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ITLE

- PROGRAM FOR PRODUCING DESIRED MAGNETIC FIELDS IN A GIVEN REGION WITH MINIMUM ENERGY

RN

Abstract | ,
F1e1d is a.program that determ1nes a conf1gurat1on of conductors that '
i produce a desired magnetic f1e1d w1th a minimum stored enerqy (1) PresentIy
there are two important restrictions: ' ‘
| I. The f1e1d constraints are spec1f1ed on the m1d p]ane

2. One has a Neumann boundry cond1t1on on the mid p1ane (f1e1d I1nes
‘are perpend1cu1ar) f o _

Genera1 Pr1nc1p1es

»waw~»"~*~« In-order to accomplish the- abeve task-the- program etes a function set
spec1f1ed by the proqrammer( ) and determ1nes its cueff1c1ents such that
the field constraints are sat1sf1ed and the energy - subJect to the funct1on

wi~set chosen - is minimized..- This is accomp11shed by. so1v1ng a constra1ned

minimization problem using Lagrange's mu1t1p11ers.

1. This minimum is dependant on- the funct1on set chosen

2. Currently thereare1ﬂnee types of funct1on sets ava11ab1e as a standard.

" part of the program. These are:
1. F(2) =%, An - (Z/R0)" L
U v ; N '-'§
a = N/Z o S R
e F (Z) ] © An e« Cos (noZ/Rq) + s .

¥

' !
N N

-Tilln"' |
© 3. F(Z)=1z% An {Log ((Z-2n)/Ro) +

. v IR
- G

"~w*~w¢v~%¥i~w~n=1_v-~—ALoq((Z Zn)/Ro) } | -+

The aboxe function corresponds to hawﬁmg’fiIaments at location
Z and In that are outside the. region @f interest.

——



~LBID 120

LAWRENCE BERKELEY LABORATORY - UNIVERSITY OF CALIFORNIA CODE SERIAL PAGE
ENGINEERING NOTE PE0T03 M5374 2 or 21
’ AUTHOR DEPARTMENT LOCATION - DATE ) .
Halbach Mechanical Engineering Berkeley June 13, 1979

J. Singh/K.

General Princip]es (cont'd)

In order to phys1ca11y rea11ze the des1red f1e1ds, 1t is assumed that

" . one has steel surrounding the reg1on of 1nterest, j H-dz is ca]cu]ated

> >

along the boundary and current f11aments (w1th 1=/ H-dl) are: p1aced just

1ns1de of it so as to produce the tangential f1e1d components that produce

---the desired field on the 1ns1de of ‘the reglon.of interest.

i
oo e
i

Theorxr

i
‘.
t

i
‘
.-

In order to numer1ca1]y ca]cu]ate ‘the energy as.a funct1on of the

coeff1c1ents of the. funct1on set we proceed as fo]]ows.:'

Let F(Z) be a funct1on of a comp]ex var1ab1e JA u1th rea] and 1mag1nary :

i

é

i
i

i

parts A and V, further Tlet A and V be the vector and sca]ar potent1a1s of

‘a magnetostat1c f1e]d

A and V satisfy the Cauch/-Re1mann cond1t1ons and so F(Z) 1s an ana]yt1c

1

. .

funct1on of Z. | ;.

i

I
j

i
P

From the magnetostat1c equattons it can be shown that

[O—— PSS N——

From the re]af1onsh1ps between the f1e1ds and the potent1als 1t fo]]ows

that:

where

i
i
|

i

B*(Z)

B*(Z) is the conplex

i =\/:T-:

F (Z)

The stored energy E is given by:

ZuIB

_ﬁ_l
dz

(Z)

S
.
i
)
{

l
f
S
]
i

conJugate of the magnet1c 1nduct1on

H

I

(z) - B (Z) do

Where do is an area element 1n the Z p]ane

|

|
.

(1)

B(2)




O

b LBID 120

LAWRENCE BERKELEY LABORATORY - UNIVERSITY OF CALIFORNIA CODE SERIAL PAGE

ENGINEERING NOTE = [pec03 | m5374 3 or 21

- {AUTHOR . DEPARTMENT LOCATION DATE

1
[ESw— -

_..,,‘,.

,“m~;~ah's must be real coefficients.
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Since B(Z) . B(Z)* is a rea]-duantity it follows that E must be real.

In order to evaluate this expresssion we proceed as follows:

F(2) -

a, gn(Z) LAZ) + iV N5 N )
n - :

M=
, -

"In the above expressions the an‘s must be chosen such that one has a

Neumann boundary condition at the midrplané. This implies that the

e i et o e B i i 1 e e o

.B*‘(7'-)‘ 12a g‘(Z) _" SR ()

So - E=zz% ,— a, *a. 97, (Z) . g*‘ (Z) do ' (6)
. nm 2“0  limn“ m coom : , o

If one exchanges m and n one gets the complex conjugate of the above

~integral, however, the value of the integral must remain unhanged by

- ‘this eXchange hence the integral must be real and so: ;
E= Re {zz 1 ‘[ a-ca g (Z) « g* (Z) do } (7)
o o am 2uo n ] n m _
Let G(Z,Z*) be a function such that: = - e
B ST e e, @
o It can be shown 1n general that o ) ' ' - éuw”””;_, L
R G(Z,Z*) do = 1 jzge(z z*) z | / O (9)
SR R Y23 :‘2‘1’ | ~ . . »
B |
|
[ N Bl
|
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" Hence

i
Lo !

from equat1ons 7 and 9

§ "E-Mzz{-v¥L~

" MNow

i mn 21" 2u,

A L1V

[=X
N

- 47y

ao L]

SO

'(g
|-

_ g dg

t_l9m"d97 -2 vm'dgn

': (14)

=9 -z1v . (m)
dA + 1dV 12)
- 21V );. dg, (13)

. Since gm and gn are ana]yticvfhhctions _ - -
. 6 g o g dZ 0 i - —- « ’_
. Hence § g* dg; = -21§ V dg B - (18)

From e

if;-}-z1¢ v
~21§ V.

(dA + i dV )

3

dA + 2§V dV

quatlon ]0-and 17 thls g1ves
; anam §

Re L {-¢ VvV d

nim Zuo : m

--a

£ "%

g

. E

a ‘ !
m i

e
[an)

Ay =14 VydVp}

Jome e e e

| Q(18) |

(19)

But si

™M

m. 2
Bk l

nce ¢ V dA = =§ A, dV

E= zz‘%am§A w
n-m-

elemen

Then Wi

If ai

e get

f
i
!
|

T

S a

-¢ A dv.

Es ’
J

1

T
T § Yy dAy

column vector of the ‘coefficients and m-is

a

‘matrix whose -

i

(20)

| (20.1)

(21)
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In order to find the coefficients vector we have the following minimization
: | ‘ | : l
-problem: ; i
Minimize E = al Ma
| : g s -
subJect to -i aT' g*’ (Z ) = bj : - (22)
i SN SRS R
= where b is the f1e1d at Z; L %fggﬁa“jv;'"'f |
N and g*(Z ) s the co]umn vector whose element are. -
.- ! . : . . [T F ;
[ . . B UV P B :
. I i (Z ) ‘ : ; . ‘
Let zk ’ k = 1 2 'f°'°Jh} be J Lagrange nu1t1p11ers where J #-of ;
: | f1eldlconstra1nts, let L be a co]umn vector with e]ements zk, then' , ?
o } aa +L7@ - B) @
- - . - I : ' ,;, ~ A,‘, R j . — —— i e . '
Here P,and B are co]umn vectors with elements p and b ' ;
J_1s the.des1red magnet1c~1nduct1on at po1nt 3 and Pjh1s g1ven by the - -
: ~ fo]]ow1ng. % o _
Py = - gT- 2;) - (28)
For U ‘to be a minimum o
. L ; (25)
. aa = 0 : n= ] otco-N i
B | R ' - : " ce
) -8—9-: = 0: k- ] ooo-\] ‘ 77777 (26)
o This gives the following matrix.equation.‘ |
| « | ] ' ;
— - L G Re— e 27)
where U is a co]umn vector whose e]ement uJ %%3‘ foﬁ»j <N 5 (28)'v
, ; ;’ . - ! | Lo ‘ S
| andtug 3_ for N<J<N+J ' ; ' (29) |
e e e IR E)R,J I } ;_ P e e
. | : RS
| ‘ o
B B i
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i
Lo
¥

The e]ements of ¢ are'

i
1

e T ZM for. J<N and ke | = P NSRRI

.l
= - aJ g* ‘(ZR) J<N and N<k<N+J
I j

SRR R

- cjk = -tak g k (Z ) -bj N<J<N+J k<N a

D Cjk = 0 o 3 N<J$N+J, N<keN+d

- .~ .1 . Equation 27 is shown as a'partitioned-_matrix equation below:

IR a o . S

. _]aagj (Zk)  Ar .- 2,

0.0 ey

o

”;igffe;.a " >: This gi

" o S I
i - !
Sl secalGases il

Let us cons1der ‘the cases where the reglon of interest is : circular
[, R :

and the funct1on set chosen is:
1.. f(Z) Za Z _ g R R « ,ui'

2. F(2) 1og (z-2.) 1og @z T o

3

P
o
!

Yelo |

Function set 2 above corresponds to hav1ng fllaments at Z and Z:.' These
must be outside the region of 1nterest |

e For the first function type we have: ' R
L : | . N |

.___..._.,.»
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A =

<
u

N o ' .
= _Za R {cos_ng + i

Za

Za

I

L n_ ig\n n, i
z anZ éz a, (Re ,): z anR ze

né

i
i
P

nRn cos ng

R" sin ng

sin‘QQL :

“nm.

N

?
i
!
1
|
]
i

™N -
S

i
'

n the above expression =

COS N ¢+ M COS M d¢; (from 20.1)
. ' . P xE . .o

S

.for

e e A S
n'jP cos” ngdg = I T

i ) ]
!
;

AN B - o :
o o lon o . U o vvvvvv
. S0 .Mnm T R= n,‘ ..H N 'fOr' .nA_..m . -
) =0 .| forn=m
_ ] o ) o »
e 1| zal R (32)
. = zrotf | : i
For case 2 we have the following: :
' “i't" Wy : ;] L R
g étlif : dxdy (33)
I, 7z XY |
1L (-zt)dz (39
.21 Jz-z .z i ; .
o | o m é ;
N IR, | 5
z=re'?, z*w"ALE ’ ! i
C 9 ] ]
; RN I O | N Y
> I-= sz_--f L (1‘ -Z-Z-;I ) dz : (35)

!

For large

Since we have

R thfs integra]'%“ﬂ"

a singularity at z zx =

7000-84246 RL-3330A (Rev. §/76)
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1

|
]
y
!
I

From the residue theorem we have - b )
' P o 1 B "fgfl' R
S A R | f 1 tn (1 - r;) dz _ nLn (1-r%) o o
- . 1 —7 R : T .
R ,2? n o “??p. L ;:,;.js;ﬁ:?n?m o o ,(36) ,
. .}V Hence | - .j;m_é' -Ijn(1- !fﬁ ) ﬁ“fﬁ vi;f“”"‘$'”;w”” A (37) ;

oo sinee | E=zz dnfm f(1-, 1 ¥E1 0, 10} dXdy | (38)

b
Wﬁa-t"l

o

-

o

|

|

N

h

N

’

D
LN :
s ’=l* i

N #

N

"%

i

N

*

N

i

From 37 and 38 one getS'%' Tl
CEerz tmin (0-p2 ) 0420 -r) (-0 gy
2w, ' Zn’m Znfm . %fm o ZnPm
U N E S B :
M=t (- r2) (1 -r2) Q- :2*) a - ':2*) T (40)
N N * .
o om B R A A |
- S A S A S -
The Program . )
"G’e’n'er'a{ e 1 R . R

The Program has beeh whitten in'FORTRAN version IV and resides in the

- ;"' : L1brary Newmagnets on the PSS system in the update format In order'to run -

“the program one has to access the appropr1ate PSS subset throuth the

.Fetchps card. In add1t1on one needs to access the GRAFPACK subroutines.
i

B | Presently the follow1ng contro] cards are needed to run the program

i J |
o I _:@‘_.; L l'
| . _! - E S ff_ s N
: I f | | A !
i ] ;
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Fetchps, Newmagnets/ 01dp1/F1e1d R R o f
* Update, | f p,...etc. 4 R PO N
| w;.FTN4 R = 3,....etc. T",i | i R R 1%- |
"m'Fetchps GPACBN7, TVLGO/RB AIDBN, OPNBN CCBN PRBN, DBN | 5
: Link, X, F, F = TVLGO, ED, | ' %
_ _ eiﬂ L . i ;;.,{ j,f”f?L.ZQ[L.;ﬂﬁ; e é;
Program Inguts and Outputs ' ? o |
‘ X ‘ Tﬂe following 1s a sequence of 1nputs!to the program :‘ ' ‘%.;
f 1. Prob]em Name. To be spec1f1ed on[the first 1nput card in. the _ .
| 'I3A10 format - any str1ng of 30 ch;racters or 1ess L
2. The degree of the funotlon set se{ected“-N "
: | The # of g°"St”a‘“tS e 4"f:if;iiiiu::;?:i;lj;;nj;;ﬁm;;.;_ :
'The type of potent1al‘map desired MP. SOl S 8
" MP’=?1 for vector_potent1a1 - » :
M ?"2 for sca]ar potential " -
.“{ 5The above quant1t1es ;re format free 1nputs. ‘ o
- , 3., The X coomd1nates at mhlch f1e1dstare spec1f1ed Present1y f1e1ds e
| desired can on]y be spec1f1ed on the mid- p]ane. The 1nputs are . -
| format free_ o §f,:t (:";;_étﬁaju;”‘;m_!; S p;
4.§ Value of B at the po1nts specified in (3). Present]y the fields
wéh'areweeeumed to be normeivam the-m;owo{;helwn;hem;hputs are format‘
'free. "{, | ~' ‘g 'ﬁ »',. E ;» 1 % .E' N
' 5.§ A sequence of va]ues DX DY, SCALE XMN YMN iIDEV KMIN, LMIN v
LMAX, NLIN Where: - ; '——“ o i ) -----
| DX = & 1ncrements for the gr1d % f
DY = Y 1ncrements for the grid % j
-“~”mﬁw"“‘mﬁwmm*“*”"mW~Mm_§ce1e = scale of the “const A or V‘oiofuwré i o N 3
5 : (works only for calcomp plots) ﬁ |

---------
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[ ’ t
v . . §
!

- XMN,

I Co

In order to get more than one dev1c

those devices. § _ ‘-§~ .

KMIN =
| LMINI p]ots are requ1red ; :

: 3
;IDEV
_ P N |
B = Calcomp 2N IR
2 '= Printer pPlot LT
3 = Wicrofiche ' . L

e add

l

i

type of dev1ce on wh1ch plots are to be obtalned
_ , ] o

the dev1ce codes for ;M;‘

'i;;_'t;ﬁ,

Ainimum log1ca1 coordlnate for wh1ch const A or V

YMN = W1n X and Y that one m1ght p0551b1y need for the gr1d

“KHAX =
. LMAX;

plots are requ1red _gr
_:The m1n1mum X coord1nate for the gr

'Max X XMIN_+_ (KMAX --KMIN) * DX

1d

XN+ (KMIN;l

Maximum loglcal coord1nates for wh1ch const Alor V

)#DX‘ |

, “M1n v = YMIN + (KMIN -1) * nr
"fMax Y = YHIN + (LMAX - men) * DY

NLIN 1s the. number of field 11nes to be p]otted

6.

-7

1

__;_;”_comput1ngJFA

!

The major and minor rad11 of the e1]1pse RMAJ and RMIN w1th1n which

I

i

11es the reg1on of 1nterest, and the # of d1v151ons HDIV for

[
i

sequence RMAJ RMIN, NDIV

i
!
l

M1n1mum and max1mum values of the: vector or scalar potent1als to be

,p]otted Pm1n and. Pmax. If. Pm1n Pmax =

l

i
b

} ——

dv on the e]11pse..wlnputs are format free in the

E

1
i

0.0, scaling 1s done

1nterna]1y s 1 e. the max and min va]ues of potentlals are p1cked

Y

1nterna11y from the entlre grid reg1on.

This 1s a reasonable th1ng

“""to do if there are no f1e1d concentrat1ons, otherw1se w1th this opt1on

most of the field lines appear near these points and most of the

‘rest of the picture is blank.

““determined by the flag opt1on descr1bed

be]ow

The other sca]1ng opt1ons are

'7600-854248 RL-3220A (Rev. 8/76)
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|

2

|

|

F]ag for the 1nterva]s of the constant potent1a1 11nes to be

1

-
|

I

p1otted LG. o jnti.ij';-' |
L7 LG =1 for linear intervals !1 . g
= 2 logrithmic intervals | :
= 3 Tlinear intervals intervals, but Pm1n and Pmax;

w1]1 be se]ected on the m1d p]ane.

"Region” of’X fbr wh1ch a By vs'X° p1ot is de51red.

I

ix* X 1 = min X | ?
L " XP 2 = max X o . v
: rbThe sequence of input values ts»Pmin, Pmex;.LG;TXPl and XP2. ?
- L | , L T oot |
% - 8. nype of funct1on set to be'fitte@fand'the_nofma]ization‘radius. %;:
- IFN~=_1__;_>_F(Z) (ANmfmZ *v* ;)“';;
=20 > F(Z) = ¢ AL Sin (N*Z) + B, Cos (N*Z) |
- =3 =>F(Z) =1z A, (Log (i Z‘) + 1og (Z-Z* )) |
g)
Summary R %
“fThe fo]]ow1ng read statements prov1de a-snmmenyvetttnputs:”?tﬁ'““*"“~“"““~é?
1. Read 300, (Aname (IQ), = 1,3) .
300 Format. (3410) § o
2. Read * . N, M, MP ~@wé‘ —- - v
N 3. Read * (Z(I), I=1,Mm) {MN = M+ N} ‘internally determined
y 4. Read * , (VV(I), 1 MN) - . : o
"""" “5. Read * , DX, DY, SCALE, XM, YMn,fioEV;“KMIN, KMAX, LMIN, LMAX, NLIN
6. Read * , RMAJ, RMIN, NDIV | '§ f
7. Read * , EMIN eHAX, LG, KP1, XP2 § |
o[- 8, Read * , IFN RO ;w - -?
[ !
| e 2

nnnnn

TIYT G998 A D ass R MOV
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L1st of 1nputs 1n near]y the same order as 1t was 1nputted

1.
2.‘E Value of the coeff1c1ents and Lagrange mu1t1p11ers. The first
N va]ues correspond to the coeff1c1ents and - the next M corresponds'
‘to the Lagrange mut1p11ers. - iv.:; g -"%;-‘ : % - i
3. ‘Value of Qy at the spec1f1ed p01nts obtained by f1tt1ng the o
_ polynom1a1 ‘This shou]d check W1th the input. ) ? o i
B :54. Va]ue_of the energy 1n jou]es/M ootalned from the matrix and _ﬂwm;ggw_
5. Ed1t Under the head1ngs~ L lﬁJQwﬂ;.fﬁj}fcyg T~--1 | E'
= BN N I "”"“"“”“7ll'v L L
x coord y coord Bx; By Vec Pot  Scal Pot |
TThese are se]f exp]anatory, th1s ca]cu]at1on;1s done in the » Z
reg1on bounded by KMIN KMAX LMIN LMAX and at intervals of Dx é
and Dy._ !-“"' L L o l. o E i, 1 : i %
'6. »Map of vecLor or scalaL potent1a]{for the aboJe edit reg10n. : _ %
. 7.] Contour values. These are the va]ues of the constant vector/sca]ar -
3 potent1a1 H1nes p]otted i; L ;;'i‘ e % _;m;;_ammsi“a..
8. Map of veclor and sca]ar potent1a1 and the current along the o
| ellipse o; interest to produce the des1red f1e1ds, this appears
under the headmg A|1PS | ; .
k',;l | ‘9.2 Energy in Joules/M obta1ned from ADV on the ellipse of 1nterest
: ; Th1s is mere]y a check value and shou]d correspond to that obta1ned
I | _in (4) above. N 1 | . R R S
10.! Plot of the constant sta]ar/vecton potential nap with thej
appropriate heading-ifza printer pdot was requested ;
?~i~ ) in.;,P1ot of By‘vs X on the mid p]ane 1f a printer p]ot was requested
‘ ! [ !
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A Sample Prob]em (PEP K1cker)

|

l

A w1th1n wh1ch a f1e1d with the ﬁo]]ow1ng characterst1cs

B ]

2‘4 1023

|
a
!

Aﬁlven._wAn e]lipse w1th maJor radlus_ 3. cms._and. qlnorwradlus 4.8 cms.
: !

has to be produced

R S

A_i

i
J

1 z I

where d 1s the’ f1e1d at the origin, r = Gfém’ahdvéj 1s the f1e]d at a:

'flocatlon 3.8 cms from the or1g1

.Tiw1th1n

f
a 20% band

|
B
Ne

The fleld at 3.8 ¥ 8 cm is to be o

; . .below:

A f1e1d proflle that sa

t1sf1es thls cr1ter1on is shown'
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The inputs and selg;ted outputs fbf“théuprbblem.5fé”bko§idéd below:

June 13,

1979

The~prbb]em is solved for’all the three typés'of functibn sets mentioned.
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