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Table of Contents of Insertion Device Lectures, by K.Halbach 

Each 1 ecture 1 asts about 2 hours and starts· with ·a summary of the previous 

lecture. In this summary, topics are often formulated somewhat di•ferently 

than in the original lecture in order to enh~ri~e cl~rity, or to illuminate 

the subject from a different perspective. Fo~ a review of a particul~r 

topic, it may therefore be ~seful to look at the viewgraphs/tapes of both 

the original lecture as well as the followirig l~cfure. 

#l;Oct.21.1988. Maxwell's equations; sqft iron properties; continuity 

conditions; properties of fields, integrals over field~, and potentials; 

electromagnetic <em> Insertion Devices <ID>; advantages of permanent 

magnet (pm> systems; magnetic properties of pm materials; easy axis 

rotation theorem; iron-free system design; quadrupole; multipoles; linear 

array; iron-free 10. 

#2; Oct. 28. 1988. Literature; iron-free ID performance; conseqLtences of 

perturbations; hybrid 10:. structure, performance, focusing, entrance/e>:i t 

design, consequences of perturbations, scalar potential bus; pm-assisted 

em-ID; laced ID; hybrid quadrupole, dipole, solenoidal-~ield-doublet; 

laced quadrupole, sextupole; continuation of Maxwell"s equations; theor·• 

of a function of a comple>: variable. 

#3;Nov.4.1998. Stored energy in Charge Sheet Equivalent Material <CSEM>; 

fields, potentials from currents, charges in 20 with function of a comple~' 

variable; continUation of theory of a complex variable; integrals over 

a~eas; Cauchy•s i~tegral th~orem, with applications; .error field 

propagation in a 20 dipole; field qualitY of dipole with/without shim; 

general equations for the design of iron-free systems; proof of easy axis 

rotation theorem; design of iron-free multipole~ 

#4;Nov.11.1988. Example of shimmed dipole; quantitative formulae about 

effects of perturbations in iron-free multipoles; details about iron-~ree 

quad~upole; derivation of performance equation for iron-free ID; general 

30 hybrid t~eory; general hybrid design_procedure; limit of hybrid ID 

performance; excess flux concept; 20 design formula for hybrid ID; 

c~amfered hybrid pole; usefulness of CSEM overhang; 3D design preview. 

#S;Nov.18.i988. Simple view of CSEM overhang; potential~ fields at corner in 

2D; 30 hybrid design: complete design equation, with formulae <not yet 

derived) for excess flux coefficients and effectiveness of CSEM overh~ng~ 

con.formal mapping: conformality, transformation of curvature; 

complete(~!!) list of needed procedures <2> and conformal maps <2>; 

procedure to m~p a non-dipole into a dipole; 2 simple examples of des1gn 



of non-dipole in dipole geometry; compl~te, detailed descriotion of 

procedure for design of neo~dipole in dipole geometry; application to 

design of hybrid ID pole,nand to sextupole. "Exotic" ~on-dipof~~ are 

discussed in lecture #16~ 

:tt6;Dec.2.1988. Very detailes•.summary and re-formulati·on of 3D hybrid design 

procedure, and of design .of non-dipole; details of hybrid ID pole C,lesign,-' 

and effect of changing th;9·'gap of hybrid ID on .field distrib•-ttion, view"?d 

in dipole geometry; more.on sextupole pole shape design; conformal mappi~ 

as a ".thinking·_tool" Ci.e..nusing the concepts without .formulae): 

~lectrostatic extraction-d<l'!om the 88" cyclotron; solution to Dirichlet 

pr-oblem in a circle; mappjhg-of··interior of ideal multipole onf:o circular 
. - - - . 

disk with .Physics-informadlmon/under'standing; flu>: between non-immediate

_nei ghbor~pol es of multi.pE!!ies or hybr'i d ID is only symmetry dependent, not 

geometry dependent. 

:!t7;Dec ... ~1.1988. Fieldfat eefgefof 2D CSEM without iron; simple way to 

evalu~te/"see" value of L~(Jz0-z2)/ (z0-z1>); design of Stanford Linee~r 

Colli1~r arc magnets wi~;t=HDP!HSSQN in dipole geometry; POISSON-mesh; ef+ect 

of saturation on fiehdkmfStf7.ibution in windo..,frame magnet: incorrect and 

correqt analysis; Schwar::4't'"!"!Ehristoffel transformation: general recipe. 

removgl of one corner fro~lform•.tl a, and "ar-bitrary" placement of two oth~r 

corne~.5:·; application ~1: dleld from dipole with zero pole w:lcth. 

_ .:<2;Jarh6.1989. P:elationship•be-tween.curvature of V=ccmst. and,A=const. 

surfaces, and magnetic fi~ld~properties. Rogowski surface derjved from 

se~i-infinit~ c~pacito~,· ~nd; from first principles; proper and improp~r 

use~of Rogowski contour. 2di)eneedle with :E:=const. on tip. Analytic.:~l 2. 

orde~ shim fo~ s~mi-infinife!dipoie. 

:ttQ;Jan13.1989 •. S-C map of iniihite array of ID poles. Excess flux and excess 

potential drop· in Geometry 1~ (61>. <An application is described in lecture 

#16>. Excess flux in 62. Eapansion of complex potential in Gl into 

e>:ponenti al s. 

#li);Jan19.1989. Taylor seriesT<T-S> manipulation algorithms: expansion 

coefficients· for <l+atz>;..eiorfor a product of 2 T-S, for, the inverse of a '·' 

T-S, and when a T-S ;is usedsas a variable for another T-S, and for one T-S 

divided by another <given as·. homework, with solution in lect~-;:e #11>. 

BAS!C-program with these algorithms. Method to e>:pand F' into e>:ponenti al s 

when dz/dt cannot be integrated in closed form, "'ith a program for G2. 

~ll;Febr-.3.1989. Expansion ofifield errors in exponentials for finite width 

dipole. Summary of T~S-mani~ulation algorithms. S-C transforme~tion of 

:Polygon onto circle. Genera3:: 3D hybrid theory with many iron bl oc~ts. 



Capacitie~: equivalent circuit diagram. Capacities for ID. "Invisible" 

flux. 

#12;Febr.10.1989. Design of entrance/exit excitation for straight (average> 

trajectories. Capacity between non-adjacent poles of ID, except for 

contribution in region close to midplane. Program for c~1culation of 

capacities of ID. A subtle point about ID capacities. Application of 

capacitor concept to a particle-spectrometer-like magnet. Propagation of 

errors/perturbations in a 2-capacitor-ladder network that describes an ID. 

Line integral errors due to gap error, easy axis orientation error, pole 

thicknes error, taking into account partial self-compensation of these 

errors. 

~13;Febr.17.1989. Calculation of an integral needed for error assessment 

with inform~tion provided by POISSON. Capacity between non-adjacent poles 

close to midplane. CSEM-placement for a third order entry/exit system. 

Details about properties of symmetric/antisymmetric error fields. An ID 
' 

that is antisymmetric with respect to midplane. Propagation of 

perturbation in a 3-capacitor model of an ID. SolutioM of the 2D equation 

of motion in Schwarz-Christoffel geometry. 

*14~15;March 3+10.1989. Line integral errors from easy axis cirientation 

error in 3 side by side CSEM blocks. Analysis of device to me~sure easy 

axis orientation errors along one side of a CSEM block. Formulation of 

analysis of 63 with two different excitation patterns. Discussion of the 

following major details needed for analysis of 63: multidimensional secant 

equation solver; method to remove singularities ~rom the limits of 

integrals to be evaluated numerically; so~e properties of constants 

ente~ihg into this problem, and using these properties to force smooth but 

firm bounds on the range of values these parameters can assume; derive 

for~ulae for calculation of flux and excess flux; procedur~ to do a 

Fourier expansion of the ID-fields. Line integral errors from gap betwee~ 

CSEM and pole, and CSEM blocks of different strengths. The Orthogonal 

Analog Model, with some applications • 

. #16;MC~rch 17.1989. Design of a very "e>:otic~· 2D magnet in dipole geometry, 

with strong emphasis on difficulties and pit~alls that can occur. 

~pplication of the excess potential drop concept to the calculation of 

capacities of ID. Derivation of a closed expression for an integral, 

demon~trating some very important and useful mathematical techniques. 



G/ 
-:"' ; ... 

,, ' 

I . 

·G2 

·.• 



c::: )0> 
·-en 
Q) 

0 
Q) 
(.) ·-> 
Cl). 

0 
c::: 
0 ·-t 
CD 
en 
c: -

co 
co . 0) 

. ..,.. .. ..,.. . N ..,.. 
C1l 

.... 
~ .... 

::l ... 0 
() ... 
C1l 8 ...J 



1 

, . ~ .. 

., . 

~ -.; 

r '• " ·~ 

----·-- ··-·---·--· -- ·--- --·- -·-· ---- - -·-- ---

.:t:: ~ 
-~ 

C) /,\' ~ II' "" @ _T ~ "' l ~ .... 
" II 

............ -'(~ II -·~ 'len ''t ~ 
'j ... 1\ '-..... -:::... .. r-.. ~ ~ ~ .... 

I i 
'.:}:;: ':s 

-.Q 
~ 

'-.) -s 
" 

~ 

l .. :::s 
.1~ .... -'-.) 
$ 

,... 
" 

,, 
<::> I -~ - .... 

1lr ... '-t...... \ 

~ "II .. 
fQ: "' ~ ..... ~ ""' I~ 

L 
... 

.It' a ·~ ~ 
~ '-.) "'~ (I ,_ 

J-~ ............ ·- \:::$ ~ ·l<::::n 'l..::r: ·~ • .... II cl V\ --a ,.. . 
~ . <"o( - ...... "' ' ~ ..._-':::; ·~ v '"- ~ 

~ ""' 
'\) . 

•I (I ,, 
~ 

~ "--, \ ·o ·- cl" ~ (::}:""' 'q ~ 
~ 

~ CL. ... ~ ll 

.! <:::1 
II 

'I~ It 

\ 1' 
:r 'i'cn ... 

>-..... c-->~~ ~ ,. • -"" ....... .a ~ :::----- "' "' '1..0. .. ..... "' ~ - ~ ~~ II 
'.:t: - c::) 

:: .. ':!/ \-\ ,... 
~ ~ '-.J v ...?:'-- -:::... 

' ~ t\ ,.. ,, ~ '""" '(~ - ...... 
'ico I~ :::t ..._ 

"' - • -~ "<::; \I .. 
" o$ 

"' 
....... c:s 

:::s .. 
·~ ~ -..... 3- (' . 

II -- t-

" 
F ·- ). 

,.>._ '.:I: """' v 
0 -...;. 4.-

() ~ :::r 
......._ 

':£)--, .<' ~ t;'cn_ 'A 0 ::>.. en \.....; '-.) ~-~> ·- ~ I--~ 
~ 



/. 

([IV 

J03 xl6r---------------------------r-------------------------~ 

... 
12 

tO 

e 

6 ., 
Ul ., ., .. 
:::> 
o( 

"' ~ 
u) 

z -2 
0 
1-

u -· :::> 
0 

~ -e 

-e 

-10 

-12 

IRON: 
COLO ROLLED--

Wt\•16.600 

ANNEALEO---
Wh••600 

H 2 -TREATED-

Wh~210 

-18~----~----~----~----_.----~------L-~~~----~ -1& -12 -e ._.,. o . .. e 12 16 

FIELD ~TREN,TH, H, IN OERSTEDS 
. . 

Fie. 11-28. Effect of treatment of specimen on the hysteresis of ir 

W .. = 16 600 k>r B.,. = IS <X>O. After annealing in the usu<~ 

., 

~ 0 

~ 



If f I( 

I~~ "'f''' Nu~~·u., 

-7 

R/[i) 
..(l. I'- 'Z:Y 

/L-

~ <l. I~ .(, = /'' f/, 
I' 

I 

/A' II'/..::: 0 -:> .(.~ 0 t~ 
I 

f /'1- ~a f< 'Yc'tt { {tt f~r 

_., ~ { ') ~ " ~ 9 
A:.(') 

1
· - ~ 0 • -'> '".,.. It= 0 · q{,·v B ~ 0 · fj:.Bcli 

d J1 I I 1 

-") -) 

/) 1-t~ -~r«o<. V --7 cu~L If -eO 
_, ') _, ~ 

(3 =-t• H : #(iv B ;- 0 -> rJ.,Vf-rqiV:: (7 V:::. 0 
'\.. ~~- d". jL. .· t vr-- .,._ .,_ 

- I' l' it ~. ; ~ \ L cqf R.C t . ~ 1 ~;. 
u :.-)V!J..r.8 r/J.t :0 ·[rll.i ,....r.A ''J I'J~ . , . ot I V I (T '"\ V • • 

' 3 

i?f~ ~a.k 1 '""''71, ,-.,.~,·,(f.. v~t~,~ 
1'. I I 1 

"hrcu·,.,.,,·"' .. f..,4y> o" ~"Ytl<ce., 
H.,.,, l HL. •l. • ~ LJf.l. 'ttfl·sfY. Lap(•(!. 

.. ,, ,. • J ... ,.of I ), .('tf'IT { ", ... 
5p~c,·fr,~'4SI.I."( I<. i.e. f,·<M~ 11" f'GI....,f"c-c 

1'( V1(1{1>t< r>/ 1'1r t{Y($ 'f./ .f 

J,._ VO(KC("'' 

(0 
~ -8: 0 'H ; /.i,_ - C 
J)(' 11 

Jll..- f/ It ___ , -
- f-- )3 
J )(' J U c....-J . ~ D c~u.. 

::; 0 /Ill 
h 

5 ~( {Jr, ~d) ~J ";. ~/Jr," 
3t ~ ' 

4 } 

14-- tJ~~~o · 
j)(' Jd . I 

~J't: + JJ(} -; R1 (~, '' ),J- H, (1t,t;,3t) 
J-t Ja . . . . . 
If H;-(>r,~,],} = HJ(~, ~,/~,)I ~~I~ ~bl.y 

· . f ' II \ . ~ b Jcl ' .L f/1A ~ • I ' 

-- - - '-- - - -- -- ~ 

p1', Ill.( f.\ w ,· rA .V : 0 f ie'tt I fht 1'( a ·rt. I 

So 'hit whc"ft, Ctnt~.,.it ~~ ry; f~-,. 

... ~· ~ · .•.• --. -.... '• ...... ~ .. . . -······ ..... 

I -1 ,...., 

A v ::. v~- v"' ~ [ f/. ,(~1 _, 
"("' 

. . 
' 

3 

. . 
!J. 

r 

'1't.f14i'f-tS ,(t (t'tt .·I,.,~ 
•I pqih( 

-D 



ltJ 

A~1~r 
1.0 
....... 
CV') 

<:T 
I 

C> ..... 
1.0 

t 
co 
_. 
CD 

' 
>< 

N 
........ 

<:T 
........ 
.-< 

t 
0 t CD 

( '....r \.?): .:"'. 
\-- ~ 

·-

,.. . 
" '"" , I '-~.·i: • J I 

,... ~1: ~ • 

I :-f'-. ,_ 
I .--... -<---...;,... . . 

. I· I 
I "" I -..._ 

I 
a-

~a-..... a I 

~ 
i:t:["" I (( 

~ II 

I l.::c 
... 

a 

-<l 



., 
v:0 ~ 0 

(I) 

II 0 (I) 

c;: 
c;:) ~ 

CD 
-1 ::r: 

-o 

~ 
I» 

~ ~ 

3 --- <' 0 
4 ::1 

"" -· 
-~ 

0 
(I) 

~ ::1 

I 
N 

r + ~ :;-
..... ~ -r )....., 

~~ 3: .. . 
~ 
I 
0 .. ---.. N 
~ 

9550l-L6l 1BX ,, 

z 0 

-~- --......; 
......... 

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

......... 

"''· ........ 
' ....... . ....... 

.. m 
I 

"Cm 
I 

rJJ 
-~. 

~I; 
. 
"' --I 

~I~ 
N.-. -

i!!. 
::1 -~ -~ ...... 

3: 3: -, 
~ 
0 

~ .. 
~· ~ 
~ .....__ 

-------

'( 

r~\ ll 
\ 

l 

N 
0 

0 
c 
> 
0 
:D 
c ., 
0 
r 
m 
"T1 
m 
r 
0 

~ !• ... ." 
-(1 ... 



1VIti31V~ 
l3NE>V~ 

1N3NV~~3d 

6£S&·Z6i 18X 

t .. 



/3 

ADVANTAGES OF PM SYSTEMS 

• Strongest fields when small 

·Compact 

· Immersible in other fields 

·"Analytical" material 

• No power supplies · Reliability 

. · No cooling · Convenience 

• No power bill 
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Insertion Device Design 

Klaus Halbach 

Lecture 2. 

October 28, 1988 
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PERFORMANCE 

: -~~. > 

a· = i~2~a;, E cos (n k z) . e·nkh 
. - p-=0 -

Example: 
for: 

. ~ 

n = 1 +p M' 
k = 2-rr/>t.~ 
z = x+iy 
Qf--= ~ ... ( Bw 

L == A/2, 
M' = 4 

sin '( n E r /M') 
.~;(nr/M') 

,. ! 

Br . 0.9 Teslas (REC) · 
.. 

a·p=O(Teslas) ;;a i · 1 .55e-kh · cos (kz) 
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{-1-7 
CLS 
PRINT DATEJ;" ";TIMES;" HW4" 
PI=4~ATN<ll 
Al'o'-'"Dl=##.,### D2=#:t.il##. H2=<##,### H3=##,### 04=#ll,;j## D:S=#.llll# " 
A2$="33=#il,llil# E2=ll.ll## El=#.##ll E3,.#.##'1 M1.,#.11llll" 
A'3S~"D7=ll#.ll## 08=##.11##" 
A4$~ "03=##. ###"""" V3=ltlt .ltll#"""" CO .. ##.###""""" C 1•##. ###""""" 

GOSUB OAT 
PRINT . 
PRINT USING A1S;Dl;D2;H2;H3;D4;DS 
PRINT USING A2S;S3;E2;E1;E3;M1 
INFUT "BO=";DO 
DO=~~*D0/83:A9=1+D2/H2 
GO=<<A9+1l*LOG!A9+1l-!A9-1>*LOG(A9-1ll/Pl:B9=SQR!A9*A9-1l 
Gl=G0+2*!!A9-lliLOG!A9-1l-A9*LOG!A9ll/PI:Gl=G1*1H2+D2>*2/PI 

. D7=D1*1E1+GOl+D2*E2:D8=M1*D1/~2+GO 
· PRINT USING A3t;07;D8 -.. 
~I~ . . 

·K9=!B9/(A9+1ll"!1/A9l:K8=8*A9*A9/B9/PI/PI 
.. sl=SIN!.:S*PI/A9l:S3=SI~C1.5*PI/A9l*!1-2/B9/89l/9 

100 INPUT "01,03=";01,03 
D3=H2*FNG1!01/H2l 
D6=DO*D7-D1*H2*FNG1!03/H2l+DS*!D1+D3> 
D3=Dl+D3-DO*D8:03=D6/03 
V3=\D1+01>*1D3+03-05)jH2 
C1=D7+D3*D8:CO=Dl*E3+CH2+D2l*2/PI*LOG!1+!D3+.S*Dll/!H3+Glll 
C1=Cl-cO:C0=4*CO 
PRINT USING A4$;D3;V3;CO;C1 
PRINT:GOTO 100 

DEF FNG1 !X) 
.E9=K9*EXP!-.S*PI*X/A9l:FNG1=GO-KB*E9*!S1+S3*E9*E9l 
IF X=O THEN FNGlaO 
END DEF 

'• 

OAT: 
RE~D Dl,D2,H2,H3,D4,DS,B3,E2,E1,E3,M1 
DATA 2.5,.25,.45,:5,.62519,.1,10.6,.5,1.002676,1.147476,1.03 
RETURN -

~ 
~ 
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-I,K-Z 
D.OFINT J 
PI anA TN 11 l 
CLS 
Pt-:INT DATEt1" ";TIME$1" FEXP2" 
REM--------E>:pansicn of F' of semi ·1/0-dipole with al;mted langle•NUPil side. 

A•·"·~···~-~A~~ .. 
STARTt 
PRINT 
INPUT "N,J9•",N1,J9 
DXM A1<0zJ9l,B1(01J9l,C1101J9l 
A1•v>•1zA111l•1:CALL POWER21J9,N1 1 A11lliREM-------------11+TlnN1 
&1 11)•1 
FOR Jl•2 TO J9 

Sl•O 
FOR J2•1 TO J1-1 

S1•Sl+B11J2l*A11J1-J2l 
NEXT J2 
81 <Jll•S1/ (J1-1l1REM---------------------W1Tl with 81 (1)•1 

NEXT J1 . 

T1•.5zREM--S1 leads to WI-Tl>, S2 leads to 01. C2 fer rencrmalizaticn of W<Tl. 
F1•-T11F2•1-T1 
51•811J9l~S2•1/IN1+1+J9l 

FOR J1•J9-1 TO 0 STEP -1 
51=S1JFI+B1<J1l 
S2•52JF2+1/(N1+1+J1l 

~EXT J1 
DluS2*F2A<N1+1liC2•-EXP<-D1l/SlzPRINT USXNG A5JD1/PI 

FOR J1•1 TO J9:811J1l•C2*B11J1l1NEXT JliREM----~----Renormalization of W<Tl. 
A110l•1zA111l•lzCALL POWER2<J9,-N1,A11ll:REH----------F' coefficients. 
CNLL INVERT<J9,81(l 1 C1(ll:REM-------------------------C1•T<Wl 
CALL INSERTIJ9,C11l 1 A11l,&11ll:B110l•AI(0l1REM------------Insert TIW> in F'IT> 
I~EM-------------------------~----------------------------- and get F'IWl. 
FOR Jl=O TO J9:PRINT USING At;B1(J1l;:NEXT J1 
ERASE A1,B1,C1 
COTO START 

SUB POWER2<J9;'E,A1 ( 1> l IR£1'1------------------Rai sea A<O>+AI1l U to power E. 
~:•Al < 1 l /A.l IOl 1·Al.IOl •A1 IOl "'E 
FOR J1=1 TO J9 

A11JI>•AIIJ1-1l*K*IE+l-J1l/J1 
, NEXT J1 

END SUB 

SUB INSERT<J9,A111l,B111l,C111ll1REH------Insert 
DIM A210:J9,0JJ9) 
CALL'MATR<J9 1 Alll,A21ll 
C 1 (1 > •A2 I 1, 1 l JIH <I l 
FOR J 1•2 TO. J9 

S•O 
FOR J2•1 TO Jl 

S•S+A21J1,J2l*B1<J2l 
NEXT J2 
C1 <JllaS 

NEXT Jl 
ERASE A2 
END SUB 

one series into another, 

L
1 fA e r p roc~ d (;( ·" !f S(tJ1f e as t'1i FEYP ( 

,..,..,-:.,;;.~1'"·' 

·---· ··t·-

~ 
01-14-1989 18:47149 FEXP2 
Coefficients of expansion of 
sioe <N=angle/Pll. 

F' in eHpcnentiels in dipole with &loping 

N AI A2 A3 A4 AS 

~).I -0.5773£-02 +4. 7621£-02 -3.3oo3e:-o2 +2.c.o76E-(12 -2.;1393E-02 
\).2 -0.1499E+OO +8.9911£-02 -6.5715£-~)2 +!5.2376£-(12 -4.3841£-02 
(1, 3 -o. 1 99eiE +~)o +(1, 12bl)E+OO -9.4696£-02 +7. 7232E-02 -b,5b87E-02 
-=··~ -0. 23;3BE+0l) +(1,15b6E+OO -0.1209E+OO ·~9.9999£-02 -B,b14fj£-02 
0.5 -0.27•)7£+00 +0.1832E+OO -0.1438E+OO +0.1205£+00 -0.1049E+OO 
, .. 0 -0.2970£+00 +(1,2056£+0(1 -0.1b39E+OO +0.139(1£+00 -o. 1220E+OCI 
: ... , -(1. 31 '](IE +(1(1 +(1.22:)4E:+(10 -•l,1B113E?00 +CI,1554E+OO -o. 1375E.,.<~o 
..:•.a -o . .337eC..-(u.> +(1, 242~E+~)(I -(1, 1975£+00 +(1, 1702£+00 -o. 1514£+(1(1 
(1,9 -(J. 3~39E+O(• +O. 2574E+clo -o. 211se: ... oo +O, 1B34E+oo -o. 164oE+CIO 
1.(1 -(1, 3679£+00 +0,2707£+00 -0.2240E+OO +0.1954£+00 -0.175SE+OO 

---- A No.«fn ------------

j::.O 

,.-

~ 
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' . 
~ f I LOt f(. f~(' ~.r pal ; 1'o)l ~ F F 
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~fJt!JJ 

OEFINT J 
CLS 
PRINT DATEt;" ";TIME$;" F~XPl" 
J9~~:PI•4:aATN<1> 

' DIM AI !O:J9J ,S1 <<•IJ91 ,Cl !O:J9) ,F1 <OiJ91 
A$~·'#~.~##-AAAA "u · 

REM--P~oc~dures:PDWERT!J8,J9,E,A1<1,81!)J;POWER2!J9,E,A1!1> 

REM--INS~RT!J9;A1 <>,B1<>,C1!11;.INVERTIJ9,A11l,B11ll;PROO!J9,A1!l,B1!J,C1!11 
I ' . 

I START: 
• FOR AOal. 2 1"0 3. 05 STEP • 2: PRINT USING "11.11"; A~) 

~g:~~~ ~~6*A0-1:) :Bil•l/BO: AO=l/AO 
A1!0J•40-1:Al111•-1 
cALL POWER2 <J9, •. ::aAo, A1 o >: REM-----------------At=<A-1-U> A<. 5/AJ 
Bl 101 •A(>+ I: Eol.! 1 J·a-~1 
CALL POWER2!J9,-.S•AD,B11ll:REM------------~--B1•!A+1-UIA(-.5/Al 
CALL P.ROD!J9,Alll,B1!J,Cl!ll1REM---------------C1•Al*Bl 
A1!01•2•BO:A1!1l•BD*AD ' 
FOR J1'"2 TO J9:A1 !Jll.;Al IJ1-1l *AD: NEXT J1:REI1--A1•11+A/IA-Ul l/B 
CAL!.. ?ROD!J9,Al!l,Cl!J,F11ll:REM-------------Fl=C1*A1 
AD2=.5*AD:A111l•AD2:Al<O>=O 
FOR J1•2 TO J9:A11Jll•A11Jl-1J*AD2:NEXT J1:REM--~1•1/12*A-Ul 
CALL POWERT IJ9, J9, -2, Cl 0, 91 ()I: REi-1-------------BisC~"' 1-21 
CALL PROD IJ9, AI I I, E<l I I, C1 I I I: REM-------------------Cl=A1 *I'll 
CALl.. INVERT<J9,C11l,B11ll 
CALL INSERTIJ9,Blll,F11l,A1111 
AI I<)) =0: 1 (OJ . 
CONVa-2~A<)/PI · 
FOR 0:1•(1 TO J9:PR;i'IT 'USING At;; AI IJU; ::~EXT J1 
FOR Jl=O TO J9:A11Jli•A11J1l*CONV/12~J1+1l:NEXT Jl 
FOR J1=•) TO ·J9:.FRINT USING A$;AliJ,Ht':NE:{T•Jl:FRINT 
'NEXT AO '., .. · ' ' . .. . 
END . 

SUB POWERT<JS,J9,E,Al Ill ,Bllll l :REM ----Raise series to power E. 
REM--81 IOIJ9l,.Coeff;. cf·.series defined by Al IO:J8l, raised to power E. 
Bl <Ol•Al (0) AE 
FOR Jlal TO J9 

8=0 
E1= IE+l f/Jl: J3~J:1~.JS 
IF J3<0 THEN J3=0 
FOR J2=J3 TO Jl-1 

BaB+B11J2l*Al<Jl-J2l*<E-J2*E11 
NEXT J2 · .. "....... .. . 

B1 (J 1 I =8/Al 101 
~EXT J 1 
~No sue 

;ue POWER2 IJ9, E, A1 Ill I: REI"'-----~------------Rai ses A 1<)1 +A I 1 I *X to powe~ E. 
::oA1 lll/A1 IC•l :A1 101.,~1 <OinE 
'OR J1::1 T,J J9 

A l I ,J 1 I =~ 1 ( J i -1 l *~:. * ( E + 1-J 1 ) I J 1 
IEXT J1 
:NO SUE< 

"Jf< INS1::RT<J·~,A1<11,&1(ll,"CH1il:REM------Inse~t one se~ies 1n.tc ,;,nathe·r. 
·iM A2\0:;J9,(o:J.'4l:REM--f=S AI(I~J,IY.·'·N. z':S 81(Ml,IY''·I1 .. C11NI~X .. N. 
ALL M~fP<J9,~1(l,A~()J 
l 1

• 1 i =.::;~ ( 1 •. 1 ) * ic 1 -~ l ) 
OR ,J ·t = 2 pj 3'1 

S=S+A21J1,J2>*911J21 
. NEXT J2 

Cl IJ ll =S 
Nl:;XT J1 
ERAGC: A2 
END SUE< 

eY 
. SUB ! NVERI ( J9, A1 I 1 l ,IH (1 I I : REI1------:--------Coeff. of inverted series. 
DIM A21l:J9,1:J9> 
CALL NATRIJ9,Alll,A2<>> 
81t!l=l/A1111 ' 
FOR Jl=-2 TO J9 

RO<I) 

FOR J2=1 TO Jl-1 
B=B+A21JI,J2l*B11J2l 

NEXT J2 . 
'131 <Jll=-B/A2<Jl,Jl> 

NEXT, J I 
ERASE A2 
END SUB . 

SUB MATRIJ9,A111l,A212ll1REM MatriM for series raised to integer powers. 
FOR J1'"1 TO J9JA21Jl.,ll•Al (Jl) 1NEXT Jl . 
FOR J1"'2 TO J9 . . . 

FCR J2=J1 TO J9 
..)=~)' 

FOR J::=.Jl-1 TO J2-1 
A=A+A21J3,Jl-ll*A11J2-J3> 

i'IEXT J3. 
A21J2,J1l=A 

NEXT J2:NEXT Jl 
END SUB 

SUB PROD<J9,Allli,B111l,C~<1JIJREM--------------------?rcouct of 2 series. 
FOR J 1=<) TO J9 

C=O 
FOR J2=<:0 TO J 1 

c~C+A11J2l*B11J1-J21 
NEXT J2 
Cl IJ!l=C 

NEXT J1. 
END sua 

~· 
~ 
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C[(~ ---
02-10-1989 07:14:47 IDCAP1 

L 1 = 4. 000 D 1 = 3. 2000 H2=0. 7200 D3= 6. 200(1 
MU= 1.05 EPT= 1.1200 EM=1.4250 EB= 3.0800 
CON= 1 •. 824E +0 1 COB= 1. 2320E +01 C0=:3. 0560E +01 Cl =3. 234E +01 

DEFDBL A-Z 
CLS 
PRINT DATE$;" ";TIME$;" IDCAP1":PRINT 
Al $="COM~#. =IUHV""''" COB=#.####'''"""" CO=#. ###tV'""'' Cl=#. ###"'"'"'"'" 
A2$="L1=##.### D1=##.#### H2=#.#### D3=##.#### 
A3$="MU=##.## EPT=##.#### EM=#.#### EB=##.####" 
READ L1,D1,H2,D3,MU,EPT,EM,EB. 
REM--Lt=Lambda; D1=1/2 length of pole in direction perpendicular to beam; 
REM--H2=distance from pole to symmetry plane betwe~n poles; D3=height of pole. 
REM--J"!U=permeability of CSEM; EPT=e.xc'ess flw:coeff. for pole face and .~ideJ ~ 
REM--EN=fluxcoeff. fo~ flux from pcile to midplan~ for +++ excitation; 
:iE:M--EB=fluxcoeff. for.flux fro.n Cane) -side and ·top of 2D ID. 
PI =4*ATN (·1): D2=Ll /4.:.,H2 .. ·' 
ET=L1/4/H2:ET=C.!ET+l>*LO~CET+1J-CET~1)*LOGCET-1Jl/PI 
C2=4* <03* <MU*D1./H2+ETJ -rD!.~ CEF'Ti·ET> +D2*· 5) 
COM=4:t.Et1':!CD1: COB=2*EB:t.L1 /2 
Cl=(C2-COM-COBJ/4 
PRINT USING A2$;L1;D1;H2;D3 
PRINT USING A3'li;t1U;EPT;EM;EB-

.PRINT USING At$; COM; COEc; COM+CC!B; Ct 

DATA 4,3.2,.72,6.2,1.05,1.12,1.425,3.08 
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ENGINEERING NOTE M0123 ·' H6239 
~"' MO. , ....... I"' 

Klaus Halbach r··· . HEOWHCAl \0' BERKELEY 4/23/84 
,.o, ..... _ •o.t,~l -·""• 1 .... ·. 

ltECHAIUCAl ENGINEERING • GENERAL 

KATHEK4.TICS, D£RIYATIOHS, caf'UTERS, PROGRA111HNG, ETC. 
'" CALC)JLATION OF INVERSE TRlCONOHF.TllC FU~(:~JONS ON THE IIIH PC 

OR OTHER MICROCOMPUTERS .. \ 

' 
I<t has recenUy come t.o my attention tlllat tlhe &ASIC that co.e3 wl th 

the ublq~ltous IBM PC (and many other microcomputers) provides the u3er 
ly one In trigonometric f.unc:tlon, namely t-he arctangent. 

furthermore, 1t ls recommended to use the following algorithms (Ol. (Q)). 

when only the value S or the Sin function, or only the va·lue C or the cos 
function, Is known. 

( 1) S • SIN(A) 

(2) C • COS(A) 

(3) A • ATN(S/SQR(1·S 1 S)) 

(~) A • 1' .• 570796 • ATN(C/SQR(1·C 1 C)} 

Both (3) and (ij) have _the problem that an overrlow can occur. It 

would be folly to assume that this will not happen: depending on what 

type or calculation one 18 doins, it Is not at all unlikely that the angle 

A Is exactly t Pl/2 or 0 or PI. Since 1t 1s a rather poor programming 

practice to enter a number llke Pl/2 In dlgltal.form, 1 assume below that 

the computer has PI, or lt has been established by executing early In the . 
program 

(5) Pl • 41 ATN(I). 

The rollowlns algorithms avoid the overflow problems: 

(6) A • z•ATN(S/(l+SQR(l·S•S~)) 
<.~ 

(7) A • PI/2·2 1 ATN(CI(I+SQR(I:C 1 C))) 
·,· 

(6) returl'l3 • PI/2<A<PII2, and (T) returu O<A<Pl. 
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",~ALCUL,~TlOH, OF·;.~NVER1E- TRIC'ONOHETklC F.UNCTIONS ON THE IBH PC 
'OR OfH'H HICitOCUHI"UTEIS 

.... ~ -... 

·' 
Clri~~ly rel'ated·;to this. Ia the problem or conversion trott Cartesian to 

polar coordinates. 

~-.. 
, ... ,.zr ·X'·and .. 'i are ·'known, 
~ ~- .. . . . 

-,,j,) 

(8) X • R1COS(A) 

·• 
(9). y·. R'SII/(4}, 

·R• and- A are obtained tl'om 

(I~) R • SQR(X 1 X•Y'r) 

(11) A • SC(Y)'(Pl/2-21 ATN(X/(R+ABS(Y))l) 

(12) SC(r) • 1•SCNCYi 1 {1-SCN<r)) 

It th.e true/false statment (Y < 0) can be usP.d (as :'is leg;.l on the Ut1 PC 
': ·-~.· 'v :· ·~ 

and ~~~any other microcomputers), one can use 

(13) SC(Y) • ·I-21 (Y<Oi, 

al'ld aeta u a all&l'ltly t.etter ron. or < 11 l ' . ' . ~ 

(14) _A • (.5-(J<O))•(P.l-.'':ATN(X{(R•~BS,(Y))l). · 

Ir on!l-. kno..s S and C, one replace~· .In (II) or-;( Ill) X· by· C, l by S, and R 
by 1. · \" '•.:. •r· . ··: ' '· . ., , 

~ ~' 

·1'K" ' "\. -:~' ' 

,..,_.~r~:.,., 

tfl./iil ... / u{ ~=3~ Q J., Vl(o.,ltj d 

I 
~G)=-

I 

j;-t 
~"' 

-N,.,... 

·-, 

~ It 

f1,.~ ~~ [,·ft.t.! :,,(.\l:.L-t41)C j 'f,{A-/'=- ;( 

tftAp of (•'"' If: ff,(llt''#)= t+c~Jh{~) 

L-A oas~ ~·' ro ,fla,f cos A ('6) ~> li 
g,(t\-t-'.1e/ ~ .. l+CD~A{~,} 
flta ~.tot (,'"<Iff; «.rt ~ :;.n.f.t.f0 -dJ../, At 

''" ~ t -~ ei 5: 1\ 3 ' f' () '" _ _(J .,. '- ,-; 

~ 
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