. (4), is the fact that if we use the logical 
coordinates (indices) K. L to identify mesh points. 
and if Ko. La are the coordinates of any specific 
mesh point for which we write down Eq. (4). then 

1 
PlCiURE 4 Boundary mesh point with neighborinl interior 
mesh points. and se:condary polygon. 

the coordinates of the other mesh points contrib­
uting to Eq. (4) differ from Ko and Lo by not more 
than ± I. 

3 DIRECT. NONITERAT(VE SOLUTION 
OF A SET OF. INHOMOGENEOUS 
LINEAR EQUATIONS 

If one wrote down difference Eq. (4) for all (Le .• 
including all boundary and exterior mesh points) 
H l(L or the logical mesh by rows from left to right: 
and if one also had some inhomogeneous terms, one 
could write the resulting system of equations in the 
following form: 

all au 
alt au au 

032 all 014 

0t.J-l.LI-1 °1.1-1.1.1-1 01.1-1.1.1 

0I.J.Ll-1 QLl.LJ 

.Jf'1 G1 

Jlf1 G1 

X 
JlfJ .. GJ (5) . 

JIf 1.1-1 OLJ-l 

.If'Ll GLl 

In this matrix equation, JIf t represents a column 
vector with the components H IC1 • K 0:: I - K 2 : 

Jf 2. a vector with components H Xl' K .. I - K 2. 
etc, and the Gil represent the corresponding 
inhomogeneous terms. The matrix on the left side 
of Eq. (5) has all zeroes except for the block 
matrices Of} of size K z x K z• These blocks are 
also sparse, the diagonal blocks containing only 
three nonzero elements in every row. and the 
off.<fiagonal blocks not having more than three in 
any row. Deterring to Section 4 the discussion of 
how we can cast our field evaluation problem in 
the form of Eq. (5). involving all points of the 
logical mesh as well as inhomogeneous terms on 
the right side of Eq. (5), we discuss now the method 
used to solve Eq. (5). 

We first transform all diagonal blocks into unity 
matrices, and remove all blocks to the left ot the 
diagonal blocks, with the Gaussian block elimina­
tion process: we multiply the equations represented 
by the first row of blocks from the left by ail. and 
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th'en subtract from the second row the new first 
row after multiplication from the left by all' 

The new set of equations is then the same as the 
original one, except that a21 = 0; all = I; and 
a l2 , GI, all, and G1 are now modified. This 
process is repeated, involving rows 2 and 3, then 
3 and 4, etc. The very last step in this process is the 
multiplication of the last row (modified by the 
previous step) from the lert with the modified 
block matrix ail

l
, 1.1' 

Having Eq. (S) rewritten in this form, the last 
row now represents directly the solution for .Jff 1.1' 

Using this now numerically known vector in row 
Ll - I yields directly the solution for .K 1.1 _ I' 
and continuing this back-substitution process 
yields the numerical values of all components of 
all block vectors .Jt?". 

It is important to recognize the fact that this 
particular fast direct method to solve inhomo­
geneous linear equations can be used only if they 
can be cast in the form of Eq. (S~ and if the matrix 
on the left side of Eq. (5) is nonsingular. 

4 CALCULATION OF FIELDS AND 
RESONANCE FREQUENCIES IN 
SUPERFISH 

In order to allow application of the direct linear 
equation solution described in Section 3, we have 
to include in an artificial way in the system of 
equations also those points that are part of the 
logical mesh, but are external to the actual field 
solution problem. How this is done, and the 
treatment of points on Dirichlet boundaries. is 
discussed in Section 4.1; the creation of the in­
homogeneous tenns is discussed in Section 4.2, 
and the resonance frequency determination is 
discussed in Section 4.3. 

4.1 Treatment of Exterior Poillts and Poillts 011 

Dirichlet Boundaries 

The simplest and most practical way to include 
exterior points without affecting the actual field 
equations, and without causing the matrix on the 
lert side of Eq. (S) to become singular, is to let the 
equation for every exterior point read H e&lcriot' = 0, 
and to make all couplings to other equations zero 
by setting the corresponding coefficients equal to 
zero also. In other words, if 110 is the index identify­
ing an exterior point (not a block!) in the overall 
H-vector on the left side of Eq. (5). one simply sets 

all elements of row 110 and column "0 of the matrix 
in Eq. (S) equal to zero, with the exception of the 
"0, "0 diagonal element, which is set equal to one. 
The 1I0-element of the inhomogeneous contribu­
tion vector on the right side of Eq. (S) is set equal 
to zero also. The logic of the equation-solving 
routine is arranged in such a way that the thus­
introduced zeroes are actually never used in 
multiplications,just as the other zeroes in the sparse 
matrices are never used as multipliers either. Points 
on Dirichlet boundaries are treated in exactly the 
same way. However, in contrast to exterior points, 
their z-r coordinates do enter into the expressions 
for v.., W" in Eq. (4) involving the other point(s) of 
the triangles that have one or more Dirichlet­
boundary points at their corners. 

4.2 Gelleratioll of I nhomogelleous Terms for Eq. (5) 

In order to turn the set of homogeneous difference 
equations [Eq. (4)] into a well-posed set of in­
homogeneous field equations, one could be tempted 
to introduce at one mesh point a driving (magnetic) 
current, as discussed in Section 2.3. That would 
be an unwise procedure when one is close to a 
resonance, since the matrix in Eq. (S) is singular 
for every resonance frequency, leading, as it must, 
to infinite fields. Instead, we prescribe that an 
appropriately chosen off-axis mesh point has the 
field value one and in effect remove the difference 
equation for that point from the system of difference 
equations. To do this without destroying the struc­
ture of the field equations, we can proceed in one 
of the following two ways: 

1) If the chosen point is identified by its index 
II I in the overall H vector, we set all matrix elements 
in row "I of the matrix in Eq. (5) equal to zero, 
except for the diagonal element II I' "1, which is 
set equal to 1. In the vector G on the right-hand 
side of Eq. (S), all elements are set equal to zero, 
except the II l-element is set equal to one. Column II I 
of the matrix is len unchanged. 

2) Every matrix element in row "1 and in column 
"I is set equal to zero, except the "I. III·diagaonal 
element is set equal to one. The vector on the right­
hand side of Eq. (S) is set to equal minus the 
original column II I of the matrix. except for ele­
ment III' which is set equal to one. 

The second procedure treats the point with the 
fixed field value in the same way as exterior points 
and points on Dirichlet boundaries, and in 
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addition nonzero terms are generated on the right­
hand side ofEq. (5). We therefore use that procedure 
in the code. 

In contrast to the explicit introduction of a 
drivin,s current. with procedures (1) and (2) the 
matrix on the left side of Eq. (5) is well conditioned 
even for resonance frequencies. 

If we take the original difference equation for the 
point with the prescribed field value and solve for 
the field value at that point. using the solution 
values of the field at the neighbor points. we will 
get a value different from the prescribed value. 
except at resonance. This difference can be inter­
preted as being proportional to the current II 
necessary at that point to drive the cavity to the 
prescribed amplitude at the point with the pre­
scribed field value. For this reason we will refer to 
this point as t'he driving point. 

4.3 Resonance Frequency Determination 

The driving current II introduced above depends 
on k1 through the coupling coefficients in the 
difference Eq. (4). and the resonance condition is 
characterized by 

(6) 

since then there is no difference between the value 
of H II, as calculated from the difference equation 
for that point. and the prescribed value used there 
to solve for the fields: i.e .• the difference equations 
are satisfied for all points of consequence. To 
find the value(s) of k2 for which Eq. (6) is satisfied. 

5tt01tur 
QUAIITITIU 
IIUUlD 
f1ICII f111.111 

I'U 1------...... 

FIGURE S Flow diagram of SUPER FISH. 

we can combine the above-described "function 
generator" for II (/(1) with a numerical root-finding 
algorithm. such as the secant method, or a parabola 
fit method. The latter method is used in the present 
stage of code development. But we expect that it 
will be useful to use a root-finding algorithm that 
takes into account some of the properties of 
I I (p) that are described in Section 5. Figure 5 
depicts a ftow diagram of the major parts of 
SUPERFISH. 

5 PROPERTIES OF II(k2) AND 
INTRODUCTION AND PROPERTIES 
OF D(/(Z) 

To obtain an understanding of some of the proper­
ties of the function II(k1

), and later D(/(l). we will 
go back to the differential equations, Eqs. (1a) and 
(l b~ with Eq. (1 b) amended on the right side by the 
magnetic current density j, assumed to be constant 
over a small area surrounding the driving point. 
In the process of deriving some formulas. we have 
to evaluate integrals like f H . JI . dv. and set this 
equal 21trl . hi ./1 where II is the total driving 
current; rl. the distance of the driving point from 
the problem axis ;andh1• the magnetic field averaged 
over the region where j I ". O. The association 
between hi resulting from this continuum theory 
and the value of H at a mesh point in the repre­
sentation by the difference equations is complicated 
by the fact that hi .has a logarithmic singularity 
when the area where j ;f:. 0 is reduced to zero (fOr 
fixed I d. While it seems reasonable to set hi 
equal to H at the driving point, or the value resulting 
from averaging H over the dodecagon associated 
with the driving point, it is clear that the quantita­
tive relationships developed below will describe 
only approximately the relationships between the 
qunntities derived from the difference equations. 
However. it is also clear that the general behavior 
of the functions of interest is correctly described 
by the results derived from the continuum theory 
below. 

Adding the term jl to the right side of Eq. (lb) 
gives 

(7) 

Forming the scalar product of both sides of this 
equation with H, and subtracting from that 
Eq. (la), after being multiplied by E. yields: 

H curl E - Ecurl H;5 div(E x H) 
_ kHZ + jlH - kE2. 
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Integrating this over the whole problem volume 
gives 

f div(E x H)dv == fIE x HI· da 

= 2n:rlhl/l - k f(E Z 
- Hl~U. 

(8) 
Since E x H is either zero on the problem bound­
ary, or perpendicular to the boundary normal. 
f (E x H)da = 0, and we get 

D(k1.) :::: 2Itrlhlk/l - R(kz _ k Z (9) - J HZ dv - ) • 

R(k2) = f kZ 
EZdv = ! (curl H)z du (10) 

f HZdv J Hl du 

The new function D(kZ) has the property that its 
value does not depend on the scaling of h I' or 11 
if that is the quantity that one wants to consider 
as the primary variable. 

To obtain more information about the behavior 
of I 1(k

z). we now calculatedldd(k 1
) == 1'1' To this 

end. we take the derivatives with respect to kZ 

of Eqs. (la) and (7). Indicating derivatives with 
respect to kl by primes, we get 

curl HI = kE' + EI2k (11) 

curl E' = kH' + HI2k + fl' (12) 

It should be noted that ror our procedure of field 
evaluation. H' = 0 on Dirichlet boundaries. be:'· 
caUSC? H = 0 there for all P. Similarly E' is perpen­
dicular to Neumann boundaries since the 
component of E parallel to a Neumann boundary 
is zero for all kl. We now consider 

div(E x H' - E' x H) == H' . curl E - E·curIH' 

- H . curl E' + E' curl H . 
• Using for the curl expressions the appropriate 

right sides of Eqs. ( I a)t (7), ( II) and (12) yields 

div(E x H' - E' x H) = H' . h' - H . J'I 
- (El + Hl)/2k. 

Integrating this over the problem volume gives. 
as in Eq. (8), zero on thelert side. yielding 

2n:rI k{h'lI I - h11'1) = feEl + H 1)dv/2. (13) 

We intentionally made no a priori assumptions 
whether we consider h I or I I fixed when kZ is 
changed. However, for the case considered so 

far. h'l = O. and we can immediately deduce the 
following conclusions from Eq. (13): 

hili < 0 (Foster's theorem). (14) 

This means that for fixed hI, between every two 
resonances (II (P) = 0) I I (kz) must have a singular­
ity such that the sign of 11(kz). and therefore also 
of D(k Z

). changes. 
At a resonance, f £z du = f HZ dv [see Eqs. (9) 

and (lO)].giving f HZ dv on the rightsideofEq. (13). 
We therefore get from Eqs. (13), (9), and (l0) at a 
resonance (II = 0); 

2zrr h kl' J ~/dv I ... D'(P) :::: R'(kl) - 1 = -I. (1S) 

Since 11(kZ
) has a singularity between resonances, 

it is more convenient to study D(kZ) in the vicinity 
of these singularities. To this end, we first consider 
R(k z). According to Eq. (9), R(P) = kZ at every 
resonance, and R' = 0 at resonance follows from 
Eq. (15). Since R cannot be negative. R(kZ) must 
look ~ualitativelY as indicated in Figure 6 and 
R - k = D(P) as shown in Figure 7. An important 
consequence is that between resonances, D(kl) 
goes through zero, and this sign change must take 
place where II(k 1) has a singularity. 

To study D(P) in the vicinity of this root of 
D(k1)'that does not represent a resonance, we take 
advantage of the fact that D(k1

) is independent of 
the scaling of the field and current quantities. We 
can thererore consider I I as given and kept 
constant, and consider hi as the kl-dependent 

y 

L-~ ____ ~~ __________ ~~ ____ ~ 

FIGURE 6 Graphical representation of properties of R(k1 ). 
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FIGURE T 'Graphical representation of properties of D(k1 ). 

quantity that causes D(kZ) = O. At this "between­
resonance root." it follows rrom Eqs. (9) and (10) 
that J £1. du = J HZ du, giving again J H1. dv as the 
right side or Eq. (13). We therefore get from that 
equation 

2;rl~11htl = D'(k1.) "'" R'(k2) _ 1 "" L (16) 
H du 

A possible use of Eqs. (15) and (16) will be briefly 
described at the end of Section 6.3. 

6 PROGRAM STATUS AND FUTURE 
DEVELOPMENT 

The computer program was originally written for 
the CDC 7600 operating under the Livermore 
Time-Sharing System (L TSS1 and we describe 
here that particular version. 

6.1 Computer Time and Storage Requirements 

The CPU time required ror a field evaluation is 
dominated by the time required to invert the 
block matrices. For the system or equations 
described at the beginning of Section 3, the time 
used for inversion of the block matrices is pro­
portionalto K ~ . Lz• When K Z > Lz• the difference 
equations are arranged along columns of the 
logical mesh. leading to this expression for the 
CPU time 

T .. T1Nzs, (17) 

with N representing the total number of logical 
mesh points, and s the smaller of the two numbers 
KJLz• LJK2 • For the CDC 7600 under LTSS. 
1i. === 0.75 p5eC. 

With the present system to lind the roots of 
11(k

z). it takes 3 to 6 field iterations to determine 
a resonance frequency accurately. 

The storage requirements for the program are 
approximately 11· N exclusive of the memory 
required for the modified off'-diagonal block 
matrices. needed for the back-substitution. These 
mal rites represent Nl/2 . t"Z words. too much to be 
accommodated in core for N > 1500. For larger 
problems, the disk has to be used. However, 
S. B. Magyary (LBL) has pointed out that one 
needs to store only two such matrices when one 
has to calculate only 11(/(2) (and not the complete 
field map). provided the driving point is associated 
with the last row of block matrices on the lert side 
of Eq. (5). (n that case, the large amount of storage 
is not needed until one has a converged resonance 
frequency. 

6.2 Accuracy 

Since we know from our experience with the 
RFISH code and the magnet code POISSON that 
the program is unlikely to have problems related 
to curved boundaries. we have made analytically 
testable runs so rar only for empty pm·box cavities. 

To see whether this code has any problems with 
extreme geometries. we ran an empty box of 5 em 
length and ISO cm radius with 1267 points. Without 
any difficulty. the code returned the fundamental 
rrequency correct to alJ five printed digits. 

Much more extensive runs were made for an 
empty box 60 (,111 long and a radius of 88 cm. The 
mesh point separation was 2 cm in both the axial 
and radial direction. giving a total or 1395 points. 
The fundamental frequency of this cavity is 
130.389 MHz and is reproduced by the code with 
an error of 1 part in 10,000. while the stored energy 
is reproduced to an accuracy of 1 part in 3000. A 
much more severe test is the evaluation of higher 
modes. Resonance rreq~lenCy number eight is 
58244 MHz. and is returned by tne code as 
583.59 MHz; the stored energy calculated by the 
code is 3 % smaller than the correct value. Figure 8 
shows the pattern of electrical field lines (rH -
const) ror this mode. It should be noted that the 
distance between an extreme value of rH and the 
next axial node is only 7.5 mesh spacings. Model 
29 and 30 represent an even more extreme test: 
The analytical frequencies arc 1179.9 MHz and 
1186.3 MHz. and the code-produced frequencies 
arc 1183.0 MHz and 1196.6 MHz. while the cner81 
of these modes is off by approximately 10 % 
Considering the fact that mode 29 has six radia 
and one axial nodes. and mode 30 has three radia 
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~------------------------------.z 
FIGURE 8 EI~tric field lines (rH.,. const) fot mode No.8 
in test cavity. 

and four axial nodes. these numbers are sur­
prisingly good. The closeness of the two resonanceS· 
did not cause any problems. "Turning on" the 
partial and complete pivoting of the matrix 
inversion routines. or iterating on the field re­
siduals of the solution of the difference equations., 
did not change any of these numbers. However, 
increasing the number of mesh points caused a 
marked improvement of the accuracy of the 
frequency and the stored energy, indicating that the 
numerical errors are due to mesh size, and not 
round-olf errors. 

6.3 Secondary Quantities. and Near Future 
Dece[opments 

The program calculates now, or will calculate in 
the very near future, the following secondary 
quantities: stored energy; transit time factors; 
energy dissipated on designated surfaces; I H 1_ •. 
IElm ... on designated surfaces; shunt impedance; 
Q; and frequency perturbation by drift tube stems. 

We also plan to calculate and print out co­
efficients that indicate how the movement of 
designated surfaces perturbs the resonance fre­
quency. These quantities wereca.lculated by RFISH 
and proved extremely valuable. 

To simplify the work on high-order modes. we 
intend to generate printout plots of node lines 
(Le., H = O-lines) and lor plots of p,0ints with local 
extrema of rHo and ll(k l

} and D(k ) plots. 
To simplify the design of cavities that have to 

have a predetermined resonance frequency. we 
intend to run the code with that fixed frequency 
(possibly modified by drirt tube stems) and to 
accomplish II = 0 by moving or deforming a 
designated boundary. The techniques necessa.ry 
to do this are already used in the magnet design 
code MIRT' and can easily be incorporated in 
SUPERFISH. 

To reduce the number of iterations necessary 
to find a reSonance frequency, we plan to employ 
a root.finding routine that uses the properties of 
D(kl) expressed by Eqs. (l5) and (l6).lfthiscode is 
used extensively to find high·order modes. it 
might also be profitable to attempt to develop a 
mode pattern analysis and prediction routine. t 

6.4 AdvantagesofSUPERFISH 

The main advantage of the code is [he capability 
to solve problems that other codes cannot solve 
at all. or only with great expenditure of computer 
time. [n addition, the code is quite fast, requiring 
only about 1 sec per iteration on the frequency for 
the test problem discussed above. With five 
iterations and the time used to calculate miscel­
laneous other quantities. one has a complete 
solution in 6 sec. The irregular triangular mesh, 
while not allowing as many mesh points as a 
square mesh, has the advantage of allowing the 
definition of boundaries by mesh lines, and to 
produce a mesh with a large density of mesh 
points in regions where the problem requires high 
resolution. 

6.S Disadvantages of SUPER FISH 

The drawback associated with the irregular tri­
angular mesh is the fact that one has to generate 
such a mesh. This extra step can slow down the 

t Since submission or this report (or printing. the more 
sophistic-dted root-finding rouline has bee,n ~evelo~ and is 
working very well. Work Oil the mode predIction algortthm has 
started and looks very promising. 
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total process of recervmg the desired answers. 
This problem has been partly reduced by the 
creation of the code AUTOMESH, developed 
by one of us (R.F.H.J while at CERN. This code 
optimizes automatically the coordination between 
space-boundary coordinates and logical coordi­
nates, provided that one is satisfied with a unirorm 
mesh point density in a limited number of distinct 
regions. At the time of writing this paper, an 
effort is being undertaken at LASL by D. Swenson. 
W. Jule, and one of us (R.F.H.) to improve the 
whole process of data input and mesh generation. 

There is one basic drawback associated with the 
necessity of having a driving point in the problem: 
if one happend to choose its location such that it is 
on a H = 0 line for the problem under considera­
tion computational problems would result. For 
that reason, it is advisable to put the driving point 
on a Dirichlet boundary. When the code detects 
tbe computational difficulty, it can switch the 
driving point to a more favorable neighboring 
point on the boundary, thus eliminating the 
problem. 
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I C.13.5 Table of Problem Constants in Numerical 
Order for SUPERFISH 

I 
I Const.ant Default SYlllhol Function 

CON(I) 1 KPROB KPROB is used by LATTICE t.o differentiat.e 

I between a S'UPERFlSIl and a POISSON-
PANDIRA rUll. It is set to 0 or 1 in LATTICE, 

I 
depending on t.he absence or presence of a char-
acter in t.he first position of the title line. 
KPROB = 0 means a POISSON or PANDIRA 

I 
rUJl ; 
KPROB 1= 0 means a SUPERFISH run. 

I 
CON(2) none NREG Numher of r~gions in Ute problem. Passed by 

AUTOMESH t.o LATTICE and from LATTICE 
to SUPERFISH via TAPE73. Note N REG must 

I 
he less than 32 

Number of points in the L (vertical) direction in CON(3) Hone LMAX 

I 
Uie logical mesh. Determined in LATTICE. 

CON(4) KMAX Number of point.s in t.he K (horizontal) oirection none 

I 
in the logical mesh. Determilled ill LATTICE. 

CON(S) JMAX IMAX = ((MAX + 2 none 

I CON(6) 0 MODE Not. Ilseo by the present. ('ode. It. is heing reserved 
for later inclusion of dielect.ric materials. 

t CON(i) lIone none Not used in SUPERFISH problems. 

I 
CON(8) none nOlle Fraction of HFQ cross sect.ion actually calculated. 

CON(O) 1.0 CONY Conversion fa.dor for lengt.h uuit.s. Default. units 

I 
are centimeters. Set CONY equal t.o the numher 
of centimeters per unit desired. CONY must be 
changed ill LATTICE. 

I CON(IO) 0.004 nOlle Not used in SUPERFISH problems. 

I 

I 
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Constant Default. Symbol Function 

CON{ll) 0 NAIR Number of "ail''' point.s. The default is an initial 
value. LATTICE counts the number of mesh points 
in the air regions of the cavity and records the 
value in CON{ll). The user has no control of t.his 
CON. 

CON(12) 0 NFE Number of "iron" points. The default. is an init.ial 
vallie. LATTICE counts Ule numher of mesh points 
in the iron regions of the cavity alld records the 
value ill CON(12). The user has no control of this 
CON. 

CON(13) 0 NINTER N Ulll her of int.erfa.ce points. The default. is an 
init.ial value. An interface point is a point whose 
Ilearest neighhors are a mixt.ure of air point.s and 
iron point.s. See CON{lJ) and CON( 12). The user 
has no control of this CON. 

CON(14) none none Not used in SUPERFISH problems. 

CON(15) none . NPINP Tot.al number of points in HIe problem. NPINP = 
NAIR + NFE + NINTER + NBND + NSPL. 
The user has no ('ontrol of this CON. 

CON(16) 0 NBND Number of Dirichlet. houndary points. Default is 
au initial value. LATTICE ('ounts these points 
and stores the number in NBND. The user has no 
control of this CON. 

CON(17) 0 NSPL Number of points held at special fixed pott"ntial 
values. Default is an init.ial value. SUPERFISH 
counts these points and stores the number in 
NSPL. The user has 110 control of this CON. 

CON(18) 0 NPERM The nU111ber of sets of data. defining the relative 
permittivit.y and permeability in regions with 
mat.eIial code MATER> 1. The program will ask 
NPERM times for an input line of Ute form 
"MATER EPSlJ.J FLOMU", where MATER is the 
material code numher in the region having relative 
permittivit.y EPSIL and permeability FLOMU. 
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I Constant. Default Symhol F\mct.ioll 

CON(19) 1 ICY LIN A flag indicating c:oordinat,e system t.o he used. 

I ICY LIN = 1 im\icales cylindrical coordinates 
using (borizont.al, vert.ical) = (Z, R). Note that 

I 
these axes are int.erchanged relat.ive to those used 
in POISSON. 
ICYLIN = 0 inrlicat.es t.wo-dimensional (X, Y) 

I 
coordina.t.es. CON( 19) must. be changed in 
SUPERFISII or earlier. 

I 
CON(20) 1 none Not used in SUPERFISII prohlems. 

CON(21) 1 NBSUP An indicat.or for t.he t.ype of houJldary condit.ion 

I 011 the tipper bOllndary. NDSUP = 0 indic.at.es a 
Dirichl~t. boundary conrlit.ioll, which means elec-
t.ric field lines are parallel to the boundary line. 

I NBSUP = 1 indicates a Neunuwll boundary con-
dition, which means that t.he elect.ric fidd lines 
are perpt'ndkular t.o t.he boundary line. The 

I default. value passed hy A UTOMESH is shown. 
AUTOMESIl will pass t.he other vahle if IBOUND 

I 
on Ute REG input line is used. See Sec. B.3.3. 
The default value if LATTICE is used alone 15 
zero. 

I CON(22) 0 NBSLO An indicator for the type of houndary condition on 
the lower boundary. See CON(21) for description. 

I CON(23) 1 NBSRT An indica.t.or for the t.ype of houndary ('ondition on 
t.lIe right. boundary. See CON(21) for descript.ion. 

I CON(24) 1 NBSLF Ani nciicatol' for the t.ype of houndary condition on 
the left. boundary. See CON(21) for descript.ion. 

I CON(2S) none NAMAX Not. used in SUPERFISn prohlems. 

I CON(26) none NWMAX Not used in SUPERFISH problems. 

CON(27) none NGMAX Not. used in SUPERFISlI problems. 

I CON(28) nOlle NGSAM Not used ill SUPERFISH prohlems. 

I 
I 



22 PART C CHAPTER 13 SECTION 4 Janllary 5, 1987 

Const.ant. Default Symbol Function 

CON(29) 0 LIMTIM Not used in SUPERFISH prohlems. 

eON(30) 10 MAXCY Maximum number of iterat.ion cycles to find the 
resonance. 

CON(31) 110ne none Not used in SU PERFISH problems. 

CON(32) 0 IPRINT An ilHlk.at.or for print options: 
IPRINT = -1 in LATTICE writ.es the (X, Y) coor­
dinates of mesh poinLs to OUTLAT. 
IPRINT = 1 (or any odd inleger) writes a map of 
the solution matrix A inlo OUTFIS. 

CON(33) none NOT A pa.ramet.er used in SFOI t.o select an out.put. tape 
numher. The user has no control of this CON. 

CON(34) -1 IN ACT An imlica.t.or t.o allow the usel' to int,erad. with the 
freq1lency iterat.ion in SUPEllFISlI. If INACrr =/: 
-1, t.he calculalion is st.opped at. int.ervals and the 
user is asked to type: "GO", "NO", or "IN". 
If "GO", it.eralion cont.inues; if "NO", iteration 
st.ops and final results are written; if "IN", user is 
asked for new values of CON's, 

CON(35) 0 NODMP An inclicat.or cont.rollinJl; lhe writ.e to TAPE 35. 
1£ NODMP = 0, a dump is written; if NODMP =/: 0, 
no dUlllp is writt.en. 

CON(36) none NSEG The number of houndary segment.s passed t·o 
LATTICE from AUTOMESH by TAPET3. This 
CON is used in LATTICE only. 

CON(3i) 1 NCELL The numher of cells in mlllt.icell problems. It is 
used in SF01 to calculate the transil t.ime fador. 
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I 
Const.allt Default Symhol Flll1d.ioll 

I CON(38) none KSTART The value of t.he horizollt.allogical-mesh coordinate 
RSsociated with the start.ing point of t.he present 

I 
line se'gment. Oil which power dissipat.ion is t.o be 
calculated. This CUN is used ill SF01; the user 
has no cont.rol of this CON. 

I CON(39) none LSTART The vallie of t,he' vertical logical-mesh ("oordinat.e 
associated wit.h Ule start.ing point of t.he presellt 

I line segment on which power dissipation is t.o he 
calculat.ed. This CON is used in S1"'Ol; t.he llser has 
no cont.rol of this CO N. 

I CON(40) none KENO The vaJue of the horizont.al logical-mesh coordinat.e 

I 
associalt:d wit.h the end point of the present line 
s('glllellt 011 whkh power dissipat.ioll is t.o he cal-
culat.ed. This CON is used in SF01; t.he user 

I 
has 110 control of this CON. 

CON(41) none LEND The value of t.he vert.ical logical-mesh coordinate 

I 
associated wit.1t t.he end point of t.he present line 
segment on whkh power dissipat.ion is to be cal-
("Illat.eel. This CON is used in SF01; the user has 

I 
110 control of this CON. 

CON(42) Not llsed in SUPERFISH problems. 1 none 

I CON(43) 0 KTOP A 1l1lluhel'set. ill LA'l"l'ICE hut not. used in 
LATTICE, SUPgRFISII, 'l'EKPLOT or SFOl. 

I It. was probably used in a postprocessor called 
SHY. 

I CON(44) 1 none Nol used in SUPERFISH prohlems. 

CON(45) 1 none Not. used ill SUPERFISH problems. 

I CON(46) none . ITVPE Not used in SUPERFISII problems . 

CON(47) 0.125 none Not used in SUPERFISH problems. 
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Constant 

CON(48) 

CON(49) 

CON(50) 

CON(51) 

CON(52) 

CON(53) 

CON(54) 

CON(55) 

CON(56) 

CON(57) 

Default 

o 

o 

o 

o 

O.OC)I 

25 

0.0 

0.0 

0.0 

0.0 

Symbol Function 

none Not used in SUPERFISn problems. 

nOlle Not used in SUPERFISH problems. 

~ 

NPEG The number of boulldary segment.s 011 which 
power dissipation and freqllellC'Y perturbat.ions 
are to be calc ulat.ed. ] f entered iut.el·acti vely, 
t.he program will ask for segment llumbers. 

NPONTS In LATTICE this is the Humber of unknown 
rt>laxation points in the mesh. In SUPERFISH, 
NPONTS = NAill. + NINTER. 
NPON'fS is used as the end-of-a-Ioop index. 

OMEGAO A paramd.er u!':eo in calculat.ing over-relaxation 
factors in LATTICE. It is not used in the 
remainder of the SUPERFISH problem. 

IRMAX All index for checking the progress of the 
rt'laxatioll process in LATTICEj not used in 
the relllaiuder of the SUPERFISII problem. 

none Not. used in SUPERFISII problems. 

none Not llsed in SUPERFISH problems. 

none Not used in SUPERFISH problems. 

none Not used in SUPERFISH problems. 

CON(58) 2.997925E+I0 CLIGHT The speed of light in vacuum in cm/sec. 

CON(59) 1T' 

CON(60) nOlle 

PI 

KDEL 

PI is given t.o machine accuracy, namely, 
1T' = 4. * ATAN(1.). 

A paramet.er used in SFOI in subrout.ines 
PATH and RFOUTj the user has 110 COll­

trol of this CON. 
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I Constant Default Symbol Function 

I 
CON(61) nOlle LDEL A parallletE'r used in SFOI in subroutines 

PATH a.nd RFOUTi the user has 110 COll~ 

trol of this CON, 

I CON(62) 0.0 NSTEP The Humher of steps in t.he variable k 2 

used in a seat'ch for new resonances. 

I SUPERFISII makes NSTEP steps 
through a range of k 2 values determined 
hy CON(!33), CON(65) and CON(66). 

I CON(63) 0.0 DELKSQ The size of the st,eps taken in the k 2 

I 
search described in CON(62) above. 

CON(64) none FREQS The start.jug ,'alue of FREQ = CON(65). 

I 
It is printed in SFO!. The user has con-
trol of this CON. 

I 
CON(65) 0.0 FREQ When entered interactively, it is the 

starting value for the itel'atioll t.o find a 
resonant frequency or the starting value 

I of Ule frecJuency used ill the k 2 sean'h 
descriln·d in CON(62). During the iter-
ation or search, it is t.he value of t.he 

I frequency for the present st.ep. 

CON(66) 0.0 XKSQ Initially it is the starting value of k2 , 

I namely, 
X [(SQ = (2 .... IT ... FREQ/CLIGHT) '" *2. 

I 
During the rUll, it is the value of k2 • 

CON(67) DKSQ The cha.nge in P at the present step of none 

I 
t.he sea.rch described under CON(62). 

CON(68) XKO or SMALLK XI{O = SQRT(XKSQ)i only used in SFOt. none 

I CON(69) none none Not used in SUPERFISH problems. 

J 
CON(70) none llone Not used in SUPERFISH problems. 

I 
I 

.................. -~ 
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Constant Default Symbol Fundion I 
OON(71) 0 NEGAT A flag indicat.ing a zero or negat.ive area 

triangle ill the mesh. This lllay occur ill I the l'elax8.t.ioll of t.he mesh in LATTICE 
and NEGAT =F 0 will generate a diagllos-

I tic message. 

CON(72) 0.0 ERG A number l)roportional t() t.he energy in I Ule rf field at the present it.eration. 
If IUYLIN = 1, ERG = f H2RdRdZ; 
if lCYLIN = 0, ERG = f H 2dXdY. I 

CON(73) 0 IPIVOT A control parameter for pivoting during 
the block mat.rix inversion process. I If IPIVOT = 0, no pivoting; 
if IPIVOT = 1, partial pivot.ing; 

I and IPIVOT = 2; complete pivoting. 
See Sec. C.13.4. 

CON(74) none ASCALE A scaling factor for the electric field I 
chosen in snch a way that f E"dZ I L = 
VSCALE, where the integral is ai()ng 

I a pat.h parallel to the Z-axis, L is the 
length of the path, and VSCALE = 
CON(lOO). I 

CON(75) none POWER The power dissipat.('d 011 t.be conduct-
ing boundaries defined after entering I a vahle for CON(50). CON(15) is 
calculated ill SFO!. 

CON(76) 0.0 ERGY or ENERGY The energy stored in t.he rf field con- I 
t.aincd in the voillme defined by the 

I boundaries of t·he problem. 

CON(77) 0.0 EMAX The maximulll value of the elect.ric field 

I found 011 a.ny bO\Uldary segment entered 
after entering a value for CON(50). 

t 
I 
I 
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I Const.ant Default SYlllbol Function 

I CON(7B) 1 LINT The logical L coordinate of the line along 
which the the int.egral .r EzdZ is ca.lculated 
for the normalization of the electric field. 

I See CON(74). Note t.hat i[ LINT f:. 1 or if no 
vert.ical coordinat.e of a point along the logical 
line LINT = 1 is zero, then t.he t.ransit time 

I factors are not calculat.ed in SF01. 

CON(79) 1.6 RHOXY The init.ial value of t.he X anel Y mesh 

I over-relaxation factors in LATTICE. 

I 
CON(BO) none none Not llsed in SUPERFISII problems. 

CON(81) 1.0 RSTEM The radius in ceut.imet.ers of t.he st.E·m 

I 
assumed to he st.icking into t.he cavit.y [or the 
purpose of holding t.he d,·ift. t.ube in place. 
Used for t.he power dissipation and frequency 

I 
perturbation calculations. 

CON(82) Not used for SUPERFISH problems. none none 

CON(83) 0 IABORT An ahort. flag in LATTICE, SUPERFISH, and 
SF01. If IABORT = 1, the run is stopped. 

CON(84) 1.OE-05 EPSO A paramet.er t,o test. [or convergence in t.he 
mesh generation. Used ill LATTICE only. 

CON(85) 5.0E-07 none Not used in SUPERFISn problems. 

CON(86) 1.OE-04 EPSIK A paramet.E'1' to t.est for convergence of the 
frequency solut.iollj t,he convergence is satisfied 
when 1~k2I/P < EPS[/(. 

CON(87) 0 IRESID A flag to indicate whet.her the residual of the 
solut,ion matrix A should he calculated. 
If IRESID = 1, the residual is calculated. 

CON(88) 1.0 RES IDA The residual of t.he solut.ion matrix A. 
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Const.ant. Default Symbol Function I 
CON(89) 1.0 RESIK The value of tl.P /P for the present 

I iteration. 

CON(90) 0 ICYCLE The present. iterat.ion nnmber; used in I LATTICE and SUPERFISH. 

CON(91) 0 NUMDMP Present. dump number for writing to I TAPE35. 

CO N (92 )-( ~9) none none This set. of eight words stores the title I of t.he program, whkh was read by 
LATTICE 

I CON(100) 1.0E+06 . VSCALE A normalizat.ion fador for t.lle average 
electric field. See CON(74). VSCALE 

I is to be entered ill V / m. 

CON(lOl) none none Not used in SUPERFISH problems. I 
CON(102) . 6000000008 lAM ASK A mask used in LATTICE to isolat.e 

bits ill certain words. 

CON(103) 2000000008 ISCAT A mask used in LATTICE to isolate 
bits ill certain words. 

CON(104) 40000000008 IFILT A mask used in LATTICE to isolat.e 
bits in certain words. 

CON(105) 1000008 IDIRT A mask used in LATTICE to isolate 
bits ill certain words. 

CON(106) 0.0 BETA The velocit.y of t.he pa.rticles t.raversing 
the cavit.y divided by the velocity of 
light. If BETA is not entered interac-
t.ively, it will be calculated from 
ZCTR = CON(107) and DPHI = 
CON(108), assuming the particles are 
protons. BETA is used in SFOl. 
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I Constant Defallit Symhol Fllnction 

CON(107) 0.0 ZCTR The longit.udinal coordinat.e of the "synchro-

I nous particle" when t.he elect-ric field is a 
maximulll. Usua.lly t.his is the geometric 

I 
cent.er of t.he gap hetweelJ two drift tubes 
in au Alverez linac. ZCTH. is used in SFOl. 

I CON(108) 180.0 DPIII The change in the phasE' of the rf field as 
t.he "synchronous particle" crosses t.he 
portions of t.he cavity defined hy the boun-

I daries put int·o SUP ERFISH. The units 
a.re degrees; DPIII is used in SFOl. 

I CON(109) none ITOT 11'OT = (KMAX + 2)*( LMAX + 2). 

CON(llO) none T The transit. t.ilue factor; 

I T 1 JL/2 E() 2"'Zd = ~I -L/ frac Z cos"L- Z 

I CON(111) none TP TP - I 1',/2 E()' 2,..zd - EoP -L/frac Z Z sIn L Z 

CON(112) none TPP TPP 1 1',/2 2 E() 2,..z d = Eari -L/frac Z • Z cos L Z 

I CON(113) S S . 1 JL/2 E()' 2"'Zd none = Ba L -L/ frac Z S111"L- z 

I CON(114) none SP SP - 1 JL/2 E() 2"'Zd 
- EoiJ -L/ Jrac Z Z cos L Z 

I CON(115) none SPP SPP 1 t'/2 2 E( ) . 2,..zd = EoLl -L/Jrac Z Z S111 L Z 

I 
CON(1l6) 378 MASK37 A mask used in LATTICE to isolate bits 

in cert.ain words. 

I 
CON(117) 777778 MASKS A mask used in SUPERFISH to isolat.e bit.s 

in certain words. 

I CON(118) none MAXDIM The maximull1 allowed value of ITOT = 
CON(109). 

t 
CON(119) none NWDIM NWDIM = MAXDIM/2, where MAXDIM = 

CON(118). 

I 

t 
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Constant Default 

CON(120) 3778 

CON(121) 1174008 

CON(122) none 

CON(123) 2.6544E-3 

CON(124) 8.8542E-14 

CON(125) 4 * II * 1.0E - 09 

Symbol Function 

MASKel A mask for t.he eight.h character in a 
word. 

MASKC2 A mask for the seventh character in a 
word. 

TSTART The wall clock st.art-ing t.ime for the 
codes that cOllt.ains this variahle. 

SQEM The q1lant.it.y SQRT(EPSOjFMUO), 
which is one over the impedance of 
empty space. In spit.e of being specifi­
cally defined ill SUPERFISH, it is not 
used in the code. 

EPSO The permittivit.y of free space in "code 
uuits", i.e., depends 011 CONY = CON(9)i 
t.he default code unit.s are rat.ionalized 
CKS. This CON appears not to be 
used in SUPgRFISH problems. It. is 
calculated froUl FMUO and CLIGHT. 

FMUO The permeahilit.y of free spare in "code 
uuits." Not. used in SUPERFISH prob­
lems. See UON(l24). 
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I C.13.6 Table of Probcons in Alphabetical Order 
For SUPERFISH 

I ASCALE CON(74) 

I 
BETA GON(I06) 
CLIGlIT CON(58) 
CONY GON(9) 

I 
DELKSQ CON(63) 
DKSQ CON (6i) 
DPHI CON(108) 

I EMAX CON(7i) 
EPSIK CON(86) 
EPSOH CON(84) 

I EPSO CON(124) 
ERG CON(72) 
ERay or ENERGY CON(76) 

I FMUO CON(125) 
FREQ CON(65) 

I 
FREQS CON(64) 
IABORT CON(83) 
IAMASK CON(102) 

I 
ICYCLE CON(90) 
lCYLlN CON(19) 
IDIRT CON(I05) 

I 
u .... n:r CON(1U4) 
IMAX CON(5) 
INACT CON(34) 

I IPIVOT CON(73) 
IPRINT CON(32) 
IRESID CON(87) 

I IRMAX CON (53) 
ISCAT CON(103) 
ITOT CON(109) 

I ITYPE CON(46) 
KDEL CON(60) 

t 
KEND CON(40) 
KMAX CON(4) 
KPROB CON(I) 
KSTART CON(38) 
KTOP CON(43) 
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LDEL CON(61) I LEND CON(41) 
LIMTIM CON(29) 
LINT GON(78) I LMAX CON(3) 
LSTART CON(39) 

I MASK37 CON(116) 
MASK5 CON(117) 
MASK01 CON(120) 

I MASKC2 CON(12!) 
MAXCY CON(30) 
MAXDIM CON(118) I MODE CON(6) 
NAIR CON(ll) 
NAMAX CON(2S) I NRND CON(16) 
NBSLF CON(24) 
NBSLO _ CON(22) I NHSRT CON(23) 
NBSUP CON(21) 

I NCELL CON(37) 
NEGAT CON(71) 
NFE CON(12) 

I NGMAX CON(27) 
NGSAM CON(28) 
NINTER CON(!3) I NODMP CON(3S) 
NOT CON(33) 
NPEG CON(50) I NPERM CON(18) 
NPINP CON(lS) 
NPONTS CON(5!) I NREG CON(2) 
NSEG CON(36) 
NSPL CON(!7) I Nsrl'EP CON(62) 
NUMDMP CON(91) 

I NWDIM CON(119) 
NWMAX CON(26) 
OMEGAO CON(52) 

I PI CON(59) 
POWER CON(75) 

I 
I 
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RESIDA 
RFQ 
RESIK 
RHOXY 
RSTEM 
S 
SP 
SPP 
SQEM 
T 
TP 
TPP 
TSTART 
VSCALE 
XKO 01' SMALLK 
XI<SQ 
ZCTR 

CON(88) 
CON(8) 
CON(89) 
CON(79) 
GON(81) 
CON( 113) 
CON(1l4) 
CON(1l5) 
OON(123) 
CON( 110) 
CON(lll) 
CON(112) 
CON(122) 
CON(lOO) 
CON(68) 
CON(66) 
CON(107) 
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boundary conditions ............ , ... 1. 7 l1yperholas ........................ 3.19 
boundary indicatol' ................. 3.8 IDO UN D ......................... 3.14 
C array ............................ 3.6 ICYLIN ...................... 3.12,5.1 
CON .............................. 3.12 INA(!T ............................ 5.2, 
CON's ............................. 3.4 INAP .............................. 7.2 
CONY ........................ 3.5 3.14 int.eractive control .................. 5.2 
Convergence crit.erion .............. 5.3 illt('rchange axes .................... 7.2 
coordinates, logical ................. 3.9 IPIVOT .................. 3.15, 5.1, 5.2 
coordinates, physical ............... 3.9 IPRINT ....................... 3.5, 4.1 
coupling coefficients .......... 1.10, 1.12 IREG ............................. 3.15 
ClJR .............................. 3.14 Ill.ESID ............................ 5.3 
DELKSQ .......................... 5.2 I1'RI ......................... 7.2, 3.15 
DEN .............................. 3.14 KMAX ........................... 3.15 
direct method ..................... 1.14 KREGI ...... ; .................... 3.15 
Dirichlet ........................... 3.8 KREG2 ........................... 3.15 
DPHI .............................. 8.2 LINT .............................. 8.2 
drift tube stem ..................... 8.2 LINX ............................. 3.16 
drive point .......... 1.13, 1.15,3.7,3.8 LINY ............................. 3.16 
DTL ............................... 2.1 LMAX ............................ 3.15 
DX ............................... 3.14 LREG ............................ 3.15 
DY ............................... 3.14 LREG1 ........................... 3.15 
energy density ................ 1.9, 1.10 magnetic charge ................... 13.1 
EPSIK ............................. 5.3 magnetic current .................. 13.1 
EPSO .............................. 3.6 MAT ............................. 3.16 
equipotential lines .................. 7.2 MATER EPSIL FLOMU ........... 5.1 
field lines ..................... 7.2, 13.4 mat.erial code ...................... 3.6 
fornlat-£ree ......................... 3.1 MAXCy ........................... 5.1 
FREQ ............................. 5.2 maximwn field ................ 1.9, 1.11 
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