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1. IHTROMICTION
A special purpose computer program has been written for deslgning
pariodic magnets composed of an array of permanent magnet blocks such as
the onpr illustrated in fig.1. Such magnets are the basis of devices known
as undulators and Ffree electron lasers which are being studied at Dares-

(1,

bury the former for possible inclusion in the Synchrotron Radiatlon
Source and the latter in connection with the UK free electron laser pro-

posal (a DBaresbury/Glasgow/lleriot-Watt collaboration}.

Prrmanent maqnets offer many advantages over electromngnets For these
typrs of device, particulariy when short periods are required. This is
laryrly a rosult of the availabiiity of rare eavth cobalt material with
high remanent Fiald, typitally in the range 0.8-1.0 T. This material has
an rasy axis of magnetisation and permrability very close to unity both
parallel and perpendicular to this direction and as a result can be repre-
sented mathematically by a set of surface currents around a volume in which
thare ig unifnrm maqnetisatién. This property means that finear superposi-
tion applies and that the magnetic field distribution can be calculated
mich morr simply than for electromagnerts or other types of permanent magnet,
and it 1s for this reason that a new program has been written rather than

making use of aexisting codes.

In this veport the mathematical basis of the program is described and
the results of various tests to confirm fts correct operation with a real-
jgtic maynet geometry are presented, inclwding comparlson with an earlier
(L.2) 4

2) progyram which had been chaecked against a 2D analytic formula

comprehensive user guide is also included.

2. MATIEMATICAL BASIS OF PHU3D

The magnetic Field generated by a current 1 flowing in an element «d}

600N
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can be expressed as follows {in SI units}:

by AL x
aB = — —_— {1)

4n 3
r

[+]

whare r is the vector [rom the current elément to the Field point. 1In the
case of a permanent magnet the magnetisation, M, produces an equivalent
current density, J, given by

3=9-H
and so,

Idl=4Jadv= (% .M av
where dV is an element of volume. In the present study the maguetlaation
is assumed to he uniform withln each bLlock so that the calculation invalves
sucrface currents only. In additinn it is alsc assumed in the followlng
that each block has Lts Eaces parallel to axes of a carteslan coordinate
gystem, which is the usual case in the type of periodic magnet that will
be studied using PMU3D. In this case

14l = - (1. ) (2
vwhere dA = (dydz, dxdz, dxdy) 1ls a vertor normAal to a surface of the blo;k
and pointing inwards, and hence From (1)} and (2}

Wy O .an) .x
dﬂﬂ-—d—n —_—
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Using a standard vector ldentity the Field due to a sinfle suvface of a

block of material becomes

HOHt_r_-u)ﬁ_n- (x . anp
R = - — — = =
- 4I1 r3

For example, the vertical component of field due to a block of material in

which the magnetisation has components only in the y and % directions can

he written

u -
B =~-21n z dx dz _ xdy dz _ z dx dy (N
Y an z 3 b 2 b4 £3

r
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In the abowve formula only thome faces with posttive components of gh have
been inclnded: a similar seb of integrals must be evaluakted for the three

oppanite faves for which the components of dh are negative.

Bauation{3} can be generslised to glve each component of fleld due to

a hlock of matartak with arbitrary magnetisation dlrections-

r dn ¥, dA,
FE. ff ﬁ£[[M {é}
1:1 r3

whers again only three of the faces of the hlock have baen included in the

s ton.

In yrneral there are a bobtal of eight double lntegrals to be evaluated
for aach component of fleld angd these are of two types, which can be palved

by use of standard lntegrals:-

r_r
j2 k2
v dh g, dr, dr
Type 1 o M 0 TR L1 where £ ¥ k ¥ §
3 | 3
r ox
31 ki
v
k2, e x
j2 2 xz
1
u [i? de, = - *n{!‘k + r)}
r £ or
v il 31 %1
k1

“noting that ¢ = (ri + ri + ri)"z. Tha limits in the last expreseion are

evaluated an Follows:

-;xzy? N
IS EWS = Fix ,¥v ¥+ Fix ¥}~ Plx ,¥ } ~ Flx ,¥v }
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the final expreseion is therefore
2 v ¥ r r
" Z: 3 k2 o 12 k3
B, = == H 2 (x, + r} & M |tant LK {5}
i an 51 ] - i S
371 31kl ’ i) k1

In an initlal wersion of the program the integrals were approximabed by
dividing each serface into a number of strips, allowing an aasy numerical
solutlon. This alternative gave ldentical results to the method described
ahove when Eive or more sirips were used and so provided a test of the sat-
isfactory operation of the progras, in addéition to the study of a rmalistic

magnet geometry described in the next section.

3. RESULTE OF TESTS USING PHUID
Ae a first test that the program generates accurate solutions in three
dimensions calculationg were carried oul on & sisgle syuare block,. The
block geometry and the resvits for the wertical component of field, ﬁy, are
shown in fig.z. The field is symmetrical with respeet to the » and = axes
and has the expected dlstribution, confivming that the contyibutions From

all the block faces have haen corractly computed.

“The geomebry chosen For the testw on an array of blocks 1s shown in
Flgats "his is adenquate to demonsirate the operatlon of the program but
in any practical magnet there would be many more periods. In all the cal-

culations the blocks have a cross seckion of 20 % 20 mm? amd the gap is



25 mn. ‘The dirsgtions of magnetisation are as indicated. “The results from
PMUID were First compared with those from the 20 program: it was shown in
the pimit of vecy larye widths, w, that the programg gave identical resulte.
The tests described below were then carvied out for smaller widths. Re-

syl ts are presented for the vertical component of fleld tﬁY} only, since
¢hin component determines the maior features of the trajectory of asn e2isgc-

tron béam passing along the axis Oof the magast.

Figqure 2 shows the field distribution along the ¥y axis for differeant
blogk widtha. It gan be gseen that the fleld is roughly sinusoidal as ex-—
pected and that the Fleld amplitude increases as the width ig increased,
approaching the limiting value for infinite wideh given by the 2 program.
Flgure 4 shows the fiedd asplitude, B, as a function of width in more de-
tail and it can bhe seen that chere are small bot algnificant differences
bBatwaoen the 30 and 2D results even st larye widths, for exmmple the differ-

ence in field being 2% at w=170 mn.

In the next two figures the field varfation aleng the x axls is exam-
ined, It is this variation which im of major concern in determining the
wideh requivred f£or 4 practical magnet. Pigure % shows how the fleld homo~
ganeity directly under a pole {z=0) improves as the bloaﬁ wideh increases.
In fig.6 the field vaviation is shown for different z positions along the
magnet. The distributions are similar, indicating that the homogeneity for

2=0 is oharacteristic of the magnet as a whele,

These results demonstrate that good corrvespomdence with the 2D program
cun fwx achieved in the Limit of large widths and that <onsistent and be-
lievable solntions ave obhtalned Ffor vealistic M magnet geometries. There-
fore the program im judged to bhe a reliable toul for the degign of guoh mag-—

nek systems. The amount of computer storage and exetotion time réequired {s

&640ARN

minlewl, enabling a design to be aptimlzed very casily and efficlently.
More conprehensive wesults wleh wvarlation of pagpet parameters sach ag

period, gap and block helght will be described in a future report.

G USER GUInE

The progrum is intenmded for the design of plane periddic permanent
magnet systems S6 & pumber of simplifying assumptions have been made, for
axample that the blooks are all of the sase dimension and that the magnat-
igsation direchions rotate from hlock to block in the usual fashion {yee
Fig.1). Ia the version of the program described only the vertical cowpon-
ent of Field is calculated and details only of the top array of blooks nead
¢ speclfied. A feature of the program is the ablliky to divide the hilooks
into sections of different helght along khe x direction, as in fig.?, for
the purpose of improving the fleld guality. fThis nowsl shisming technisgue

will be deacribed in a subsequent repurt,

4.1 Table of Input Parametery

The following shows the organisation of the input data on diffocent

cards, ‘The data are given in free format. All dimensions are in milli-

mRLYES .

ND Rp NS HSYH 1 card

BM ZMINRE  ZHAXT  ANG 1 card

NMEINT  MHRXI  ¥HINI  YHAXI HE tards
ROQUT N (134 RZ 1 card

™iIN XMAX ¥MER YHAX AMEM ZMAXK 1 curd

™he meaning of the variouws parameters is as followas
NB total number of blovks (top arvay only, maximum = 100])
P npumber of blocks per period

23] nutber of sections in the x dlrection (maximum = 5}

S40REH



H5¥ caleulate Fleld due to: HSYMw=I  Pop arrvay of bloeks only

HGYM=2  top and bottom arrays of blocks
AM ramanent fleld of Lhe saterial (Tesial
ZRINE, ZMAXYL mlnibum and maxfmn positiens sccupled by the magnet in the =z
dlrecrion.
AKG  angle between the magneti;atlon directlon {in the y~z plane} and the
y anis for the first bleck {Fface ab BMINI).
AMINL, EMAXT, YMIMNI, YMAXY define the size of each mection of the blocks.
HOFE deternlnes the foromat in whichk the resulta are printed:
=1 printa results fur x-y plane at dlfferent 2z values.
=2 prints results for y=-z plane at diFferent x values.
w3 prints results For x-z plane at different y valoeg.
For each plane a maximumm array slze of 53 ¥ 15 points is permitted,
¥4, NHY, NZ number wf equi-spaced field points to be calceulated in each
direction.
XMIN, WMAX, YMIN, YMAX, ZP%I&, ZMAX defines the region in which the

magnetio Fleld la calculated.

4.3 Example

the following are the input cards needed for the geometry of fig.?,

asgsuming two arrays of bilocks and a remanent field of 0.9% T

18 4 3 2

#4895 -120.86 124,08 0.0
-B0.0 ~4%.8 2.5 25.0
=40.0 30.0 12.3 154

0.8 S0.0 12,5 26.0

3 10 8 &
~150., 0

104.0 ~58.8 50.0 0.8 8.0

The program will print 50 £ield values for the x~y plane at #ix 4iffereat

B4OABN

z valwef$f. As accompanylng map of fleld lwemogenelvy Ls alye glven in each

case,

5. CONCLUS IONS

A progrsm for degigning periodic permanent magnet systems consloting
of rare esrth cobalt blocks has been developed and Fully tested on a range
vf magnet geometries. Aszcurate three dimenglonal fleld calculations as re-
guired For practical designs of magoets for undulators and free electron
laxaery ¢an be performed simply and wery efficlently. ‘he program bas al-
ready bheen wsed In the stoly of an undulator switable for the Synehrotron
Radiation Source and of a possible magnet system For a proposed free slec-
tran laser project. Aithough the program was deslgned gpecifically for use
with periodic magnets the field camputntilon roptines have been written in
a complerely general way allowinsg a more geseral purpose progras to be

written easily M required, and some development work ls cestlsuing on thls

topic.
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FIGURE CAPTIONS

Banic geometry of a periodic magnet,

Relative fleld Aistribution in x-y plane for a single sguare

sagnet Blogk.

Field distribution along y axis for differest block widtha.

Vvaviation of maximum £iald with block width.

Relative fleld digtributions for diffevent block widths.

field distributions for different y-coordinates.

Example of perlodic magnet geometry than can be Handled by

PHU3G.

¢



| AN
i}

210\ 3'0 z (mm}

M=0"

Basic geometry of & periodic magnet

Fig.1

Refative field distribution in x ~ z plane for a single sguare magnel block

Fig. 2



- 0.6 20 Computalion
wimm}
¥ 20
2 40
a Fa:ed
4 oo
0.5
=
o T T e 50 2 (mm) o
04
N, -0.4 ==
-0.6
0.0 v , . . S
104 pela o) 300 400
w fpunn)

Variadion of modimnn field with  bieek  widih

Fictd distcilution along z axis for different block widlhs

Fig. 4
Fig. 3



0 e
-5
8
3o
-1

¥ (rm)
G 20 3;0

40

Helative Heid distributions for  different

Fig. 5

btock

-3y i k) —

wigiths

B(T)

0.1

Z {mmj

10
ih

10 20 30 40 50 80
X {mm)

Fiold disiributions for ditffarent 2 co-ordinates

Fig.6



Z =-120
VAN AN AN AN AN A
A’/
&
- I
| | | l‘ t | 1;@ x
A/
(S
Q
‘\/C‘.? /’a’(o
el = =R 7
- '
als|e]|7|8l|olofl11]|i2]13]14]15|16]17] 18] Y
X
z
by PMUSD

Example of periodic magnet geometry that can be handled
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