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Summary 

I 

At the Eindhoven University of Technology a synchrotron ring is under 

construction called EUTERPE. Primarily the ring will be used as a 

means to induce synchrotron radiation. This radiation can be used in 

various research fields. 

This report deals with the design and field measurements of dipole and 

quadrupole magnets that are to be used in the synchrotron. 

Two quadrupole designs were made with the help of the computer program 

Poisson. One design has a near zero 12-pole field component, the other 

near zero 12-pole and 20-pole components. A prototype of the first 

design was manufactured and field measurements were performed with a 

Hall probe. The good field radius is ±70 % of the aperture radius and 

there was an excellent agreement between the measurements and the 
' 

Poisson calcu!lations. 
! 

The fields in! two prototype dipole magnets were measured. These mag-
! 

nets differ in the kind of steel of which they are built. The steel of 

which dipole #1 has been constructed is suitable for EUTERPE. Although 

the construction and the design of the dipoles is relatively simple 

and straightforward, they proved to be satisfactory. 

For expressing the quadrupole field in multipole components the Hall 

probe measurements were insufficient. Therefore another measuring 

device was developed, which is now manufactured. 

The design of quadrupoles can be done with the aid of analytical 

function theory. A global survey of this method is given for the case 

of a quadrupole with arbitrary polygonal pole faces. 
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1 Introduction 

At the £ind.Hoven University of Technology a small synchrotron, 

EUTERPE, is ,under construction. EUTERPE, after the greek muse of 

music, is an acronym of Eindhoven University of TEchnology Ring for 

Protons and Electrons [Bar 87]. As follows from the acronym the syn

chrotron ring will be used to accelerate both electrons and protons. 

See figure 1,.1 for a plot of the design of EUTERPE [UYT 87] and 

table 1.1 for some parameters concerning the ring. 

extraction 

R.F. 

m 

I 
I 
I 
I 
r---
1 

I 
I 

u 

Figure 1.1 A plot of the structure of the EIJTERPE design. 
Here D is a defocussing quadrupole, F a focussing 
quadrupole, S a sextupole and the rectangles are 
dipoles. 
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Circumference 32 m 
I 

Proton energy 

Electron energy 

Number of fuperperiods/cells 

Proton revolution frequency 

3 - 50 MeV 

25 - 300 MeV 

4/16 

Max! RF voltage 

Electron r~v freq/harm. number 

Max. RF voltage 

0.75 - 2.94 MHz 

200 v 
75 MHz/8 

3 kV 
Dipoles length 36 cm 

1 gap height 2 cm 

1 B /B . 1.4/0.1 Tesla , max min 
Quadrupoles length 15 cm 

! 

aperture radius 2.5 cm 
1 max pole tip field 0.52 Tesla 

Sextupoles , length 5 cm 

aperture radius 2.5 cm 

max pole tip field 0.26 Tesla 

Focussing structure 

(1 superperiod) 
I 

mode A 
FOBOFO 

OOBOOO 

FOBOFO 

000000 

mode B 

OOBOFO 

OOBOFO 

OOBOFO 

OOOOFO 

mode C 

FOBOOO 

FOBOFO 

OOBOFO 

000000 
Tunes v , v x y 
Max. /3 , /3 (m) x y 

6.8, 2.68 5.24, 4.16 3.76, 2.18 

7.9, 10.3 4.3, 7.5 4.9, 5.4 

300 MeV elettrons 

,emittance E. 
x 

beam sizes a 
x 

a y 

(m) 

(m) 

(m) 

2.4· 10- 9 

7.5·10- 6 

5.5·10-6 

l.6•10- 8 5.8•10-8 

l.7•10- 4 3.5•10- 4 

l.3•10- 4 2.4•10- 4 

Table 1.1 Machine parameters of EUTERPE. 
A number of commonly used parameters is included 
unich are not explicitly explained in the text. 
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The protons will be injected by the minicyclotron ILEC [HE! 85], 

having an epergy of 3 MeV. EUTERPE will accelerate the protons to 

50 MeV, after which they can be extracted. 

The main purpose of the EUTERPE. however, is to use it as a storage 

ring for electrons. The electrons will be extracted from a linear 
i 

accele-ratot or a microtron at 25 MeV and will be accelerated by 

EUTERPE to 100 MeV. The electrons emit synchrotron radiation in the 

bending mag-nets [BAK 79], which can be used for various purposes like 

lithogra-phics and element analysis. Therefore the energy lost, due to 

radia-tion, will be compensated by the radio-frequency cavity which 

would made it possible to keep the electrons at 300 MeV for several 

hours. This 
1

so called life time of the electron beam has been 

thoroughly studied by De Graaf [GRA 88]. 

Apart from the use of EUTERPE as an accelerator, development and con

struction of
1

! the ring has an educational value. It is therefore an 

excellent source of topics for students. The cost of the project is 
I 

kept low by having the construction of many parts done by the work-

shop of the '!llliversity. 

The overall layout of the synchrotron particle accelerator has been 

studied by Uythoven [UYT 87]. The ring consists of three types of 

magnets, dipdles for the bending of the particles, quadrupoles for 

focussing th~ beam and sextupoles to correct for path deviations in

duced by momentum differences (chromatic errors). Uythoven arranged 

these magnets in such a way that there is a four fold symmetry in the 

ring. This so called magnetic lattice can be switched in three diffe

rent modes. This determines most of the parameters of the ring like 

the lifetimes of the beam, the tunes, the emmitances etc. 
I 

This rapport deals with the design and magnetic field measurements of 

dipole and quadrupole magnets. 

The dipoles b~nd the beam. Twelve dipoles are included in the 

ring.hence every dipole bends the beam by an amount of 30°. The 
I 

dipoles are of the so called C-type, which means that the iron 

(perpendicula~ to the beam) looks like a C. In this way synchrotron 

radiation can be emitted through the open side. The magnets will be 

excited by a water cooled hollow copper wire to a maximum field 

strenght of 1.4 Tesla. 
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Quadrupole magnets are used to focus the berun. Because of the field 

properties the berun is focussed in one direction (e.g. horizontally) 

and defocussed in the other one. Therefore quadrupoles are of ten 

arranged in tloublets which yield a net focussing in both directions. 

First in chapter 2 some basic general information about the fields in 
I 

dipoles and quadrupoles is given. 

The design of the quadrupoles has been done with the aid of a computer 

code called Poisson. The method that Poisson uses to compute the 

fields in a magnet and some options of the code are given in appen

dix A. The results are presented in chapter 3 together with an analy

sis of some construction tolerances. 

This has led, to the construction of prototype quadrupoles and dipoles. 

The fields in the median planes of both types of magnets were measured 

with a Hall probe. The measurements are compared with the Poisson 

calculations 1 and can be used in berun tracking progrruns [BEV 88a]. The 

results of t~e measurements are presented in chapter 4. 

For correctly evaluating the fields in a quadrupole the Hall probe 

measurements 1 proved to be insufficient. Therefore another measuring 

device was developed, which is at the present being constructed by the 

workshop of the university. Some basic information of and calculations 
I 

on this device are given in chapter 5. 

Furthermore £rom literature it showed that of quadrupoles can be 

designed wit~ the aid of analytical function theory. Chapter 6 gives a 

global survey of this method is given for the case of an arbitrary 
I 

polygonal quadrupole. 

Chapter 7 lists some conclusions. 

Apart from the work reported here work has been done on several other 

subjects like Poisson calculations on other types of magnets, the 

electronic eq~ipment which supports the RCD, measurements on other 

magnets and f~tting Hall probe measurements with orthogonal polyno

mials. The results of this work are not included in this report. 
I 

Futhermore mr. de Bever and I had the pleasure of coaching four second 

year physics students, who did several of our measurements. 
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2 Description 1or magnetic fields 

2.1 IntroductioJ 

For many purposes, the fields generated by certain types of magnets 

need to be known in some functional form. lbese purposes include, 

amongst othe~s. calculating particle trajectories through magnetic 

systems, deriving ion optical properties, and judging the quality of 

the magnets composing such systems. In general, magnetic fields can 

conveniently be described by power series in the coordinates. Deriva

tions of these power series can be found at numerous places, e.g. 

[BOT BB, BR01B4, PAU B7]. In the remainder of this report, the power 

series describing symmetric dipole and quadrupole fields will be 

needed. lber~fore, a summary of their derivation will be given in this 

chapter. 

From Maxwell 1 s equations it follows that a magnetic field can be 
I 

derived from a magnetic scalar potential V according to 

B = -vv 
I 

(2.1) 

with V satisf~ing the Laplace equation 

AV = d (2.2) 

In cylindrical coordinates (r.~.z) equation 2.2 reads 

a2 v 1 av 1 a2 V a2 v --+--+- --+--=0 
ar2 r Sr r 2 a~2 az2 

(2.3) 

For describin8; a certain magnetic field, a power series for V is 

derived which satisfies eq. 2.2 as well as the symmetries present in 

the field concerned. lbe magnetic induction can then be found with 

eq. 2.1. 
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2.2 Dipole fields 

~N~ ' i$;/,~ 
YI I /\¢ 
~-----------L_4 ____ d 

x r 
median plane 

Figure f ·1 Gap region of a symmetric dipole. Indicated are 
the two poles (shaded), the median plane, the two 
coordinate systems used in the description and 
the gap height d 

Consider a dipole with perfect twofold symmetry about the z-axis, as 
I 

shown in figlilre 2.1. This means that the following symmetries for V 

are assumed 

-1- In the median plane holds V = 0 

-2- V is Jn 'odd function of r' i.e. V(') = - V(' + v) 

-3- v is an odd function of ' 

Considering demand 2 one can develop V into the expansion 

oo I 

V = ~ r 2n-l.f (' z) n , (2.4) 
n=l I 

I 

where f is a function of z and a periodic function of '· Subsequently 
n 

each function f is Fourier analyzed. Symmetry demands 2 and 3 are 
n 

satisfied with 
I 

00 

f (,,z) = ~ g (z)•sin(m~) 
n m=l n,m 

(2.5) 
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Combining eqs. 2.4 and 2.5 gives 

V(r.4>.~) 

00 00 

= r La (z)•sin(m4>) + r 3 Lb (z)•sin(m4>) + 
m=l m m=l m 

00 

r 6 L cm(z)•sin(m4>) + ..... 
m=l 

Substituting eq. 2.6 into 2.3 results in 

()() 00 

(2.6) 

AV = ! L1 a (z)sin(m4>) 
r m=l m 

(IO 

1 
L m2 a (z)sin(m4>) + r La <2 >(z)sin(m4>) 

r m=l m m=l m 

CIOI (IO (IO 

+ 9r L b (z)sin(m4>) m 
m=~ 

- r L m2 b (z)sin(m4>) + r 3 Lb <2 >(z)sin(m4>) 
m=l m m=l m 

ool oo ro 
+25r

3 L c (z)sin(m4>) - r 3 L m2 c (z)sin(m4>) + r 6 L c <2 >(z)sin(m4>) 
m=l m m=l m m=l m 

I 

+ .... '= 0 (2.7) 

Eq. 2.7 can 9nly be satisfied when the coefficients of separate powers 

of r all be zero. This yields 
I 

r- 1
: a (z) 1- m2 a (z) = 0 

m m 

m = 1 --+ a 1 (z) 

m > 1 
! 

--+ a = 0 m 

r 1
: 9b (z) - m2 b (z) +a <2 >(z) = 0 m , m m 

) 1 (2)( ) m = 1 --+ b 1 (z = - 8 a 1 z 

m = 2 .i....-+ b 2 = 0 

m = 3 ~ b3 (z) 

m)3--+ b =0 
m 
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m = 11 ---+ C1 (z) = - !__ b c 2 > 1 c 4 > ( ) 24 1 = 192 a 1 z 
m = 2---+ C2 = 0 

I 

m = 31---+ C3 1 (2)( ) = - 16 b::1 z 
m = 4, ---+ C4 = 0 

m = 5 ---+ Cs(z) 
' 

m > 5---+ c = 0 

I 
This results in 

m 

V = r ai(z)sin(f) 

+ r 3 bd(z)sin(3f) 

s I 

+ r c 5 (z)sin(5f) 
I 

- A r 3 a 1c2 >(z)sin(f) 

1 5b (2)( ) . ( ) - 16 r 3 z sin 3f 

+ higHer order terms 

1 5 (4)( ) . ( ) + 192 r a 1 z sin f 

(2.8) 

The terms with a 1(z), b3 (z), c 5 (z) etc. are the primary multipole 

components of
1 

the expansion for V; they are called dipole, sextupole, 

decapole etc.
1 

respectively. The terms with a 1c2 >(z), b
3

c2 >(z) etc. 

evolve because of the finite length of the magnet. The components of 
I 

the magnetic induction thus become 

B = - a 1(z)sin(f) r 
I 

+ ~ r 2 a 1c
2 >(z)sin(f) - 3r2b3 (z)sin(3f) 

+ (2.9a) 

Bf = - ai(z)cos( f) 

- 3r2b3 (z)cos(3f) + ~ r 2 a 1c
2 >(z)cos(f) 

+ (2.9b) 

In the median plane only a Bf-component is present, corresponding to 

the B -componept in cartesian coordinates. It is given by y 

(2.10) 
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2.3 Quadrupole fields 

Figure 2.2 Aperture region of a symmetric quadrupole. Ind.t
eated are the four poles (shaded}, the median 
plane, the two coordinate systems used tn the 
description and the aperture radius R0 

! 

Consider a quadrupole with perfect fourfold symmetry about the z-axis, 

as shown in fligure 2.2. The following symmetries are assumed 

-1- On the: z-axis holds V = 0 

-2- V is an 'even function of r i.e. V(~} = V(~ + v} 

-3- V is an odd function of ~ 

-4- B (~} F -B (~ + ~v} 
~ ~ 

The derivation of the power series for V follows the one in the 

previous section. For the potential is taken 

i 00 00 

V(r.~.z} = r 2 L a2m(z}•sin(2m~} + r 4 L b2m(z}•sin(2m~} + 
m=l m=l 

r 6 L c2m(z}•sin(2m~} + r 8 L d2m(z}•sin(2m~} + 
m=l m=l 

00 

r 10 L e2m(z}•sin(2m~} + ..... 
m=l 

(2.11} 
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Substituting eq. 2.11 into 2.3, setting the coefficients of separate 

powers of r 1equal to zero, and taking into account symmetry demand 4 

finally gives 
I 

2 1 4 (2)( ) V = {r a 2 {z) - 12 r a 2 z 1 6 (4)( ) + 384 r a2 z + O(r8
)} sin{2~) 

f> 1 e c2>{ ) 1 10 c4>{ ) 12 + {r 1c6 {z) - 28 r c6 z + 1792 r c 6 z + O{r )} sin{6~) 

+ higher order terms {2.12) 

The components of the magnetic induction can be found with eq. 2.1. 

The resulting B -component in the median plane is 
y 

1 3 (2)( ) 1 5 (4)( ) 7 By = - ~2{z) + 6 x a 2 z - 192 x a 2 z + O(x ) 

5 3 7 (2)( ) 3 9 (4)( ) { 11) - 6x Cc.{z) + 14 x Cc. z - 896 x Cc. z + 0 x 
I 

{2.13) 

Analogously to the dipole, the terms with a 2{z) {quadrupole). c 6 {z) 
I 

{dodecapole), e 10{z) {20-pole) etc. are the primary multipole compo-

nents, wherea~ the terms with a 2 ' 2 >{z). c 6 '
2 >{z) etc. evolve because 

of the finite length of the magnets. 
I 

In an ideal infinitely long quadrupole only the a 2 term is present. In 

a real quadru~ole this term is still much larger than the others. This 

also holds for the a 1 term in expansion 2.8. When exact fourfold {or 

twofold in case of a dipole) symmetry is not maintained, other multi-
1 

pole contaminants enter the expansion 2.12 {or 2.8). Furthermore, in a 

real magnet each term in the expansion for v may have a separate 

phase. A qual~tative analysis is given by Cobb and Cole [CX>B 65]; 

quantitative POISSON calculations for the ElITERPE quadrupoles in 

chapter 3. 

Usually the radial coordinate r in expansion 2.12 is scaled to the 

aperture radius R0 . This will also be done in the remainder of this 
I 

report. 
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3 Computations with the Poisson group of codes 

3.1 Introductioni, 

With the Poisson group of codes magnetic fields can be computed in two 

dimensional ~onfigurations (magnets). The group consists of several 

codes who perform the actual calculations e.g. Poisson, and some codes 

which supply'· input data. Apart from that it contains the code Mirt 

which can be 1used to optimize the configuration itself. The magnets 

that are to be optimized by Mirt often have to be conformally 
I 

transformed (see appendix A.5). 
I 

Because Poisson can only handle two dimensional configurations, fields 

in cross sect1ions of magnets can be computed. This so called problem 

area is devided into triangles. On the corners of these triangles the 

field is computed. A more general survey of the working methods of the 

Poisson group 1 is given in appendix A. 

With the aid of the Poisson group of codes a quadrupole has been 
! 

designed for the EUTERPE ring. A suitable pole profile has been found 

and calculatidns were made to provide some data on how accurate the 

profile has tq be constructed and how precise the positioning of the 

poles have to be in order to keep the higher order multipole coeffi-
1 

cients as smal'l as possible. 

3.2 Poleface desi~ 
I 

Introduction 

For designing the pole faces of the quadrupoles some basic information 

has been extracted from [BRO 87]. This showed that a hyperbolic pro

file is not sufficient in our case and better results can be obtained 

when other profiles are applied. 



- 16 -

I 

When computing fields and gradients in a magnet with the Poisson group 

of codes the symmetry of the magnet can be used to minimize the pro

blem area. In the case of a quadrupole computing 1/8-th of the cross 

section in combination with appropriate boundary conditions is suffi

cient. One can look at the rest of the quadrupole as 7 areas identical 
i 

to the one that is used for computing (fig 3.1 left). 

Mirt 

In the first instance the code Mirt has been used. The 1/8-th part of 
! 

the quadrupole has been conformally mapped with equation A.44 

{fig. 3.1). ~s mentioned in the appendix A, when applying Mirt, the 

field strength can be given specific desired values at specific points 

of the cross I, section of the magnet. Parameters are adjusted (in our 

case princi-pally the pole face coordinates) in order to approximate 

the field vatues. Input are e.g. an estimated pole profile and the 

coordinates of the profile that Mirt can adjust. The particular 
I 

profile that was input was a curve in between the hyperbolic profile 

and the paraqolic profile mentioned in [BRO 87]. This because the 

gradient of the field computed with the hyperbolic profile increases 

with the distance from the origin and the gradient belonging to the 

parabolic profile de-creases with this distance. 
I 

After applying Mirt several times it showed that the adjusted profile 

/ 

I 

Figure 3.1 Left: 1/8-th of a quadrupole; the broken lines 
are symmetry lines 

I Right: 1/8-th of a quadrupole conformal mapped 
with eq A.44. 
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I 

hardly differed from the profile that was input. Furthermore the field 

values on po~nts in the aperture hardly differed after one MIRT run. 

Therefore further working with Mirt was omitted. This had also two 

other reasons 

I 

-1- As mentioned in section 3.1 the Poisson group of code places a 

triangl' mesh on the problem area. With an uniform mesh the 

number of triangles in the gap of the magnet is relatively small, 

becauselof the geometry of the transformed magnet. (A uniform 

mesh is a mesh where all triangles have approximately the same 
I 

size or in other words the triangle density is constant on the 

problem 
1

area). Although it is possible to increase the triangle 

density locally (a non-uniform mesh) a substantial increase 

proved tlo be difficult. This would lead to a drastic increase of 

the total number of triangles whith a simular increasing effect 
I 

on the computation time needed. 

I 

-2- One Poisson run consumes a lot of computation time, depending on 

the amount of triangles into which the problem area is divided. 

As Mirt uses Poisson as a subroutine the computation time needed 
I 

can amount to several hours (VAX 8530 computer). 

1. 

These considerations taken into account it was decided to further 

design the poie faces with Poisson with the procedure 
I 

- Run Poisson, 

- Evaluate I the output by computing the higher order coefficients in 

the field, 

- If necesJary adjust the pole profile, 

Probably not ~bstantionally more computation time would be needed 
I 

with this procedure and the accuracy would be greater because the 

conformal mapp1,ing could be omitted. 

Poisson 

I 

Designing the pole face with Poisson in the manner described at the 

end of the previous section is a proces of trial and error. Starting 

point was the pole face that was modified by Mirt. To evaluate the 
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quality of the profiles that were designed, use has been made of the 

option in Poisson to perform a Fourier analysis (Appendix A.4). 

As can be derived from chapter 2 the potential in the aperture region 

of an ideal tjuadrupole magnet can be given by 

IX) 

V = l A2(1+2n) •r
2

(l+
2
n) •cos(2(1+2n)f + fn) (3.1) 

n=o 

Therefore Poisson computes only the components A of the power series 
n 

that do not equal zero by definition. 

First it has been attempted to design the pole faces in such a manner 
I 

that the A6 term would be as small as possible (A6 is the dodecapole 

component; th~ second term in eq. (3.1) that does not equal zero by 

definition). Higher order terms are less relevant because their con

tribution to the potential (and fields) will be substantial only for 

large r, i.e. far from the axis of the magnet. 

,......._ 

E 
u 
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l 

r ..... ,.... , .? : -:- ·.-: 
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. / / . :, . ,..... 

/ ·. 
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t 
.. 

/ 
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~ 
•.•• - 1 
- . - . - 2 

3 
- - - 4 

0.0 
2.4 2.6 2.8 3.u 3.2 

X (cm) 

figure 3.~ Examples of pole faces for which fields were 
computed. The x-axis is line of symmetry (x = 0 is 

1 centre of the quadrupole; compare the cartesian 
coordinate system in figure 2.2). 
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Figure 3.21displays a few different pole faces for which the fields 

were computed; because of the mirror symmetry only half of the pole 

faces are displayed. As one can see only the upper part of the pro

files have noticable variations; the centre region approximates a 

hyperbole. 1 

Figure 3.3 displays the gradient computed with the different profiles 

of figure j.2. The spikes in the beginning of the G/r curves are due 

to Poisson. They appear because of the fact that only 1/8-th of the 
I 

magnet is used for computation. As one can see there are only spikes 

at small r; i.e the sharp corner of the problem area (compare the left 

corner of the triangle in figure 3.1). The exact cause of the error is 

not known but the two different boundary conditions that meet and the 
I, 

few triangles in the corner probably cause some computational errors. 

The spikes 1isappear when computing the whole cross section of the 

magnet. 

.,...-._ 

E 
u ........._ 
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::J 
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2000 '/_- -- ..::._-_--.::.-:. ~. ----- - -->- - - -- --... -- ....... 
....._ ' 

1950 

- - - - -
1900 2 - - - -

3 
4 --· 

' ' 

1850 
0.00 I 0.75 1.50 2.25 
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Figure 3.3 111.e gradients of the fields COIRpUted with the pole 
faces displayed in figure 3.2. R is the distance 
front the centre of the quadrupole (line 3 is the 
gradient with near zero dodecapole cOllponent). 
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Table 3.1 lists the appointed dodecapole and 20-pole'coefficients of 

the Fourier analyses. As one can see comparing figures 3.2 and 3.3 
i 

with table l.1 the accuracy by wich the pole faces have to be con-

structed mu~t be some tens of micrometers in order to have a dodeca

pole compon~t < 0.1 % . . ' 
Three prototypes of quadrupole magnets were manufactured with flat 

pole faces. The poles of one of them were grinded on the basis of 

these data. Table 3.2 lists the points of the profile that was used to 

construct the pole face of the quadrupole magnet. Comparison of fi

gure 3.2 with table 3.2 show that the constructed profile is almost 

the same as curve 3 which yields a near zero dodecapole component. 

Secondly it has been attemted to design a pole face which minimizes 

both dodecapole and 20-pole field components. It showed that the 

multipole components have a more or less linear dependency on small 

variations :t' the coordinates of a point of the profile. 

The followi procedure has been followed to minimize both the dodeca-

pole and the pole component: 

x(cm) Y (cm) 

2.500 0.000 
Number 4--<x> Au~ (%) A2 A2 2.504 0.150 

2.517 0.293 
1 -0.77 -0.73 2.564 0.566 
2 -0.26 -0.74 2.629 0.834 
3 0.08 -0.58 2.694 1.072 
4 0.50 -0.67 2.778 1.320 

2.840 1.470 

2.900 1.500 

Table 3.1 (Left table) Relative dodecapole and 20-pole 
c01Rponents of SOile coatpu.ted quadrupole profiles. 
The nuabers correspond to the nwnbers in fi
gure 3.2. The A's as in eq. 1. 

Table 3.2 (Right table) Coordinates of the profile that were 
used to construct an experimental quadrupole. 
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-1- Taking a point in the upper part of half the pole profile and 

making!a graph of the dodecapole and 20-pole component dependency 

on the coordinate variation. 

-2- Selecting an optimum. 

-3- Varying the lower part of the profile, making a graph and 

selectjng an optimum also. 

By alternat~lly varying the lower and upper part it was possible to 

achieve approximately 
I 

~ 0.05% 

Figure 3.4 dlisplays both the former profile (A6 minimal) and the new 

profile (both A6 and A10 minimal). The coordinates of the latter are 

listed in tapel 3.3. 

1.6 

1.4 

1.2 

,,......_ 1.0 
E 
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'-' 0.8 
.c 
+-' 
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?: 0.6 

0.4 

• • • • 1 

0.2 -2 

0.0 
2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85 2.90 

Depth (cm) 

Figure 3.4 The two developed profiles. 
Line 1: A6 = O; and 2: A6 = 0 and A10 = 0. 
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x(cm) y (cm) 

2.5000 0.0000 
2.5074 0.2000 

2.5850 0.5660 

2.6450 0.8450 

2.6950 1.0720 
2.7550 1.3200 

2.8250 1.5000 

I 

Table 3.3 Tiie coordinates of second designed quadrupole 
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Figure 3 15 Tiie gradients computed with the profiles of 
figure 3.~ (Tiie spikes are due to Poisson). 
Line 1: A6 = 0 ; 2: A6 and Ato = 0. 
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Figure 3.5 displays the computed gradients for both the developed 

profiles. As 1one can see the gradient computed with the new profile 
I 

(the dotted *ne) is flatter around r = 0. The sharp rising of the 
I 

gradient neatj the edges of the figure is due to higher order compo-
1 

nents i.e. the 28-pole. If one defines the good field redius (Ro.oil 

as 

AG(R0 • 01 ) 

-----< 0.01 (4.2) 
G(R=O) 

with G the gradient of the field. It shows that for the profile with 

A6 minimal: R0 • 01 ~ 0.66 and for the profile with both A6 and A10 

minimal: R0 • 01 ~ 0.75 

i 

3.3 Pole positiontng 

Introduction 

The precision by which the poles in a quadrupole have to be positioned 

was estimated. In order to get an estimate on the accuracy of the 

calculations first the field dependency on the triangle density was 

investigated. Positioning estimates were made by using the whole cross 

section of the magnet for calculation and giving the poles a small 

deviation from their optimal placement. Evaluation of the results was 

done with aid of the Fourier analysis option in Poisson. 

The influence of the triangle density 

To check the apcuracy of the Poisson calculations, computations were 
I 

performed wi th
1

! different triangle densities. As mentioned the whole 

cross section of the quadrupole was used for computation. The profiles 

of the poles were based on table 3.2, although with a few minor alte

rations in order to get a larger dodecapole component. (This has the 

advantage that the computation can be stopped sooner which reduces the 

amount of computation time needed substantially.) 
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I 

1be total number of triangles has been varied from about 9000 to 

28000. Unf6rtunately it was not possible to perform computations with 

more triangles (due to technical problems with Poisson). In figure 3.6 

the multipole coefficient dependency on the triangle density is plot

ted. As on' can see both A6 and A10 decrease with the triangle den

sity. Alth9ugh the effect is fairly large it shows that it is possi

ble, with this geometry, to make upper estimates of the multipole 
I 

components without the necessity to make further calculations with an 

excessive amount of triangles. 

"' <( 

30 98 
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• 

28 96 

• 

27 95 

• 
• 

• 26 • 94 

• • 
25 93 

5 m 15 20 25 30 5 10 15 20 25 30 
N 10-J N 10-J 

Figure J.6 The effect of the triangle density on the 11Ulti
pole coefficients. The Wtits on the vertical axis 
are arbitrary. 

Positioning estimates 

1be references [FIS 87] and [CX>B 65] descibe the qualitative effect on 

the multipole$ in a quadrupole field when errors in the pole placement 

are introduced. Quantitative results are needed to supply tolerances 

for the actual construction of the quadrupole. In this section the 
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effect of sbme misalignments are given. The results presented here are 

not meant to be complete but merely to give some information about the 

alignment precision of the poles in a quadrupole. For a different kind 
! 

of quadrupole the quantitative aspects of the results are probably 

different. 

The positio~ing estimates were made by giving one or more poles a 

small deviation from their optimal placement. Four different types of 

deviations were investigated. They are presented graphically in fi

gure 3.7. Ttte results are presented in figure 4.8. Here the percen

tages of the largest multipole components are plotted against the 

amount of deviation Of course the pole position fluctuations also 

have a ml·nor
11 

influen°ce on the quadrupole term but this is not consi-

dered as relevant. The results are in agreement with the above men

tioned referfnces. One can see that for all four types of misalignment 

the multipoles introduced in the quadrupole field are relatively 

small. Since production techniques work with tolerances far below a 

millimeter, ¢ontamination of the quadrupole field by higher order 

multipoles introduced by misalignments can be very well below other 

sources of contamination. 

LJ 
~ L 

n 
LJ 

=:!] c 
n 

LJ 
~ L: 

n 
Figure 3 1

• 7 Four types of pole posi Honing deviations; resp. 
one pole rotated, one pole translated in radial 
direction, two poles translated in radial direc
tion and one pole translated in azimuthal direc
tion. (In the third graph the two poles are 
translated by the same a.mount). 
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1 Field measurements on the EUTERPE dipoles and guadrupoles 

4.1 Introduction 

The design qf EUTERPE [UYT 87] is based on simple low-cost magnets, 

which still provide sufficiently good field properties. The dimensions 
I 

of the magnets that will be needed have been specified with the aid of 

POISSON calculations [BRO 87]. As a result, prototypes (three dipoles 

and three q~drupoles) were manufactured by the German Blum company, 

and equiped with coils and the necessary power supplies by the univer-
1 

sity workshops. The most important characteristics of these magnets 

are listed i~ table 4.1. The prototypes differ in the type of iron and 

the lamination width used. Furthermore, the pole faces of one of the 
I 

quadrupoles were tapered (profile 2 in figure 3.4) in order to reduce 

the higher o~er contaminants in the field. 

In order to iµvestigate whether the magnets meet the demands specified 

in their designs, fi~ld measurements have been carried out on a com-
1 

puter controlled measuring machine. For processing the measured data 

extensive uselhas been made of the computer codes PLOIDATA and OPDATA 

(aID 87, BEN ~7]. 

The measurements performed on the prototypes are described in detail 
I 

in various internal reports [BEV 88, OPS 88, TEK 88, SPR 88]. This 

chapter gives a summary of the measurements and their results. 

Furthermore a ~omparison will be made to the initial POISSON designs. 

Dipoles Quadrupoles 
I, 

length ! 36 cm 15 cm 

gap hei~ht/aperture 2 cm 2.5 cm 

max excitation current 12 kA•turns 2 kA•turns 
I 

field/gradient 1.35 Tesla 9.5 T•m -1 max 
! 

Table 4.1 A few characteristics of the dipole and 
' quadrupole prototypes. 
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4. 2 The meastlljing set up 

X-Y table positioner amplifier 

, magnet 
x~ 

Hall probe D
y 

CAMAC system 
------ ----- ----, 

I 
I 

ADC : 

1/0 
registers 

POP 
computer 

I 
I 

Figure 
1

1,.1 Tite computer controlled measuring set up used for 
field JRea.Surements on the prototype dipoles and 
qua.drupo l es. 

The field mef;l.Surements to be described in the next sections ha.ve been 

performed with aid of a computer controlled measuring machine using a 
I 

Hall probe. This machine is schematicly shown in figure 4.1. Also 

indicated in this figure is the coordinate system defined by the 

measuring machine, that will be referred to throughout this chapter. 

The magnet is placed at a table that can be adjusted in vertical 

direction {the z-direction in figure 4.1). The Hall probe can be posi

tioned independently in the x- and y-direction, either manually or by 

computer. In the measurements on the EUI'ERPE prototypes the Hall probe 

was arranged in such manner that the B -component of the magnetic z 
field is measured. The induced Hall voltage is amplified by a high 

,, 

precision amplifier, after which it is fed into a 16 bits Analog Digi

tal Converter !and via the CAMAC interface read by the computer. The 

amplification factor can be chosen such that the full range of the ADC 

is used, in order to maximize the accuracy of the measured Hall 

voltage. 
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The Hall probe has been calibrated in the past with aid of an 
I 

NMR-apparatus [SCH 84, REG 86, REG 87];this calibration has been 

checked. The magnetic field is expressed as a fifth order polynomial 

in the ind~ced Hall voltage. The accuracy of the measured field, due 

to this calibration and the accuracy of the ~ and other components, 

is intended to be 0.01%. 

The accuraqy of positioning the Hall probe has been checked with aid 

of a measul'.ing microscope and is estimated to be 0.1 nm in the x-di

rection and 0.3 11111 in the y-direction. Furthermore systematic posi

tioning errors in the y-direction were observed by Mutsaers [MUT 88]. 

Figure 4.2 shows the first derivative in radial direction taken of ten 

independent' measurements of the same quadrupole field. A systematic 

variation of the gradient can be seen clearly. Numerical simulation 

indicates tfl.at the order of magnitude of the variations can be well 

accounted f~r assuming a positioning error of about 0.03 mm. 
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Figure 4.2 Ten independent aeasurements of the gradient of a 
quadrupole field indicating a systematic posi
tioning error of the Hall probe [JflTl' 88]. 
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4.3 Descriptioq of the dipoles 

The three ~rototypes of the EUTERPE dipole all have the same physical 

dimensions, differing only in the type of iron and the width of the 
I 

laminations used. Figure 4.3 gives a schematic side view of the di

pole, showing the most important characteristics. 
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Figure 4.3 Schematic side view of the prototype dipoles. 
Indicated are the blocks of laminated iron, the 
coils, the spacer and the draw-bolts. Measures 
are in centimeters. 

The dipole consists of five blocks of laminated iron, arranged in the 

manner shown,, and clamped together by a number of draw-bolts. These 

draw-bolts lie in slots in the iron. The magnet is excitated by a pair 
I 

of water-cooled coils, that are wound of square hollow copper wire 

with a rib of 4 mm and a boring of 2.5 mm. Each coil consists of 6 x 9 
I 

windings. This is less than had been planned in the design because no 

more wire was 'available at the time. The electric resistance of each 

coil is about iO.l 0. The maximum excitation current that could be 

reached with ~he available power supplies was ample 180 A; the voltage 

limitation of 
1
the power supplies prohibited higher currents. The water 
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flow thro~gh one coil, when connected to the public water-works, was 

in the order of 1 liter per minute. At maximum excitation, the cooling 
I 

water was'heated to over 60 °c. 
The field ',strength reached in the gap at maximum excitation 0£ these 

coils was 
1

slightly below 1.2 Tesla. This is less than £inally will be 

needed for EUTERPE. There£ore an auxiliary coil was wound around the 
'1 

yoke of the dipole, merely for measurement purposes. This coil is not 

indicated in figure 4.3. It consists of ample 220 windings of ordinary 

copper wire with a diameter of 3 111n. No means of cooling is provided 
I 

for this coil. By comparing its number of windings to that of the main 

coils, the 1 field generated by the auxiliary coil can be estimated. It 

follows t~t its excitation current should be scaled by a factor 2.18 

in order to be comparable to an excitation of the main coils. This is 
I 

confirmed by the measurements. Measurements have furthermore indicated 

that the field properties inside the gap as produced by the auxiliary 

coil are wetl comparable to those produced by the regular coils, 

whereas the fringe fields produced by either coils are quite different 

[BEV 88]. I 

A schematic top view of the ElITERPE dipoles is shown in figure 4.4. 
I 

axis 

I! l! 
ttl! 

I 
I 

I 11 

!! I' 

Draw-bold 

.36 

10 

ill! 6 
11 

!I ,._!! ______ __,,'I ,._· ______ ___,, 

!1 Ii 
1
11! 
I u ---q---

!1 :! 

10 

i-·------------
1 i!ii 

~i' ... -~-----.... ..._ _______ ..,.. 

Coils 

Ftgure 4.4 Top view of the prototype dipoles. Xeasures are 
tn centimeters. 11te centre line through the gap 
is ind.teated by the dashed ltne. 
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'1 

The attractive force between the pole faces is given by 

F a 

1. 

1 
= 2µCI> 

with µ 0 1ma.gnetic permeability in vacuum 

B field strength in the gap 

A larea of the pole faces. 

(4.1) 

I -7 -1 If we take µ 0 = 41T• 10 H•m , A = 0.36 x 0.10 m2 and B = 1.4 Tesla, 

then the for9e between the pole faces is about Fa = 3•104 Newton. This 

force should be compensated by the frictional force between the iron 

blocks via the pull in the draw-bolts. A simple mechanical calculation 

indicates that each draw-bolt should in that case supply a pull of 

Fd = 1•105 Ne~ton. For this to be possible, a minimal outer diameter 

of about 20 mr is required for the draw-bolts. The actual diameter in 

the present prototype dipoles is 10 mm, hence it will be clear that 

spacers are i~dispensable to keep the poles apart from each other. 

Various types of spacers were used during the measurements, including 

small aluminitbn blocks and a long brass bar. 

I 

Two of the three existing prototypes of the EUTERPE dipole have yet 

been investig~ted. The characteristics of the iron from which these 

are built were not specified by the manufacturer. The lamination 

widths are approximately as follows: 

I 

Dipole # 

1 

2 

lamination width 

0.34 mm 

0.50 mm 
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4.4 Descriptioa of the measurements on the dipoles 

1be measurements on the dipole prototypes had two major purposes. 

Firstly a decision had to be made about the suitability of the design 

for use in EUTERPE. 1be demands were that the desired field could be 

reached, anH that the field was sufficiently homogeneous. 1be dipoles 

should be able to bend particles with a Bp-value of about 1 T•m 
I 

(300 MeV electrons, 50 MeV protons) over 30 degrees. 1be effective 

length is e~cted to be about 38 cm, from which can easily be deduced 

that the maximum field should be about 1.4 Tesla. Furthermore from 

initial POISsoN calculations a relatively small sextupole component 

followed, which had to be verified experimentally. 
'1 

1be second major purpose was the measurement of field maps, in order 

to do ion o~tical calculations via numerical raytracing. 

Figure 4.5 s~ows a sectional view in the median plane of the EUI'ERPE 

dipole. Indicated are the coordinate system used in the description of 

the measure~nts, two types of spacers that were used, the centre line 

through the '8-P which will be called the axis of the dipole throughout 

this chapter, and a number of lines perpendicular to the axis along 

which field measurements have been performed. 

YOKE 
Spacer #2 'Blocks' 

I .. , 

Spacer # 1 'Bar' ~~~""'···""····""'"···""'·-·""···""'···""'···""····9· F···""···=·-=·-==·=--=~~~!f
1 

) x 

Lines of measurement 

Figure 4.5 Sectional view in the aedian plane of the dipole. 
Indicated are the coordinate systent, the location 
of the spacers and a llUllber of aeasureaent lines. 
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The measurements are divided into four classes: 

~ measurements of the B-I curve 
I 

The field in the centre of the gap was measured as a function 

of tije applied excitation current. This gives information about 

the ~turation of the iron and the maximum field that can be 

reached. 
I 

h line measurements along the axis 

The f
1

ield in the median plane was measured at discrete posi

tions along the axis of the dipole, at various excitations. The 

measu~ements had a total length of 66 cm and a step size of 

5 mm.1These give information about the field shape in the homo

geneous region and the falloff in the fringe fields. Further-
1 

more the effective length of the dipole can be determined. The 

effective length is defined as 

(4.2) 

£ line measurements perpendicular to the axis 

The field in the median plane was measured at discrete posi-
1 

tions along various lines perpendicular to the axis, at various 

excitations. The measurements were performed over various 

inter~ls, but the step size was always 2 mm. The quality of 

the field can be expressed by AB/B0 , which is defined as 

AB _ B(x::O) - B(x) 
B0 - B(x::O) (4.3) 

I 

where B(x::O) is the field at the axis of the dipole. 
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An equivalent way to express the quality of a dipole field is 

in terms of the amount of higher order components present in 

it. In section 2.2 {eq. 2.10) was derived that the field in the 
I 

median plane of a dipole contains two quadratic terms {one of 

whicH is the primary sextupole component), as well as higher 

order1 components. 1be results of the line measurements perpen

dicular to the axis were fitted with the function 
! 

{4.4) 

In this way no distinction can be made between the two diffe-
1 

rent quadratic contributions, but in the homogeneous region one 

of the terms can be expected to be negligible so that only the 

real 'extupole component survives. In the fringe fields however 

both contributions are present. 1be presence of other multipole 

conta.J.inants might be examined by fitting with functions con

taining more terms. 

g field maps 
I 

1be field in the median plane was measured on a two dimensional 

grid of points. 1be step sizes were 6 mm in both directions in 

the homogeneous field, against 6 mm in the x-direction, 2 mm in 

the y-direction in the fringe fields. 1bese measurements are 

primarily intended for calculation of particle trajectories. 
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4.5 Results and conclusions of the measurements on the dipoles 

1 B-I curves 

Figure 4.6 shows the measured B-I curves of the EUTERPE dipoles. For 

low excit~tion currents the dipoles behave identically. Above a field 
I 

of about 1 Tesla the iron starts saturating, where the saturation of 
I 

dipole #2 is more pronounced than that of dipole #1. This indicates 

that the iron of dipole #2 is of a lesser quality compared to that of 

dipole #1. ,A comparison to the B-I curve as calculated by POISSON 

[BRO 87] is irrelevant because the characteristics of the iron types 
I 

from which the dipole prototypes were built are not known in detail. 
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Figure 4.6 Measured B-I curves of two prototype dipoles. 
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2 line measurements along the axis 
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Figures 4. 1.7 and 4.8 show field shapes along the axis· at various exci

tation currents for dipole #1 and #2 respectively. The most important 
I 

characteristic to be seen in these graphs is the rather large bulge of 

the field rt the highest excitation currents. This effect is most 

pronounced for dipole #2. More details can be seen in figures 4.9 

and 4.10. figure 4.9 shows the results of line measurements at various 

excitations on dipole #1, in which two different types of spacer were 

used; figute 4.10 the results of line measurements at a few excitation 

currents on dipole #2. Note that the vertical scales in both figures 
I 

are different. 
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Figure if. .10 Detailed comparison of field shapes along the 
a.xis of dipole #2 at various excitation currents. 

' 

A number of jnteresting things can be seen in these graphs: 

- 1be overall field shape as produced with the two different 

spacers is the same {figure 4.9). 1bis means that the spacer 

has liittle to no influence on the field. Note that the diffe

rences! in magnitude of the fields produced with either spacer 

are caused by the poor reproducibility of the excitation cur

rents, and have nothing to do with the kind of spacer used. 

- A small field dip can be seen at the centre of dipole #1 

{y = 0 cm). 1bis field dip disappears for low excitation cur

rents. 1bis field dip does not occur for dipole #2. 
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The bulge of the field increases with excitation. This bulge is 

more pronounced for dipole #2 (remember that the vertical 

scales differ). For low excitation currents (below 90 A). the 
! 

field is nearly flat within the pole regions (-18 < y < 18 cm). 

and furthermore almost no field dip occurs. Both the bulge and 

the, field dip are therefore probably due to saturation effects. 

A strong fall off of the field near the edge of the dipole is expected 

due to bul~ing of the field lines. However, the bulge of the field 

occuring in figures 4.9 and 4.10 appears rather large. A possible 

explanation might be the following: 

As mentioned before, the dipoles are built from laminated iron. The 

glue layers between the laminations form high magnetic resistances, 
i 

across which the field lines do not easily pass. At the edge of the 

dipole, the 1 first few laminations receive a much higher flux due to 

the bulging ,of the field lines (see figure 4.11). Therefore these 

laminations saturate much more rapidly than those in the bulk of the 

magnet, resulting in an extra strong falloff near the edge at increa

sing excitat!on current. 

Figure 4.11 Enhanced saturation of the first few laminations 
at the edge of the dipole, due to bulging of the 
field lines. 
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lbis explanation cannot easily be verified by POISSON calculations 

because this code handles only two dimensional configurations, and 

therefore dofs not consider end effects caused by the finite length of 

a magnet. 

An attempt was made to verify the explanation given above experimen

tally by replacing the first few laminations at one side of the dipole 

by a 1 cm th~ck steel plate. Test measurements indicated no improve

ment however: more detailed measurements have not yet been performed 

due to problems with the measuring machine. lberefore no definite 

conclusions can be drawn yet about the bulge of the field. 

I 

lbe field di~ occuring at the centre of dipole #1 might be caused by 

the recesses for the draw-bolts that hold the magnet together. In the 

laminations below the recesses, the magnetic flux has to pass through 

a smaller amount of iron. Taking into account that the field lines do 

not easily ~ss to adjacent laminations, this results in an enhanced 

saturation of: the laminations below the recesses, and thus in a field 

dip at higher excitation currents. lbis effect might also contribute 

to the bulge of the field, as there are draw-bolts situated near the 

edges of the dipole too. 

Measurements have been performed on dipole #2 in which one of the 

recesses was filled up with an iron bar. lbe results show a small but 

significant increase of the median plane field below the filled recess 

[OPS 88]. Of course the increase can not be expected being large be

cause a good ~etic contact between the iron bar and the laminations 

can not be realized in this way. 
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In addition, POISSON calculations have been carried out in order to 

estimate the 1influence of the recesses on the field shape. These cal

culations we~1e performed using two different configurations the origi

nal dipole oti which the design of the prototype EUfERPE dipoles was 

based, and an adjusted dipole that was an amount equal to the depth of 

the recesses smaller in height. Both calculations were carried out 

using the iron as mentioned in [BRO 87, appendix, table 2]; the exci

tation current was 1.25•104 Ampere•turns in both cases. Figure 4.12a 

shows the calculated field strength at various places in the iron of 

the original dipole; figure 4.12b the field strength at equivalent 

places in the iron of the adjusted dipole. For the original dipole 

POISSON calculated a central field in the gap of 1.342 Tesla, and for 

the adjusted dipole a central field of 1.239 Tesla. Figure 4.12 indi

cates that the average field strength in the top region of the adjus

ted dipole is1 considerably higher than in the top region of 

the 'EUTERPE dlipole'. This is caused by the fact that in the first case 
I 

the magnetic flux has to pass through a smaller amount of iron. Due to 
I 

saturation th~n. the resulting field in the gap becomes lower. The 

maximum field dip occuring in the measured profiles is of the order of 

0.1%; the difference in central field calculated by POISSON ample 7%. 

It should be taken into account however that POISSON calculations are 

performed in a two dimensional geometry, whereas in the real three 

dimensional situation field lines can pass to adjacent laminations. It 

can thus be concluded that the recesses for the draw-bolts may well 

account for the field dip appearing in figure 4.9. 
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Figure 4.12 Calculated field strength at various places in 
the iron of a the orgin.al design of the F1.JTERPE 
dipole and b an adjusted dipole. 
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The effective lengths of the dipoles at various excitations were 

calculated ~ccording to eq. 4.2. The results are presented in 

table 4.2. 

~itation Dipole #1 Dipole #2 

current (A) l!eff (cm) l!eff (cm) 
I 

! 15 38.92 38.36 

I 
30 38.89 38.60 

60 38.87 38.72 
I 

90 38.82 38.71 

I 120 38.74 38.60 

150 38.59 38.35 
I 

170 -- 38.13 
I 180 38.39 --

I 

Table ~.2 Effective length of the dipoles at various 
excitations, calculated from. the line 
measurements along the axis. 

The effectivq length tends to decrease a little with increasing exci

tation current. A good explanation for this effect has not yet been 
I 

found. The irif luence on the performance of the dipoles is expected to 

be negligible. The bending angle of the particles is determined by the 

integral of tpe field along the orbit, which can easily be adjusted by 

choosing the excitation current a little bit higher. The radius of 
I 

curvature of the orbit in the dipole will be slightly smaller, as a 

result of which the sagitta will be about 0.5 mm smaller. Numerical 

calculations have not yet been carried out. 
! 
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3 line measurements perpendicular to the axis 
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Figure 4.13 Field shapes perpendicular to the axis of 
dipole #1 at various excitation currents. 
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I 

Figures 4.13 and 4.14 show a survey of the measured field profiles 

perpendicular to the axis for dipole #1 and #2 respectively. These 

profiles we~e measured in the central region of the dipoles. 
I 

In order to see more details about the quality of the fields, AB/B0 

and sextupole components were calculated according to eqs. 4.3 

and 4.4. Fi~res 4.15 and 4.16 show AB/B0 at the central regions of 

dipole #1 and #2, for a number of excitation currents. Figure 4.17 

shows AB/B0 .at a larger region of dipole #1. In figure 4.15 it can be 
I seen that at the central region all curves (except the one for the 

highest excitation) have a more or less linear course. Furthermore the 

slope of th~ curves changes from positive to negative at higher exci

tation currents. This suggests that the pole faces are not aligned 

perfectly parallel, and moreover that the alignment changes with ~xci

tation curr~t. The latter might be due to the large attractive force 

between the pole faces at high excitation. The AB/B0 curves for di

pole #2 (figure 4.16) also show a linear course, however with a 

steeper slo~ than those for dipole #1. This slope is also most pro

bably due to misalignment of the poles. It can be concluded from fi

gures 4.13 through 4.16 that the field is sufficiently homogeneous 
! 

within the region -2 < x < 2 cm, the variations being smaller than 

2•10- 3 %. This region is most important because the larger part of the 

particle tra~ectories will be confined to it. 

Figure 4.17 shows the parabola-like trend of the AB/B0 curves occuring 

at a larger interval, caused by bulging of the field lines. The curves 

in this figute are not purely parabolic, which already indicates that 

the field of the ElTfERPE dipoles contains multipole contaminants of 

higher order than sextupole. 
l 
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Figure 4.15 AB/B0 as a function of x at the central region of 
I dipole #1. 
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FigurJ 4.17 AB/B0 as a fwiction of x at a larger region. 

In determining sextupole components a distinction is made between the 

central region of the dipole (the 'homogeneous field'), and the fringe 

field. 1bese sextupole components were calculated by fitting the re

sults of tl~e line measurements perpendicular to the axis at various 

intervals around the axis of the dipole, and with various polynomials. 

1bis fittink was done with the computer code OPDATA. Because of the 

presence ofi higher order terms in the field the technique of fitting 

is not too reliable. 1be results depend strongly on the interval at 

which the fit is performed. At a large interval the higher order terms 

influence the calculated sextupole component, whereas at short inter

vals the nurttber of measuring points becomes rather small for a suc

cessful fit. 1be best results were obtained at the interval 
I 

-4 < x < 4 cm, and with the function given by eq. 4.4. 1be estimated 

error in the resulting sextupole components as indicated by OPDATA is 

in the order of 20%. For determining higher order terms in the series 

for B(x), tlie number of measuring points appeared to be too small in 

most cases. 
I 

1be resulting median plane fields and sextupole components at the 

central region of the EUfERPE dipoles are listed in table 4.3. 
! 
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Excitation Dipole #1 Dipole #2 

current (A) Co (T) C2 (T•cm- 2) Co (T) C2 (T•cm- 2) 

I 15 

30 

160 

90 

I 120 

150 

i 170 

180 

I 210 

Table r·3 

0.0970 4.626·10- 5 0.1045 5.328·10-5 

0.2025 9. 953• 10_ 5 0.2044 1.053· 10- 4 

0.4045 1.961•10- 4 0.4117 2.064·10- 4 

0.6139 3.304·10- 4 0.6195 3.168·10- 4 

0.8133 4.401·10- 4 0.8261 4.356· 10- 4 

1.0170 6.919•10- 4 1.0264 6.118·10- 4 

-- -- 1.1418 7.846·10- 4 

1.1922 1.034· 10-3 -- --
1.3572 1.860·10-3 1.2515 1.163·10-3 

Sextupole components, calculated from line 
measurements perpendicular to the axis at the 
central region of the FllTERPE dipoles. 

Table 4.3 indicates that the two prototype dipoles have comparable 

sextupole components. At increasing excitation, an enhanced increase 

of the sextupole component occurs, which is probably due to satura

tion. It shpuld be emphasized however that the results in table 4.3 

have to be treated with care. 

From the results of POISSON calculations on the EUfERPE dipole, a 

sextupole component can be obtained also. At the fit interval 

-3 < x < 3 tm the POISSON results predict C2 = 2.037•10- 4 T•cm- 2 for a 

central field of 1.3007 Tesla. From line measurements on dipole #1 at 

the same interval, a sextupole component of C2 = 7.398•10- 4 T•cm- 2 was 

obtained for a central field B = 1.354 Tesla. The difference is 

roughly a factor 3, which can be explained for a large part because 

POISSON uses a better quality steel in its calculations than the iron 

from which the prototypes are actually built. 
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In order to investigate the behaviour of the quadratic term at the 
I 

edge of the dipole, line measurements have been performed at various 
I 

positions along the axis of dipole #2 {see figure 4.5). From the 
! 

results, 'sextupole components' were obtained in the same way as de-

scribed a'b6ve. Some of the results are given in table 4.4. Note that 

y = 0 cm represents the centre of the dipole, and y = 18 cm the edge. 

I 

~ {cm) 

0 
I 

5 
1

17.5 
118.0 

118.5 

Table 4.4 
I 

I = 90 A I = 210 A 

Ca {T) C2 {T•cm-2) Ca {T) C2 {T•cm-2) 

0.6195 3.168· 10- 4 1.2515 1.163·10-3 

0.6176 3.149·10- 4 1.2433 1.149·10-3 

0.5632 5.636·10- 4 1.1019 3.205·10- 3 

0.4742 8.349·10- 4 0.9572 3.720·10-3 

0.3536 1.101·10-3 0.7351 3.639·10-3 

'Sextupole components' as a function of position, 
for two different excitation currents. 

In the fringe field both quadratic terms appearing in eq. 2.10 con

tribute to the fitted quadratic component of the dipole field. This is 

clearly ref~ected by the increase of the quadratic term C2 near the 

edge. Fitti~ alone does not provide a way to separate both contri

butions. When the measured field profile along the axis is also regar-
' ded the contributions may be separated, as described by [PAU 87]. 
I 

However, this method still suffers the disadvantages of polynomial 

fitting. 

An alternat:i!ve way to obtain the higher order contaminants in the 

dipole field is using the rotating coil technique {see chapter 4). 
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4 field maps 

Figure 4.18 Surface plot of the field of dipole #1. 

Figure 4.18 shows an impression of the measured field map of dipole #1 

at an excitation current of 150 A. A similar map has been measured for 

dipole #2. lbese maps are primarily intended as input for a raytracing 

program, which is described in [BEV BB]. 
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4.6 Description of the quadrupoles 

plane 

Figure 4.19 Sectional view perpendicular to the axis of the 
prototype quadrupoles. Indicated are the yoke, 
the coils and the median plane. Measures are in 
centimeters. The length of the quadrupole {not 
indicated) is 15 cm. 

Figure 4.19 shows a schematic sectional view of the EUfERPE quadru

pole. It consists of eight modules of laminated iron, fixed together 

by screws. lbe three quadrupole prototypes all have the same dimen

sions, which are indicated in figure 4.19. The characteristics of the 

iron (and the lamination widths) were not specified by the manufac

turer, but t~ey are of minor importance because hardly any saturation 
I 

is expected in the operation range of the quadrupoles. 
I 

Provisional coils, each consisting of circa 105 windings of ordinary 

copper wire, were wound by the university workshop. These coils were 

excitated to almost 20 A, resulting in a field gradient of about 

9 T·m- 1
• Higher excitation currents could not be applied because no 

means of cooling was provided. The quadrupoles were designed for a 
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maximum field gradient of 20 T·m- 1
• To reach this, they will ulti

mately be equiped with water-cooled coils wound of hollow copper wire. 

The square pole faces of the prototypes, as produced by the manufac

turer, cuase a considerable amount of higher order components in the 

quadrupole field. In order to reduce the magnitude of these rnultipole 

contaminants, the pole faces have to be tapered. A provisional 16-side 

polygonal profile was developed with aid of POISSON calculations {see 

chapter 3.2). It was shaped in such manner that the field should 

contain no dodecapole component, and a relatively small 20-pole 

component. This profile was ground onto the pole faces of one of the 

prototypes. The corners of this polygonal profile were slightly 

rounded to prohibit local saturation [LEE 71]. Furthermore this 

prototype was equiped with a means to achieve an accurate and 

reproducible alignment of the poles. 

Measurements have been performed on two quadrupole prototypes: one 

prototype that had not received any further modification {i.e. square 

pole faces, probably poor alignment; this prototype will be called 

quadrupole #1 in the remainder of this chapter), and the one prototype 

with tapered pole faces and accurate alignment {quadrupole #2). The 

measurements on quadrupole #1 were only performed for reference. The 

main purpose of the measurements on quadrupole #2 was to decide 

whether the pole face tapering provided sufficiently good field 

properties. 

4.7 Description of the measurements on the qua.drupoles 

Analogously to the dipole, the major purposes of the measurements on 

the quadrupole prototypes were judging the quality of the magnet and 

measuring a field map for performing ion optical calculations. The 

desired field gradient of 20 T·m- 1 is expected to be reached easily 

with the appropriate water-cooled coils. As mentioned in the previous 

section, the quality of the field in the quadrupole is mainly deter

mined by the tapering of its pole faces. The predictions of the 

POISSON calculations on the designed pole profile had to be verified 

experimentally. 
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The measurements on the quadrupole prototypes can be divided into two 

classes: 

~ field maps 

The f 1ield in the median plane was measured on a two dimensional 

grid pf points, with spacings of 2 mm in radial direction and 

5 mm in z-direction. These measurements are primarily intended 

for calculation of particle trajectories. Furthermore the 

effec'tive length of the quadrupole can be determined. The 

ef f ec~ive length is defined as 

I 

J 
8B dz 
ar 

(~~]nex 
{4.5) 

8B 
where a is 

I r 
integral is 

the gradient of the field in radial direction. The 

taken along a line parallel to the optical axis of 

the magnet, and {8B/8r) is the neximum of the gradient along 
BEX 

the integration line. In this way the variation of the effec-
1 

tive length with the distance from the axis can be determined, 

which'gives information about the good field region {see 

below). 

h line measurements perpendicular to the axis 

The field was measured at discrete positions along various 

lines perpendicular to the axis, at various excitations. The 

measurements were performed over various intervals; the step 
' 

size was always 0.5 mm. These line measurements have mainly 

been performed in the median plane; a few measurements on qua

drupole #2 have been performed at an angle of 9° with respect 
I 

to the median plane. 

From these measurements the gradient in radial direction is 

determined. The quality of the quadrupole field can be defined 

by the
1

good field radius R0 • 01 , which is expressed as a frac

tion of the aperture radius R0 , and defined as the region in 

which the field gradient does not change by more than 1% in any 

direction. 
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Th~ quality of the field is determined by the amount of higher 

or~er multipoles present in it. These multipole contaminants 

were estimated by fitting the results of the line measurements 

with various polynomial functions of the form 

i B{:rl) = ~ C. •r 
i l {4.6) 

4.8 Results~ conclusions of the measurements on the quadrupoles 

1 Field map 

Figure 4.20 Surface plot of the field of quadrupole #2. 
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Figure 4.20 gives an impression of the measured field map of quadru

pole #2, at an excitation current of ample 19 A. 1be maximum gradient 

h d ho 9 T ·m-1. reac e isl, a ut 

2 Effective length 

Figure 4.2~ shows the effective length of quadrupole #2 as a function 

of distanc~ from the optical axis, as calculated from the measured 

field map. 1be capriciousness of the curve is due to the rather small 

number of measuring points in radial direction. One can define a good 

field region as the region in which the effective length does not 

change by ~ore than 1%. From figure 4.21 it follows that the radius of 

this region is about 70% of the aperture radius. 
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Figure 4.21 Effective length of quadrupole #2 as a function 
of radial position, at an excitation current of 
19.2 A. 
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3 Gradients 
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Figure 4.22 Gradient in the homogeneous region of 
quadrupole #1, at various excitations. 
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Figure 4,23 Gradient in the homogeneous region of 
quadrupole #2, at various excitations. 
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Figures 4.22 and 4.23 show the course of the gradients in radial di

rection in the homogeneous regions of quadrupole #1 and #2 respec

tively, as calculated from line measurements perpendicular to the 

axis. It is clear that the gradient of quadrupole #2 is fairly con

stant ove~ a much larger interval than that of quadrupole #1. A closer 

look to figure 4.23 learns that the gradient has a small negative 

slope. Th]s is probably due to misalignment of the poles (see next 

subsectiorl). Because of this slope and the capriciousness of the 

curves, determination of the good field radius is a little compli

cated. From figure 4.23, the good field radius of quadrupole #2 is 

estimated 'to be R0 • 01 ~ 0.7, in agreement with the result obtained in 

the previous subsection. 

Spruijt & Tolsma have performed measurements on EUfERPE quadrupole #1 

using a fl0ating wire technique [SPR 88]. Assuming an effective length 

of 18 cm, they derived from their results a gradient of about 

10.8 T·m- 11 at an excitation current of 19.2 A. This is in fairly good 
I 

agreement with the results shown in figure 4.23 (8B/8r ~ 9.5 T·m- 1 on 

the axis). 

4 Multipole components in the homogeneous region 

Analously t;o the dipole a distinction is made between the central 

region of tpe quadrupole (the 'homogeous' region) and the fringe 

field. An a,ttempt was made to estimate the higher order components 

present in ,the homogeneous field of quadrupole #2 by fitting the 

results of the line measurements with various polynomial functions 

given by eq. 4.6. The best results were obtained with the functions 

and 

I 

in which G denotes the gradient 8B/8r 

The coefficfents C1 , C3 and C6 in the above-mentioned fits were rela

tively small' compared to C8 • The term with C1 occurs because of the 

slope of the gradient (see previous subsection). It can easily be 

shown that this slope can not be caused by a misalignment of the 
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measurement: (see appendix B). Therefore it should be caused by a 

deviation from exact fourfold symmetry in the quadrupole. POISSON 

calculations have been carried out to estimate the influence of 

various deviations from fourfold symmetry (see section 4.3). The 

results canibe summarized as follows: 

The magnitude of the slope may be expressed as C1 /C0 ~ 1%. The coils 

consist of ¢irca 105 windings each, hence one winding more or less in 

one coil results in a current deviation of about 1%. This causes a 

sextupole tJrm of C1 /C0 ~ 0.1%. A tangential displacement of one pole 

over about 1.33 mm causes a sextupole component of C1 /C0 ~ 1%. 

Although diJplacement of one pole by 1.33 mm is rather large the slope 

may be caused by a combination of misalignments of the poles. 

The term wiih Cs corresponds to the 20-pole component in the series 

for the magnetic scalar potential (see chapter 2). The results are 
i 

listed in table 4.5 below (note that the radial distance has been 

scaled by the aperture radius before fitting, so that all coefficients 
! 

C. have the same dimension). In this table, the relative strength of 
1 

the 20-pole component, expressed as 

expansion for the scalar potential, 

excitation 
I 

current (A) Co (T) 

I 

6.0 2.8789 

1~.o 5.5719 

19.2 8.7443 

the ratio of A10 and A2 in the 

is also indicated. 

Ato/A2 

Cs (T) (%) 

-0.8137 0.63 

-1.5344 0.61 

-2.4730 0.63 

Table 4
1

.5 .Hultipole coefficients obtained from. line 
measurements in the homogeneous region of 
quadrupole #2. 

In order to calculate A10/A2 , the assumption is made that at the cen

tral region hr the quadrupole the only 20-pole contaminant occuring in 

the power series for V is the primary 20-pole component (i.e. no other 

terms with ab r 10-dependency). It may then be concluded that the 
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homogeneous field of quadrupole #2 contains about 0.6% 20-pole rela-

tive to the quadrupole component. This agrees well with the results of 

POISSON Calculations using the polygonal profile of quadrupole #2 (see 

chapter J.2). 

Figure 4. 124 shows the measured gradient in the central region of qua-
1 

drupole :tt2 at an 
I 

ted gradient and 

POISSON. In this 
! 

excitation current of 19.2 A, together with the fit

the gradient derived from the field calculated by 

figure, the radial distance has been scaled by the 

aperture radius. Furthermore, the gradients have all been scaled by 
'1 

their value on the axis, in order to make a comparison possible. This 

is allowed because the values in table 4.5 indicate that no saturation 

occurs in the range of excitation currents applied. The field measured 
I 

at different excitations contains the same amount of 20-pole contami
'1 

nant, which means that the field shape depends linearly on the excita-
', 

tion currept. Figure 4.24 confirms that the measured gradient agrees 

quite well with that predicted by POISSON, except for a small asymme-
' 

try in the, measured gradient due to misalignment of the poles. 

1.05
1 

0.95 

0 
(_J 
'·" 0.85 ' 
(_J 

0.75 

0.65 
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

r /r 
0 

Figure 3.24 Measured. gradient (capricious solid line}. fitted 
polynomial (straight solid line} and gradient 
derived from. the field calculated by POISSON 
{dotted line) in the homogeneous field of qua
drupole #2. Th.e polynomial with unich the mea
sured. data uns fitted ts given at the bottom. of 
the graph. 
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To verify the conclusion that the homogeneous field contains a 20-pole 

contaminant, a few line measurements have been performed in which 

quadrupole #2 was tilted at an angle of g0
• As the primary 20-pole 

component has a cos(lO') dependency, a phase shift of 90° should occur 

at this angle. In general, the 20-pole has a maximum in the median 

plane [COB 65], so it should be zero at an angle of g0
. Figure 4.25 

shows the measured gradients in the median plane and in the plane 

tilted by g0
. The gradient in the plane tilted by g0 has a much more 

constant course than that in the median plane. From figures 4.24 

and 4.25 and the results of the fits, it may therefore be concluded 

that the primary 20-pole component is most probably the dominant 

higher order contaminant in the homogeneous field of quadrupole #2. 

--
-~ 
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_:.., 
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g median 

r3 
9 degrees tilted 

/ 

I 
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6 
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 

r (crn) 

...... \ .: ..... 

1.0 1.5 2.0 2.5 

Figure 4.25 Measured gradients in the homogeneous region of 
quadrupole #2, in the median plane (solid line) 
and in a plane tilted by 9° (dotted line}. 
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5 Multipole components in the fringe field 

Several linb measurements perpendicular to the axis have been per

formed in the fringe fields of quadrupole #2. These measurements have 

also been subjected to fits with various polynomial functions. Here, 

the best results were obtained with the polynomials 

and 

The coefficlents C1 and C6 were again relatively small, and probably 

due to misalignment of the poles. The results at an excitation current 

of 19.2 A are listed in table 4.6; note that z = 0 cm represents the 

centre of t~e quadrupole, and z = 7.5 cm the edge. 

I 

z {cm) C0 {T) C2 {T) Ce {T) 
' 

1 0.0 8.7443 2.914·10-2 -2.4730 

6.5 8.2516 1.1079 -2.9615 

.7.5 6.8437 1.2562 -2.5673 

8.5 4.5069 -1.4890 -0.9627 

9.5 2.4736 -1.4804 -9.303·10- 3 

' 

Table 4.6 Multipole coefficients obtained from. line mea
surements in the fringe field of quadrupole #2 

The results in table 4.6 suggest that the fringe fields of quadru-
' 

pole #2 contain an octupole contaminant {r4 -term in the power series 
I 

for the magnetic scalar potential). However, polynomial fitting is a 
I 

rather unreliable technique to obtain results such as the above 

mentioned. Because the polynomials used are not orthogonal, adding an 

extra term tJo the function influences the other terms. More definite 

conclusions 1can probably be drawn from measurements using rotating 

coils {see cpapter 5). 
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I 

4.9 Concluding remarks 

A number o~ conclusions can be drawn from the field measurements on 

the protot~e dipoles and quadrupoles. Several conclusions have 

already be~n mentioned in previous sections, during the presentation 

of the results of the various measurements. A summary will be given 

here. 

1 Dipoles 

From the B-I curves (figure 4.6) it can be concluded that the iron 
I 

type of dipole #1 is most suitable for use in EUTERPE. When the di-

poles are equiped with the appropriate coils, the desired field of 
I 

1.4 Tesla will easily be reached. 

The bulge of the field shape along the axis (figure 4.9) is of minor 

!mportance ~o the performance of the dipoles, as the bending angle of 

the particles is determined by the integral of the field along their 
I 

orbit. The ~jor effect caused by the bulge is that the spectrum of 

synchrotron ,radiation produced varies a little along the orbit in the 

dipoles. The, critical wavelength depends on the curvature radius of 

the orbit, wpich in its turn depends on the local magnetic induction. 

The variatiop of the critical wavelength is not considered important 

because only, radiation from a small solid angle will be used in a 

single experiment. 

The slots in the yoke (in which the draw-bolts lie) most probably 

cause small field dips. Although this effect can easily be removed by 

avoiding the ,use of slots in the yoke, its influence on the beam will 

be negligible. 

The variation of the effective length with the excitation current 

(tabl-: 4.1) i1s not completely understood so far. Again a negligible 

influence on 1the performance of the dipoles is expected, because the 

field integral is the important quantity. The particles can always 
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be bent into the right direction; at large excitations the sagitta 

will be sligtjtly smaller, which has hardly an effect on the ion opti

cal propertiels of the ring. 

The AB/B0 cur~es (figures 4.15 to 4.17} show that the field is suffi

ciently homomeneous within the region of importance (-2 < x < 2 cm}. 

Some uncertainty still exists however about the amount of sextupole 

and higher order multipoles in the dipole field, especially in the 

fringe fields (see the discussion following figure 4.17}. This will 

have to be further investigated. The sextupole component that was 

obtained by fitting (table 4.2} is certainly much smaller than the 

fields in the sextupole magnets that will be placed in the ring 

(maximum pole tip field 0.1 - 0.2 Tesla}. Therefore this sextupole 

component is not expected to have much influence. 

A remarkable effect is that the alignment of the pole faces seems to 

vary with th~ excitation current (figure 4.15}. In order to assure a 

constant, re roducible gap height the use of spacers at all four cor

ners of the ole faces may be necessary. Furthermore, taking into 

account that ithe slots for the draw-bolts cause small field dips (fig

ure 4.9} and that the draw-bolds will not be able to provide the force 

necessary to keep the poles apart from each other (section 4.3), ano

ther means of clamping the modules of laminated iron might be con

sidered. 

2 Qua.drupoles 

Because saturation is not expected for the quadrupoles (maximum pole 

tip field circa 0.5 Tesla}, the desired field gradient of 20 T·m- 1 

will easily be reached when they are equiped with the appropriate 

water-cooled icoils. The main concern about the quadrupoles is there-
1 

fore the devdlopment of a proper pole profile. 

The profile df prototype quadrupole #2 provides a good field radius of 

R0 • 01 ~ 0.7 (figure 4.23}. This good field radius is mainly restricted 

by the 20-pole contaminant in the field; the 12-pole contaminant is 

too small to be measured with the Hall method. The measurements indi

cate that this 20-pole component has a relative strength of about 

A10/A2 ~ 0.6%, which is in excellent agreement with POISSON calcula

tions using the relevant pole profile (figures 4.24 and 4.25}. Besides 
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this the gtadient of quadrupole #2 shows a small slope. As this slope 

is most probably caused by misalignment of one or more poles (sec

tion 4.8.4) it may easily be corrected by a better means of alignment. 
I 

With the aid of POISSON calculations an improved pole profile has been 

developed, in which the amount of 20-pole contaminant is also negli

gible (sec~ion 3.2). It is expected that this profile will provide a 

good field radius comparable to that of magnets used in other 
machines. 

Summarizingly it may be concluded that the relatively simple design of 

the dipoles provides sufficiently good field properties for use in 

EUTERPE; fu~thermore the basic design of the quadrupoles in combina

tion with a proper pole profile also produces satisfactory fields. 
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5 The Rotatiilg Coil Device 

5.1 Introduction 

A method to determine the quality of a magnet employs rotating a coil 
I 

in the aperture region [COB 65,FYV 74,KOB 71,CON 87]. In this coil a 
! 

voltage is ,induced, which is a direct measure of the mul tipole com

ponents of ,the magnetic field. 

With aid of the technical staff of the Eur a device has been developed 

(the RCD: Rptating Coil Device). A prototype is now being produced. 

In this chapter first the basic theory will be given. In 5.3 some 

calculation~ are presented that are needed to determine the construc

tion tolerances of the device, together with an error analysis. In 5.5 

the preliminary set up of the RCD is given. 

The RCD will primarily be used to measure the field in a quadrupole so 

calculations in this chapter will ma.inly deal with this kind of 

magnet. 

5.2 Theory 

I 

The principle of the RCD is rotating a coil in the aperture region of 

a magnet. The voltage induced in a closed loop of one wire is given by 
I 

d J- -E. = - "'!(it" (B•n) dA (5.1) 

Suppose we have a rectangular coil with length i and width r 0 (see 

figure 5.1) ·' If one places the rotating axis of the coil on the 

magnetic axis (the z-axis of the magnet) eq. 5.1 reads 
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e 

------- ~) Wo 

figure 5.1 A schema.tic picture of a one wire coil. 

(5.2) 

in which for 
1

simplicity Be/) is taken independent of z and r = ~o with 
I 

R the aperture radius of the magnet. A general form of Be/) in a magnet 

is given by 

(5.3) 

with A22 the quadrupole term and n,m > 0 (compare section 2.3 for the 

case of a quadrupole). 

Substituting \his equation into eq. 5.2 yields 

rt 

~ = - ~t J l l m•Amn2 rn-lcos(m; + ;mn) dr 

o m n 

' 2 

= 2 w l l ~ Arnn rn•sin(m; + ;mn) (5.4) 

mn 

in which;= ~·t has been substituted; w being the angular velocity of 

the coil and t time. So the coefficients in the multipole expansion of 

the field are given by 
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n e. A = ______ m_n __ _ 

mn I! w r~ m2 
(5.5) 

in which E. 1 are the components of e.. The exact values of A are not rnn mn 
relevant sihce they depend on the variable strength of the magnet and 

on w; only A relative to A22 is of importance. mn 

The induced potential can be sampled with an Analog Digital Converter 

(ADC). In order to separate e. into the components E. the signal will 
m 

I 

be Fourier analysed. Separating E. into E. can be done by employing 
, m mn 

coils with different widths r. Unfortunately this has the disadvantage 
I 

that the induced potential E. for large n and small r 1 could be very 
I mil 

small. As another method to separate e. into e. we propose simul-
1 m mn 

taneously employing multiple coils. Consider for example the set of 
I 

coils in figure 5.2 of which the lower coil has two times the number 
I 

of windings of the upper coil. Assume that the field contains both 
I 

r 2 sin24> and r 6 sin24> components. Substracting the potentials induced in 
I 

both coils yields 
! 

I 

15 6 
"' -1 •r sin24> 

16 
(5.6) 

In this way 1the r 2 term (e.22 ) is eliminated while the r 6 term (e.26 ) is 

hardly affected. 

figure 
' 5.2 The double coil that can be used to eliminate the 

r 2 term. The lower coil has twice the windings of 
the upper coil . 
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5.3 Construction tolerances 

! 

Several aspects of the construction tolerances of the RCD have been 

investigated. The aspects to be treated below are: 

-1- The effect of a multiple wire coil on the signal. 

-2- Accuracy of winding and the coil width. 

-3- The pe~dulations of the coil. 

-4- The angular velocity stability of the rotation. 

These effec~s all contribute to a total error in the computed multi

pole components A . Therefore each contribution was minimized to an mn 
error of no more than 2%. In the computations that follow Oc means the 

! 

difference between the actual induced voltage and the voltage in the 

ideal situation. 

1 The effect of a multiple wire coil on the signal 

When the coi!l is composed of more than one wire there is a range Ar 1 

and A~ which contains the wires. Each wire has a specific induced 

potential (eq. 5.4). One can evaluate the effect in both directions 
I 

(Ar: radial direction and A~: tangential direction) independently. 

Radial direcf ion 

Take for simplicity an odd number (2K + 1) of windings of which the 

central wire has r 1 = r 0 and the spacing in between wires is or. The 

potential induced by a specific multipole component A can thus be 
! mn 

written as 

c mn 

K 

= w
1 

i Arnn :
2 

•sin(m~ + ~mn) l 
k=-K 

n (r0 + k•or) 

The last par~ of this equation can be written as 

(5.7) 

(5.8) 

Summation ov~r k yields annihilation of terms with odd powers of or. 
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In lowest order approximation the relative deviation in the induced 

voltage becomes 

1 
{jf:.mn= 2K + 1 (5.9) 

If one take~ e.g. K = 5; r 0 = O.S•R m; lir = 4R 10-3 m (with R the 

aperture raqius) and consideres the effect on the 20-pole (n = 10) 
' 

eq. 5.9 gives lif:. ~ 1.1 % which is below the 2 % demanded. mn 

,, 

Tangential direction 

In the case of a coil with (2K + 1) windings in the tangential direc

tion one can' write for the mn-component of the induced potential 

(5.10) 

The last part of the equation reads 

sin( (me/> 1 + 4> ) + lon•c54>) ~ sin( me/> + 4> ) •cos(lon•lic/>) + o mn o mn 

(5.11) 

I 

in which sinx ~ x has been substituted. 

At sununation the last term of eq. 5.11 annihilates in pairs for posi

tive and negative m. This results for the relative deviation in lowest 

order approxination 

K 

• (1 + 2• 2 cos(lon• ~: ) ) (5.12) 

k=l 

1 lir in which lie/>= ----has been substituted. 
iro 

Again for K = 5; r 0 = 0.S•R m; lir = 4R 10-3 m and m = 10: {jf;, ~ 1.2 % 
mn 

I 

Summarizing it shows that the influence of a multiwire coil is minor 

and can easily 
1

be compensated for if the positions of the wires are 

lmown. 
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I 

2 Accuracy of winding 

The effect,of a positioning error of one winding in either direction, 

radial or tangential, can easily be computed with eqs. 5.7 and 5.10. 

Suppose f o~ example that one wire has a deviation 6r in radial direc

tion from its assumed position rt. The relative deviation inc 
mn 

becomes 

(5. 13) 
(2K + l)•r 

With the v~lues herefore mentioned: 6c ~ 0.5 %. In tangential direcmn 
tion there ,is an additional phase shift. 

Furthermore, one can derive the accuracy by which the coil width r has 

to be known,. If one allows a maximum error of 2 % in the measurement 

of the 20-pole component in a quadrupole field one can compute with 

eq. 5.5 that the difference between the actual width and the assumed 

width should be smaller than 50 µm. 

3 The pendulations of the coil 

' 

The coil will be placed in a tube to avoid bending. Rotating the tube 
I 

could induce pendulations. This affects rt in equation 5.4. Consider 

two types of deviations from rt: a constant deviation 6r and an oscil-
, 

lating one 6r•sinwt. For simplicity the z dependency of 6r is not 

taken into account. The error in the potential introduced by the first 
I 

type can be,computed analogously to the former subsection yielding the 

constraint 6 < 50 µm. The second type of deviation is best considered 
I 

by looking ~t its effect on the c22 term of equation 5.4, which reads 

(5.14) 

in which ~in a single wire coil is assumed. Suppose 

(5.15) 

To lowest order in 6r this yields an absolute deviation 6c 



- 72 -

(5.16) 

If one assumes w to be a integer multiple of w0 these extra two com-
I 

ponents have the same frequency as regular components of c. In the 

case of a fairly good quadrupole for example the A22 term is about 103 

larger than 1 the others. This means, in order to have an error < 2 %, 

or has to be smaller than 0.4 µm. This is a fairly strict constraint. 

If this constraint cannot be met constructionally, a possibility is to 

employ a do¥ble coil as mentioned in section 5.1. The quadrupole term 

c22 could be eliminated in this way which means that small oscilla-
' 

tions of the tube have hardly any effect on the measurements. The A22 
I 

term can afterwards be measured independently by disconnecting one 

coil. 

4 The angular 1uelocity stability of the rotation 

Due to the ~earing of the tube or the stability of the motor the 

angular velocity of the tube fluctuates during one rotation. This 

could give ~ise to additional errors. Suppose a harmonic fluctuation 

w(t) = Wo•(l + o•sinw1t) 
I 

(5.17) 

Substitution in equation 5.4 yields 

c ~ ~(t)•sin(rrx.>0 t + + ) mn mn (5.18) 

(5.19) 

in which for, simplicity only a time dependency of the first w has been 

substituted. The first component is the normal induced potential. The 

second component can be written as 



- 73 -

As shown in the former subsection this could lead to large errors. 

Simulations 1.show that in combination with the neglected time depen

dency of the second win eq. 5.18 this effect yields a constraint: 

o < 10-5
. Of course it is again A22 (in the quadrupole case) which is 

the source of the largest error. As in the former subsection this 

error could be reduced by employing a double coil but simulations 

indicate still a desired constraint of 6 ~ 10-3 in order to have a 

maximum possible error of 2 %. Another solution lies in integrating 

the signal and sampling after each interval A•. Integrating removes 

the first w dependency in equation 5.18. By sampling after each angu

lar interval A• instead of each time interval At the time dependency 

of the second w can be made irrelevant also. Therefore the RCD must be 

equipped wit~ a phase detecter that will trigger the sampler. 
II 

I 

5.4 Positioning of the RCD 

In order to measure the multipoles in a quadrupole magnet correctly 

one has to position the axis of the RCD on the magnetic axis. Fyvie 

and Lobb [FYV 75] show that if both axis are parallel with distance o 
the largest "false" mul Upole measured is a dipole with amplitude 

o•A22 (with A22 the quadrupole amplitude). Other false multipoles are 

also measured by this incorrect placement but their amplitudes are 

very small. Kobayashi et al [KOB 71] show that this dipole term can 

easily be used'; to position the RCD. By adjusting the centre of rota-
1 

tion of a coil\ the dipole term can be minimized. False multipoles are 

still induced if the axis of the coil makes an angle with the axis of 

the quadrupole. This can easily be corrected. Supposing the magnetic 

axis to be a straight line employing a coil at two different places 

fully determines the axis. 
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5.5 The set up of the RCD 

In figure 5. 13 a -schematic lay-out of the RCD is depicted. As the 

project is still in development the set up may be subjected to some 

improvements. 

As shown the coil will be placed in a tube. A tube is chosen for 

protection afd to avoid bending which could introduce pendulations. 

The tube wil~ be large enough to contain two coils in order to keep 

the option of employing two coils simultaneously (if the construction 

constraints cannot be met; section 5.3). The tube will be rotated in 

bearings of which one (the right one in the figure) can be removed 

easily. The ~ets that are to be measured will be placed on a table. 

This table will be such that easy position manipulation on the magnet 

will be possible. The on and off going wires of the coil will be 

guided through the tube, on the axis of rotation, to brushes. The 

wires will ~ twisted to minimize their influence on the signal. The 

signal will be guided by means of some low noise brushes to the elec

tronic equipment which consists of e.g. filters, power units for the 

motor and the phase detector (decoder), stabilisation equipment for 

the motor, and if chosen for an electronical integration of the signal 

an integrato~ (section 5.3.4). The ADC will sample the signal, clocked 

by the phase detector. It has a storage capacity large enough to 

contain the data of a few rotations. By means of a computer the data 

will be digested. For this some Fourier Analysis and Fast Fourier 

Analysis programs have been written (by LJ de Bever). 

The whole set up will be such that changing of coils and manipulation 

of magnets can be done without the need to readjust the RCD. 
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Figure '5.3 The set up of the RCD. 
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6 An Analytic solution to the quadrupole problem 

6.1 Introduction 

It is possible to design the poles of a quadrupole analyticaly with 

the techniq~e of conformal transformation in such a way that there is 
I 

a zero contribution of some higher order multipoles. In general a 

arbitrary profile can be transformed with a conformal transformation 

to a shape f1or which the Laplace equation can easily be solved. Here a 
I 

polygonal quadrupole is considered; i.e. a quadrupole of which the 

cross section (perpendicular to the axis of the magnet) of the pole 

profile cons!ists of a series of straight lines. 

If one considers the coordinates (xi,yi) of 1/8-th of the quadrupole 

as the real and imaginary part of a complex variable (z) it is pos

sible to maJ the geometry onto another complex plane (t-plane) with a 

Schwarz-christof f el transformation (because of the symmetry of a 

normal quadrppole, 1/8-th fully determines the geometrie). This yields 

a t ~ z relation. Furthermore it is possible to consider the vector

potential A and the scalar potential V, both solutions of the Laplace 

equations, as the real and imaginary components of the complex vari-
1 

able F (see appendix A). The F-plane can also be mapped onto the 

t-plane yielding a F ~ t relation. By substituting the t ~ z relation 

into the latter it is possible to express the magnetic field B in 

parameters defining the angles and the lengths of the sides of the 

polygonal pole face. By optimization of the parameters several higher 
I 

order multipoles in a quadrupole can be minimized. 

The purpose of this chapter is to give a global survey of the method 

to solve a pplygonal quadrupole analytically. Other magnets are trea

ted in e.g. [SAK 75,BOS 74,l..EE 71]. The amount of work concerning the 

actual calculations proved to be too large to be dealt with during the 

period of which this master thesis reports. It is considered to have 

the calculations done as a masters thesis by a mathematical or physics 

student. 
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6.2 The t--z rel~tion 

In this sect
1

ion we will consider the relation between the t-plane and 

the z-plane resulting an t ~ z relation. 

Consider 1/8-th part of a polygonal quadrupole in the complex z-plane 

with z = x +I iy (see figure 6. la). Purpose is to find a solution to 

the Laplace equation AV = 0 in the interior of the polygon. For the 

y 

t-plane 

p 8 0 

0 x 0 

z-plane 

Figure p.la,b The z and t-planes for the first transfor 
mation. The left drawing displays 1/8-th of a 
quadrupole. The region between the dotted and the 
thick line is (half) the pole. The z-axis and the 
dotted lines are symmetry lines. 

boundary conditions one can see that the potential Von the x-axis is 
I constant and can be taken zero (compare chapter 2). If one considers 

the iron, of which the quadrupole is constructed, to be ideal, so 

µ = oo, then the field lines are perpendicular to the pole and the 
r I 

potential on the surface is constant. For the potential between the 

8V origin and point B (fig. la) holds: -a-;;:= 0 with n the normal to the 

boundary. 

The interior of the polygon in the z-plane can be mapped onto the 

upper half of the t-plane by a Schwarz-christof f el transformation. The 
I 

contour of the polygon will be mapped onto the real-axis of the 

t-plane. The Laplace equation is invariant under the transformation 
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' 

[PUT 87]. Usually it is easier the other way around; mapping the upper 

half of the t-plane onto the interior of the polygon in the z-plane. 

For this we need the Schwarz-Christoffel transformation [SMY 50] 
I 

(6.1) 

where p. 's are appointed by the angles of the polygon in the z-plane, 
1 

and C1 is ~ scaling factor. The µ. 's correspond to corner points of 
1 

the polygo~. With this kind of transformation a one to one correspon-

dence betw~en three sets of points in the t and z-planes fixes the 

transforma~ion [BOE 88] (which are in our case: oo, 1, 0 in the t-plane 

with 00 , 0, 1P in the z-plane. See figure 6.1). Equation (6.1) can be 

written as 1. 

I 

I 

dz 
dt = 01 (t 

I 

= C1 f(t) (t - 1) 

3 

4 

(6.2) 

(6.3) 

with µi as Jn figure lb. The coefficients - .ij- and - -2-are determinent 

by the 45° ~le near 0 and the 90° angle near B [SMY 50]. 

In order to1find a z ~ t relation a Taylor expansion in powers of 

(t - 1) can1be written down 

()() 

f(t) =1 l fn(l) !! (t - l)n 

in::() 

Substituting eq. 6.4 into 6.3 and integrating yields 

()() ! 1 

z = l l\i(t - l)n + 4 

n::{) I 

(6.4) 

(6.5a) 
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with 

(6.5) 

Equation 6.5 has to be written as a t - z relation which can be found 
by assuming 

(6.6) 
n=O 

For this form of t z relation is chosen to have an easy substitution 

in the to be derived F - t relation (see next section). 

The A 's can be found by substituting eq. 6.6 into eq. 6.5 which n 

yields for A4h+l:n e N+ with N+ the set of positive integers. 

(6.7a) 

As = - _!h. 
B8 {6.7b) 

(6.7c) 

(6.7d) 

I + 
and {~ = 0 I ~ = 4n + 1, n e N } 
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I 

6.3 The F - t relation 

As mention~d in appendix A the magnetic field B can be derived from a 

vector (A) as well as a scalar potential (V). Using the notation of 

complex variables 

then 

F = A r+- iV 
z = x ... iy 

B=B+iB x y 

with B*(z) the complex conjugate of B(z). 

(6.Sa) 

(6.Sb) 

(6.Sc) 

(6.9) 

Consider the potential in the complex F-plane as plotted in fig. 6.2a 

and the t-plane as plotted in fig. 6.2b. Both V and A are solutions of 

the la.place 'equation which holds in the region under consideration. 
I 

The boundary conditions are V =constant on the line parallel to the 
I 

A-axis, V is zero on the A-axis and ~ V = 0 between B and 0. Once 
I n 

again the upper part of the t-plane, bounded by the A-axis, can be 

mapped onto ~he interior of the polygon in the F-plane with a 

Schwarz-cb.ri~toffel transformation 

dF ,n >a. 
d t = C2 I • ( t - u i l 

l 

(6.10) 

Again the l.a.placian equation is invariant under the transformation. 

For the plotted geometries eq. (6.10) can be written as 

1 1 
dF - - - -
d t = C2 I ( t - 1) 2 ( t - µ1) 2 (6.11) 

The powers - ~ are determined by the 90° angles at 0 and B in figure 

6.2a. For the three sets of points that fully determine the trans

formation (B,O,oo)' (µ,l,oo) are chosen so we have the same t-plane as 

in the formerl section (compare figures 6.1 and 6.2). 
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F-plane 

00 
--:. 

A 
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t-plone 

8 0 

0 

Figure 6.2a.,b The complex planes used in the transformation 

1 

Expanding (t - µ 1)- 2 in powers of (t - 1) 

1 

n=l 

2 0 
(1 - µ1) n 

(- m - ~) n (1 - µ 1) m=n-1 

(6.12) 

Combining eqs. 6.11 and 6.12 and integrating yields 

(6.13b) 
n=O 
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6. 4 Optimiza.
1

tion of the pole face 

We now ruave transformed the polygon in the z-plane to the t-plane 

yielding' a z"' t relation and ditto for the F-plane yielding a F"' t 

relation: By substituting the former into the latter we have a F"' z 

relation' 

00 

'\ 4n+2 
F = L G4n + 2 z (6.14) 

n.::0 

So the potential F is expressed into a power series which are the 

multipoles. The coefficients (G) in this power series are dependent 
n 

onµ. and'~ .. So optimization of the pole profile, in order to find an 
1 1 

approximation to the ideal quadrupole field, can be done by finding 

values for the set of parameters{µ .• ~.} for which the lower order 
1 1 

contaminants are zero. The number of parameters fix the number of 

components in the power series that can be made zero. 
I Take for example a pole profile that consists of two straight lines 

with giveri a and R (See figure 6.3 for the geometrie and a and R). The 

y 

0 x 

z-plane 

Figure p.3 1/8-th of the quadrupole in the z-plane 
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parameters' that are to be adjusted are {a,Jls,µc}· The a and R put a 
I 

further restriction on the design. One can write for R 

JLs 
R = J~dt dt (6.14) 

1 

and for a 

(6. 15) 

'1 

Rand a are dependent on the scale factor C1 in eq. 6.1. By deviding 
I 

eqs. 6.15 by 6.14 the C1 dependancy is avoided. So R/a can be written 
I 

as one eq~tion with three parameters {a,Jls,µc}. Thus two components 

in the power series can be minimized, e.g. G6 (the dodecapole com-
1 

ponent) and G10 (the 20-pole component), resulting in two other equa-

tions. The three equations fully determine the three parameters (in 
I 

the case of, no dependency in the equations). The solution can be found 

with aid o~ a computer. Let 

(6.16) 

with R0 and a 0 the desired Rand a. 

Equation 6.16 can be minimized with a standard NAG library procedure. 

Input are the three equations in the form of three, on (a,Jls,µc) 
dependent, procedures. The integrals 6.14 and 6.15 can also be com

puted with a standard NAG procedure. 



- 84 -

7 Conclusions 

Summarizing several conclusions can be drawn from the measurements on 
! 

the dipole. 

As can be seen from figure 4.6 it is advisable to use the iron of 

which dipole\#1 is manufactured. Dipole #2 saturates to a large extent 

at 1.3 Tesla, which is the maximum field strength used. 

The slots in the yoke cause dips in the field. Although this effect 

can easily b~ removed by avoiding the use of slots in the yoke the 

influence on the beam will be negligible. 

The bulging ~f the field in axial direction {figure 4.9) causes an 

angular depenki.ent synchrotron radiation spectrum since the frequency 

of the radiation is dependent on the field strength. This is not 

important be91use only the radiation in a small angle interval will be 

used for a single experiment. 

The variation of the effective length with the excitation current is 

so far not coim>letely understood. The effect is small and will cause a 

minor decrease of the sagitta. 

The A.BIB curves (figure 4.7) guarantee a near homogeneous field in the 

region of imp~rtance. The sextupole component is much smaller than the 

fields in the sextupoles which will be incorporated in the ring (maxi

mum pole tip ~ield 0.1 ~ 0.2 Tesla). 

Spacers will ttave to be used to guarantee a uniform gap height. 

Overall it can be concluded that although the dipoles are relatively 

simple they p~ove to be satisfactory. 

For the quadrupoles it can be concluded that tapering enhances the 

good field rad1ius. The 12-pole field component of the prototype magnet 

can not be measured with the Hall probe (compare figure 4.26) and 

there is a good agreement between Poisson calculations and the mea

surements. For'R0 • 01 is found R0 • 01 ~ 0.7. The second designed qua

drupole (12-pole and 20-pole near zero) will have a good field radius 

comparable to ~ets used in other accelerators. 

The tilted gra4ients in figure 4.25 are due to construction and 
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synunetries since it carmot be present in properly manufactured 

quadrupoles. 

Exact values for the multipole components are not easily determined 

with Hall probe measurements. 1bis will have to be done with the RCD. 

It is advisable to exploit the method to design quadrupoles mentioned 

in chapter 6 because this will simplify designing magnets. It can be 

used as a check for existing magnets and measuring systems as the RCD. 

For both kind of magnets it is advisable to check their usefulness 

with a beam tracking program e.g. Hiatt [BEV 88]. 
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Appendix 

A lbe Poisson group of codes 

A.1 Introduction 

With the Poisson group of codes it is possible to solve magnetostatic 

and electrostatic problems in various kinds of magnets. lbe center in 

the magnetic part of the group of codes is the Poisson code itself. 

Most of the other codes can be used merely to make the necessary input 

data. 

Poisson solv~s the two dimensional Maxwell equations in a, by the user 
I 

predefined, plane. For this it is essential to make a cross section of 

a magnet in such a way that the field lines are lying parallel to the 

plane. Taking a cross section has the disadvantage that one neglects 

the edge effects caused by the finit length of the magnet. The only 

way to circumf ere this approximation is to use a three dimensional 

computer code for the computation of the fields, with the disadvantage 

of excessive computation time. 

In this appendix an outline of the working method of Poisson is given. 

In order to write this chapter use has been made primarily of 

[POU 87,POR 87] and for section A.4 [HAL 68]. 

A.2 Method 

General theory 

In this section the derivation of the Poisson equation and a brief 

outline of the working method of the Poisson code will be given. 

The relevant Maxwell equations are 



v x ii -,- ] 

v . - I 

B = 0 

with 

ii 1 ii 'Y -
= = -B 

µ 
r µo µo 

and 'Y the reluctivity. 
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(A. l) 

(A.2) 

(A.3) 

From eq. A.2 follows that B can be generated from a vector potential 

ii = v x .A 
' 

(A.3) 

B lies in a' two dimensional plane so A can be chosen perpendicular to 

the plane 

.A= A(x.y)·e z 

The current 'can also be written as 

] = J(:>G.y)·e z 

Equation A.l' can be written in integral form (with eqs A.2-7) 

f 'Y(x,y, IB I) [ -:--~-z- dx - :z dy ] = µ
0 
J Jzdxdy 

c ! 

(A.5) 

(A.6) 

(A.7) 

(A.8) 

This equation can be written as the general form of the Poisson 

equation 

a L a a 
.:.:i.. ('Y .:.:i.. A ) + i.:--<a 'Y -8 A ) = - µ J 
VA VA Z Y Y Z 0 Z 

(A.9) 

to which the codes owes its name. 
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The problem area is divided, by Poisson, into small triangles in which 

J and ~ are supposed to be constant and A to be linear in x and y z z 
(figure A.1). Then A is computed at every corner of the triangles of . z 
the mesh using eq. A.9, by integrating numerically a small area around 

the corner. The procedure is as follows 

- Given estimates, both initialized or calculated, of the vector

potentla1 of a point and the surrounding points, calculate the 

new estimates of the reluctivities ~ in the triangles in between 

the points. 

- Calculate a new estimate of the vectorpotential (by integrating 

around! each point) using successive overrelaxation ([POR 87]: 

part b, chapter 19, section 6). 

- Repeat steps one and two until a convergence criterion is met. 

The various: types of materials used for the construction of the mag

nets can bei accounted for by supplying Poisson with different B/~ 
tables. As for boundary conditions one can use either the Dirichlet 

boundary condition (field lines are parallel to the boundary line) or 

the Neumann boundary condition (field lines are perpendicular to the 

boundary lipe) 

Figure A.1 left: A quarter of the cross section of a qua
drupole with the triangle mesh generated by 
Poisson. 
right: A quarter of a quadrupole with field lines. 
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A.3 Calculating B from A 

' 

Introduction 

After calc~lating the vectorpotential Poisson computes fields by 

taking the 
1

derivative of A (eq. A.3). 1bis could give rise to errors 

due to the ~iscrete character of the potential. 1berefore some kind of 

smoothing i,s applied first. Smoothing is done by least-squares fitting 

the vector potential with two dimensional polynomials in the vincinity 

of every point (corners of the triangles) of the mesh. Besides the 

improved accuracy this has the extra advantage that possible 

synunetries pf the magnet can be taken into account in developing the 

power serie~ of A . z 

General theory 

Poisson uses the theory of complex variables. 
I 

1be fields in a magnet can be computed from a vector as well as a 
I 

scalar pote~tial. 

8A 8A 
B A B z z 

(A.10) = v ~ = e e 
8y 

x ax y 

with A = A x y = o. so 

82 A 82 A µo 
( 'Y ,v x A) µOJ 

z z (A.11) v x = + - -J 
8x.2 8y2 z 

'Y 

with J = J = 0 and 'Y taken independent of x and y. 
x y1 

1be solution, to equation A.11 can be written as the solution to the 

homogeneous equation plus a particular solution. 

8A 
8x.2 = 0 (A.12) 

(A.13) 
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For the scalar potential we have 

I 

B - v v 

where 

av - av -B=---e ---e ax x ay y {A.14) 

{A.15) 

if the current density is zero in the region under consideration. 

To convert the problem to the notation of complex variables we define 

z = x + iy 

F = A + iV 

B = B '+ iB x y 

This yields 1 

. aF = iaz-

* with B the 'complex conjugate of B. 

{A.16) 

{A.17) 

{A. 18) 

{A.19) 

V{x,y) can ~e computed with the combination of eqs A.10 and A.14 

av 1 aA 
---=B =--

8x ' x ay 

av aA 
--8y =By=--ax 

{A.20) 

{A.21) 

As mentioned 1 A, near a point {x1,y1). is developed into a power series 

{about a point z ). 
0 

OC> 

A{x1,y1) =Re[ l cn{z1 - zo)n] 

n=o 

which can be1written as 

{A.22) 
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()I) 

= \ [a u1 + (-b )v1 ] L n ,n n ,n 
n=o 

where 

c = a + ib n n n 

and 

(zl - ~ )n = ul + ivl o ,n ,n 

with the polynomials u,v as in tabel 1. 

n 

1 

2 

3 

4 

5 

u (x,y) 
n 

x 
x2 _ Y2 

3 3 2 x - xy 
x4 _ 6x2y2 + y4 

XS I! - 10x3y2 + 5xy4 

x6 
- 15x4y2 + 15x2y4 -y6 

v (x,y) 
n 

y 

2xy 

3x2y - y3 

4x3y - 4xy3 

Sx4y _ lOx2y3 + ys 

6xsy - 20x3y3 + 6xys 

Tabe' A.1: The polynomals used in equation A.23 

(A.23) 

(A.24) 

(A.25) 

For calculating A(x1,y1) a least-squares fit is performed around 

(x1,y1) incorporating the 18 nearest points. The coefficients a and 
n 

b are obtained up to the seventh order by matrix multiplification. 
n 

'Z£ = A (A.26) 

with Z a 19x14 matrix with the different u. j and v .. (with i the 
1, l,J 

index for the, 19 different points and j the order of the polynomial), 
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C the vector which contains the a.,b. and A the vector with the 
J J 

calculated potentials for the points. 

1be number ~f terms ai and bi is fixed. 1be order of developing though 

can be increased by taking into account the possible symmetries of the 

magnet under consideration. It can be shown that because of the symme-

tries it is possible that some ai's 

chapter 13, ~ection 2, page 27). As 
I 

can be compu1ted with equation A.19. 

A.4 Harmonic analysis 

Introduction 

or b. 's are zero ([POR 87]:Part B, 
l 

mentioned before if A is lmown B 

1be computer code Poisson has a option to perform a harmonic analysis. 
i 

With this a numerical estimate can be made of the multipole components 

of the field in the gap of the magnet. 1be procedure is as follows 

Choose a point in the problem area (often on the axis of the 

magnet) j 

- Perform a Fourier analysis on a circle with the above mentioned 

point as centre and an appointed radius smaller than the aperture 

radius. 

I 
General theorty 

1be analysis is based on equation A.22 and tabel A.1. 1be polynomials 

diplayed in tabel A.1 are equipotential lines which generate the 

different mu~tipoles. For example 

2 2 
U2 =: X - y 

can be written as 

I 

u2 = r 2•cos2f 

with 

(A.27) 

(A.28) 



1 
r = {x2 + y2} /2 

x = r•cosf 

y = r•sinf 

A decomposition which gives 

yields to 

B = 2•C•r•cos2f r 
Bf = 2•C•r•sin2f 
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{A.29}a 

(A.29}b 

{A.29}c 

{A.30} 

{A.3l}a 

{A.3l}b 

which is the field in a perfect quadrupole. So an expression of the 

potential in the power series of the polynomials u ,v is equivalent 
n n 

to a rnultipole decomposition of the potential. lbe simplest way to 

find a ,b in equation {A.23} is to convert the problem to polar n n 
coordinates in the complex plane. 

Let us define 

z = r•exp{if} {A.32} 

c = le lexp{ia} = le lcosa + ilc lsina =a + ib {A.33} n n n n n n n n n 

Substitution into a power series of A gives {compare equation A.22) 

{A.34} 

00 

= l [- r r Jn [ lcn lcosancos{nf} - lcn I sinansin{nf}] {A.35} 
norm n=o 
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1

1

:\ [ ]n[ ] L r r ancos(nf} - bnsin(nf} 
norm 

(A.36} 

n=o 

with r ~normalisation radius. norm 
This is a form of a Fourier series inf. The harmonic coefficients are 

2v 

a 0 = ~v f A(r,f} df b = 0 
0 

0 

2v 
1 [ 

r 
]n f A(r,fl 

norm 
cos(nfl df a --n .,,. r 

0 

2v 
1 [ 

r 
]n f A(r,fl b norm 

sin(nfl df = 
_, __ 

n 1r r 
0 

(A.37} 

n > 0 (A.38} 

n > 0 (A.39) 

These integr~ls are computed numerically by converting them to summa

tions. Ofte~ it is sufficient, on grounds of symmetries, to integrate 

1 ' ~ 1r 11" d d" h f d on y to e.g. loo = Tor 6• epen ing on t e type o magnet un er 

consideratioh, and multiply the result. 

Combining eqs. A.19 and A.34 yields 

c 
. BF , B i--= az ' x [-

r ]n-1 
iBY = l in r n exp(i(n-l}f} (A.40} r norm n=l norm 

- l Bmexp(imfl (A.41} 

m=o 

As mentioned,Bm is directly related to a and b . 
n n 
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A.5 Conformal mapping 

Introductidn 

Conformal mapping is a powerful technique when dealing with the de-
! 

signing of a magnet or evaluating the field distributions. The con-

formal mapping dealt with here amounts to transforming a mulipole 

magnet to~ lower order multipole, often a dipole. It is clear that a 

dipole with its homogeneous field is easier to design, improve or 

evaluate then a higher order magnet. 

Th.eorie 

I 

As mentioned in section A.3 the field B within the aperture of a 

magnet can be derived from a complex potential F(z) with 

\ m(2n+l) 
F(z) = l am(2n+l)z 

1n~ 
! 

(A.42) 

where m indicates the order of the multipole (e.g. m=2= quadrupole, 

m=3: sextuppl~. etc.) and 

z = x + iy (A.43) 

The field can be computed with 

* 8F B (z) = i-az- (A.19) 

With a tran~formation the multipole can be mapped onto a lower order 

multipole magnet, preferably a dipole since its essentially homoge

neous field in the aperture is highly desirable for evaluating the 

fields as w~ll as pole face design of a magnet. 

Using the transformation 

[ ]

m 1 z m w = ~ r ~- = k z m o r 
0 

(A.44) 



- 100 -

am-order mqltipole can be transformed to a dipole. Here r is the 
0 

distance from the center of the magnet to the iron nearest the center. 

Thew - z relation (eq. A.44) is scaled thus that if lzl = r then 
0 

IBZ I = IBWI 
With equatidn A.44 equation A.42 becomes 

! co 
, [ ]m(2n+l) 

F(w) = l am(2n+l) : (A.45) 

h=o 

(see figure 3.1 for a sketch of a conformal mapped quadrupole) 

In a fairly good multipole magnet then= 0 term dominates in equa

tion A.42 a.nP therefore dominates also in equation A.45 in which it 

represents the dipole component. 

Equations A.B and A.9 remain essentially the same except for the 

reluctivity ~. It can be shown that~ becomes w 

(A.46) 

It is a norJD!il procedure to get a good dipole field by extending the 

pole faces far beyond the aperture region. This obviously will give 

problems in the case of a conformal mapped multipole magnet because of 

saturation effects. Although this effect is perfectly clear without 

the applicatdon of a conformal transformation equation A.46 emphasises 

that one ought to be careful in extending the pole face also in the 

mapped situation. 



A.6 Kirt 

I 

Introduction. 
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Another impprtant tool for designing magnets in the Poisson group of 

codes is the computer code Mirt. Mirt is an optimalisation program 
I 

that uses Poisson as an internal procedure. It determines the optimal 

values of a! set of parameters defining a magnet by fitting the actual 

perf ormance
1 

to the desired one. The parameters can be subjected to 

restraints in order to force the optimalisation to fit to a desired 

geometry. 

Working methods 
I 

I 

Mirt optimizes a set of parameters defining a magnet by minimizing a 

weighted sum of squares of the deviations between the desired and the 

actual perf 9rmance of a magnet 

m 

S = l'wi(si 
i=l 

! 

2 - s.) 
-1 

(A.47) 

where the w{s are weight factors which can be chosen by the user in 

order to have each term approximately of the same size, si is the set 
I -

of desired performance numbers (for example the values of the magnetic 

field at gi~en locations) and s. the set of calculated performance 
1 

numbers. Th~ parameters (pi) of a magnet that can be adjusted are 

' 

- The pole face profile. 

The current density in the coils of the magnet. 

- The pos
1

ition of the coils. 

I 

The optimalisation can be subjected to so called hard and soft re-

straints. Hard restraints are parameters that can be chosen by the 

user and cannot be changed by Mirt. By applying soft restraints the 
i 

user can make the optimalisation subject to estimated values of the 

parameters. lbe sum of squares becomes 



~ 

S = ~ wi(si - ~i)2 + 

i=l 
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(A.48) 

with pi the set of estimated parameters and p. the set of actual 
I 1 

parameters. The v. 's are weight factors. 
1 

The principle use of Mirt is to trim the polefaces of a dipole magnet. 

It can however also be used to optimize higher order multipole magnets 

(e.g. quadr~poles) but to do so the magnet is often transformed to a 

dipole through conformal transformation (see section A.5). 
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B Alignment of the quadrupole measuring set-up 

In section 4.8 {figure 4.24) it was seen that the measured gradient of 
I 

quadrupole #2 has a small slope. Alignment of measurements on quadru-

poles is quite a difficult task due to the lack of good reference 
I 

points. However, in this appendix will be shown that misalignment of 

the measurement does not cause the slope of the gradient. 
! 

y 

line of measurement 
.--

------rf----'--'-----'-cx---m-edian plane 

x 

Figure B.1 Sectional view perpendicular to the a.xis of a 
quadrupole. Indicated are two coordinate systems 
used in the description of the field, a line of 
m.easurem.ent, and the components of the measured 
induction in a certain point. 

Figure B.1 spows a sectional view perpendicular to the axis of a 

quadrupole. The x-axis of the cartesian coordinate system is defined 

by the mediap plane of the magnet. The scalar potential of an ideal 

quadrupole field is given by (see chapter 2): 

Thus the components of the magnetic field are 

B = 2ahY x 

{B.1) 

{B.2) 
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Suppose that the line of measurement has a displacement d and an 

angle a with respect to the median plane (see figure B.1). The 

distance al~ng the measuring line is denoted by u. The relation 

between the coordinate u and the cartesian coordinates (x,y) is given 

by: 

x = u•cosa 
I 

y = u•sina - d 

hence: 

B (u) = 2a.22 (u•sina - d) 
x 

(B.3) 

(B.4) 

With the Hall probe the field component B perpendicular to the 
a 

measuring line is measured. This component is given by: 

B = B 
1

:cosa - B sina a y x 

= 2a22 (u•cos2 a - u•sin2 a + d•sina) 

The gradien~ is calculated by 

dB a 
G = du- = 2a.22cos(2.a) 

(B.5) 

(B.6) 

Thus it is clear that a displacement d does not influence the gradient 

whereas an angle a with res~ect to the median plane results in a 

decrease of the gradient (as expected). The slope of the gradient 

however is not caused by misalignment. 

Performing an analogous calculation for higher order components in the 

field of a fourfold symmetric quadrupole (e.g. dodecapole, 20-pole) is 

more complidated. Generally these higher order contaminants are rela

tively small, for which reason they are already excluded to be the 

cause of the slope. 
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