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Abstract 

The EUTERPE electron storage ring, which is being developed at the Eindhoven 
University of Technology, contains various sorts of magnetic components such as 
dipoles, quadrupoles and sextupoles. The first of twelve dipoles has been con
structed at the university workshop. In order to obtain stable particle movement 
the relative difference for all the dipoles of the so-called field integral along the 
electron path needs to be in the order of 10-4 • So it is necessary to measure this 
field integral with high accuracy. For this purpose a new coil measuring system has 
been constructed and used. The coil is shaped like the expected electron trajectory 
and is connected to an electronic integrating device. A reproducibility of 5.10-5 

is achieved. Detailed results are presented and compared with measurements per
formed with a Hall probe. 
From the measurements it is possible to calculate the higher order components of 
the field integral along the electron trajectory. The consequences of these higher 
order components for the beam behaviour are discussed. 
Mechanical measurements on the gap height are presented and compared with the 
Hall measurements. And finally, the dynamic apertures of the three modes of 
operation of the ring, HLF, HBSB and SBL are given. 
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Chapter 1 

Introduction. 

In this chapter the EUTERPE project is described in the first and second 
section. During the course of this work several computer programmes 
have been used, they are listed in the third section. The contents of this 
report is given in the last section. 

1.1 Introduction. 

At the Technical University of Eindhoven members of the group Nuclear Physics 
Techniques of the Technical Physics Department are working on the design and 
construction of a storage ring for charged particles as one of it's activities. 
The project has the name EUTERPE1 which is an acronym for Eindhoven Univer
sity of TEchnology Ring for Protons and Electrons. It is a ring designed for the 
storage and acceleration of charged particles; it will mainly be used for the storage 
of electrons at an energy of 400 MeV. 
The project is set up for studies of charged particle beam dynamics and applica
tions of synchrotron radiation and finally for the education of students in these 
fields. The circumference of the ring is 40 meters and it consists of four identical 
sections, called superperiods, each of which consists of various sorts of components 
such as drift spaces, dipole, quadrupole and sextupole magnets and correction 
magnets. Each superperiod has three dipoles. This makes the ring of the so-called 
Triple Bend Achromat (TBA) type. When an electron passes through one of these 
dipoles its trajectory will be bent, and it will radiate so-called synchrotron radia
tion (Bremsstrahlung). This sort of radiation has many applications because it is 
a powerful source of coherent light with the unique property that it covers a large 
part of the spectrum, in our case from the far infra-red up to soft X-rays. It is the 
generation of this radiation which is the main aim of the project. 
Besides the mentioned dipoles each superperiod contains quadrupole and sextupole 
magnets, separated by drift spaces. The dipoles are necessary to bend the beam of 

1see also [XI92] 
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charged particles, the quadrupoles are used to focus the beam and the sextupoles 
are to correct for chromatic aberrations. 
Each superperiod also contains a long straight section at the beginning and at the 
end, see figure 1.1. The total length of each straight section is 2 meters and all four 
straight sections are dispersion free, this way a deviation in path does not result 
in a deviation of the synchrotron phase. In these straight sections other sorts of 
devices can be inserted; a septum for injection of the beam, an RF cavity to accel
erate the beam and to compensate for energy loss during operation. The other two 
straight sections are available for experiments on accelerator physics, for instance 
for a superconducting wiggler magnet, or for the generation of hard X-rays coming 
from Compton scattered laser light (C02 source). 

1.2 Parameters of the EUTERPE ring. 

In this section relevant parameters concerning the ring will be presented. First we 
give the hardware parameters, later attention will be paid to the different modes 
of operation. 

1.2.1 Hardware parameters. 

As mentioned in the introduction the ring consists of four superperiods. One 
superperiod is depicted in figure 1.1. In this figure straight sections are indicated 
with Oi, the quadrupoles with qi, sextupoles with Si and finally dipoles with bi. 
The lengths of the drift spaces are given in table 1.1. All drift spaces have an 

qlq2 bl sl q3 q4 s2 b2 s2 q4 q3 sl bl q2ql 

ol o5 o3 o2 o4o5 o4 o2 o2 o4 o5 o4 o2 o3 o5 ol 

Figure 1.1: Schematic overview of one superperiod. 

aperture (half radius) of 2.5 cm. The hardware parameters of all the magnet types 
are listed in table 1.2. 

A top view of the entire lattice looks like fig 1.2. The electrons originate from 
a linear accelerator with an energy of 10 Me V. They are not directly inserted in 
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Table 1.1: The lengths of the drift spaces. 

driftspaces length (m) 
ol 1.000 
o2 0.450 
o3 0.600 
o4 0.100 
o5 0.165 

Table 1.2: The hardware parameters of all magnet types. 

dipoles: type rectangular 
with straight ends 

length 0.480 m 
bending angle 30° 
entrance/exit angle 15° 
radius of curvature lm 
half gap 1.25 cm 
fringe field int. 0.5 
magnetic induction 0.255 T (75 Me V) 

1.35 T ( 400 MeV) 
Quadrupoles: length 0.274 m 

aperture 2.5 cm 
Sextupoles: length 0.05 m 

aperture 2.5 cm 

the ring but first pre-accelerated by a so-called microtron to an energy of 75 MeV. 
Once injected they can be accelerated to an energy of 400 Me V. 
The main parameters of the ring are listed in table 1.3. 

1.2.2 The different modes of operation. 

The design of the EUTERPE lattice has a high flexibility, it leaves the possibility to 
change the character of the electron beam by varying the magnetic field strengths 
of the quadrupole and sextupole magnets. This way different modes of operation 
can be achieved. So far three different modes have been considered: High Light 
Flux (HLF), High Brilliance Small Beam (HBSB) and Short Bunch Length (SBL). 
The normal mode of operation will be HBSB because this will meet the require
ments of most users. In this mode the transverse beam width is very small, the 
result of this is that the origin of the synchrotron radiation is very small so it has 
a high brilliance. 
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Figure 1.2: Overview of the storage ring. 

The HLF mode is intended to be used as the first mode of operation after con
struction has been finished. In this mode the beam size is larger than in the case 
of the other two modes which allows for more particles to be stored. The result 
is that this mode will generate a lot of light, hence the name. Finally the SBL 
mode is intended for experiments which specifically need short flashes of light and 
therefore a short bunch length. 
An overview of the lattice and beam parameters can be found in table 1.4. In this 
table ki and Si indicate the strengths of a quadrupole qi respectively sextupole Si 

as seen in figure 1.1. All values are for a 400 MeV beam. Apart from these hard
ware settings there are several other relevant parameters which are a result of the 
settings listed in table 1.4. They can be seen in table 1.5. The meaning of these 
parameters will be explained in chapter 2. 

1.3 Computer programs used. 

Nowadays, for accelerator physicists a great number of computer codes are available 
for different objectives such as lattice calculations, for calculations on RF struc
tures, for magnet structures, programmes for the estimation of collective effects, 
etc. 
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Table 1.3: The main parameters of the ring. 

Circumference 40 m 
Electron energy 400 Me V 
Injection energy 75 Me V 
Beam current 200 mA 
Beam lifetime 2 h 
Superperiods 4 
RF frequency 45 MHz 
Harmonic number 6 
RF voltage 50 kV 
Energy loss/turn ( 400 MeV) 2.3 keV 

Table 1.4: Overview of the lattice and beam parameters. 

Modes HLF HBSB SBL 
Dipoles (T) 1.3539 1.3539 1.3539 
Quadrupoles ki 1.184 4.396 1.732 
(T/m) k2 -0.428 -4.500 -0.432 

k3 -1.980 7.351 -3.777 
k4 4.766 -1.799 6.203 

Sextupoles S1 -128. 755 416.466 -128. 755 
(T/m2) S2 120. 721 -561.4 73 57.633 

What the codes for lattice calculations is concerned efforts have been made since 
1984 to standardize the format of the input files of these programmes (see [CAR84]). 
Most programmes work by translating the various components of the accelerator 
into matrices and then multiplying and/or manipulating these matrices. For more 
elaborate computations the order of the matrices should be two or higher. Another 
point of attention is the so-called symplecticity of a code. A code is symplectic if 
the variables used are treated canonically during manipulations. 
The results presented in this report were obtained using the programmes DIMAD 
([SER85]), written by Roger Servrancks c.s. from the University of Saskatchewan 
in Canada and MAD written by H. Grote and F.C. Iselin from CERN ([GR093]). 
A third program that was used is called AGILE, written by P. Bryant from CERN. 
This program is written in Turbo Pascal and has been written strictly for educa
tional purposes. Since it can only handle first order matrices it does not feature 
the elaborate commands that MAD and DIMAD have. The main advantage of 
this program however is that it can run on a personal computer and does not need 
a VAX station like the others do. This makes it very suitable for the educational 
purposes it was intended for. 
During the use of AGILE it was noticed that the program computed values for the 
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Table 1.5: The Relevant parameters. 

Modes HLF HBSB SBL 
Tune Vx 2.57 5.13 3.37 

Vy 1.63 2.47 2.41 

f3xmax 10.335 23.835 8.241 
/3zmax 8.060 11.114 9.113 

/3 and T/ T/max 0.8540 0.4944 1.0404 
functions ( m) < f3x > 5.6725 7.6939 3.7601 

< /3z > 4.8086 6.6364 4.5835 

< T/ > 0.2691 0.1366 -0.2112 
Momentum compaction a 0.04057 0.01130 0.18776E-4 
Natural chromaticity ex -2.917 -15.859 -3. 729 

ez -5. 755 -11.039 -8.376 
Emittance (nm.rad) Ex 184.50 5.7760 155.22 
Beam length (cm) (}' s 3.70 1.95 0.08 
Coupling coefficient ,., 0.1 0.1 0.1 

O' xl 0.894 0.058 0.558 
O' zl 0.364 0.076 0.352 

Beam size (mm) (}' x2 0.376 0.079 0.451 
O' z2 0.199 0.063 0.113 
O' xO 1.310 0.349 1.135 
(}' zO 0.251 0.014 0.187 

vertical tune that were different from those obtained from DIMAD. The difference 
came from the fact that the program neglected the extended fringe fields of the 
dipoles. The extra contribution of the fringe field was introduced into the program 
and then the results were the same (see also [DUC93]). 

1.4 The contents of this report. 

The contents of this report can coarsely be divided into two parts. One part is 
concerned with calculations done with the three computer programmes introduced 
in the previous paragraph. This part contains an investigation of the so-called 
dynamic aperture and the effects of closed orbit distortions. 
The other part is about measurements of the magnetic field of the first dipole 
magnet of the ring. For this purpose a new measuring method was introduced. 
Previously in our group magnetic fields were measured using a Hall probe. In the 
new method the magnetic flux is measured using a long narrow measuring coil. 
This system was designed, constructed and applied to the first Euterpe dipole. 
A comparison between this method and Hall measurements is also made. 
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Chapter 2 

Particle Motion and The Field 
Integral. 

In this chapter first a reference coordinate system will be introduced, 
then a description of the basic beam optics will be presented. The subject 
of the third section is the theory concerning the field integral of a dipole 
magnet. 

2.1 The Coordinate System. 

The coordinate system used throughout this report will be as indicated in figure 
2.1. The local reference system is ( x,y,s) with s in the direction tangent to the beam 
direction, y in the vertical direction and x in the radial direction of the bending 
plane. The radius of curvature is p. The global reference system is denoted by 
(X,Y,Z). 
In a real machine misalignments of optical elements are an important source of 
orbit deviations. In chapter 5 the effects of misaligned dipoles will be presented. 
The way in which misplacements of elements are indicated can be seen in figures 
2.2, 2.3 and 2.4. DX, DY and DS are the displacements of the entry of the element, 
DPHI is the rotation around the x-axis. DTHETA is the rotation around the y
axis according to the right hand rule, DPSI is the rotation around the s-axis also 
according to the right hand rule. 
All magnetic elements are assumed to have midplane symmetry and the horizontal 
plane of the ring is assumed to coincide with the magnetic midplane. 
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Figure 2.1: The coordinate system. 

x 

DX 
y !-----. 

/ 
original entrance 

of the magnet 

OS 

DTHETA 

s 

Figure 2.2: Misplacements in the (x,s) plane. 

2.2 Basic beam optics. 

The first order equations of motion in a circular machine are given by [COU58] 
and are usually referred to as the Hill equations: 

d
2
x(s) { 1 } 

ds2 + p2(s) - ki(s) x(s) (2.1) 

d2y(s) 
ds2 + ki(s)y(s) (2.2) 

with p( s) the local radius of curvature of a trajectory of an arbitrary particle, 6'.p/ p 
the momentum deviation and ki( s) the focusing strength of the ith lattice element, 
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DPSI 

Figure 2.3: Misplacements in the (x,y) plane. 

see table 1.4, 

ki(s) = _1 8By 
Bp ox 

with Bp the magnetic rigidity of the particle. 
x=O 

(2.3) 

The value of ki ( s) is unequal to zero only in the quadrupoles, 1 / p( s) = 0 except in 
the dipoles. 
In the case of a mono-energetic beam, /j.p/p = 0, the two Hill equations (2.1) and 
(2.2) have the same form. Then the general solution of these equations , u(s) with 
u = x, y, can be expressed as 

u( s) = y'c~ cos[1f ( s) + </>] u = x,y (2.4) 

where </> is an arbitrary constant. The quantity c is called the emittance. 
The two periodic functions in equation (2.4) are the so-called betatron phase 1f( s) 
and the beta function (3 ( s). They are related via 

8 

ds' 
1f(s)= j (3(s')" 

0 

(2.5) 

Integration of this last equation over the entire path of the ring yields the betatron 
number v also called the tune; 

1 f ds 
Vu:=27r f3u(s) (u=x,y). (2.6) 

This tune indicates the number of betatron oscillations per revolution. The com
bination of Vx and Vy is called the working point. 

13 



y 

DY 
x 
1----~ 

s 
OS 

Figure 2.4: Misplacements in the (y,s) plane. 

In the design of a ring special attention must be paid to this working point because 
it must satisfy the condition 

(2.7) 

where m, n, p are integers. If this condition is not fulfilled a particle will return to 
exactly the same position after a number of turns. Any deviation from the ideal 
orbit will then be amplified and will result in particle loss. 
We call lml + lnl the order of the resonance. A graphical way to represent the 
condition is the so-called resonance diagram, figure 2.5. In this figure the forbidden 
points up to fourth order are indicated with lines. In the figure also the working 
point of the modes HLF, HBSB and SBL can be seen. 
So far particles were supposed to have no momentum deviation. In a real machine 
momentum deviations will always occur. If a particle has a momentum that is 
different from that of the reference particle it will be bent differently in the dipoles 
and quadrupoles, see equations (2.1) and (2.2), and will therefore have a different 
betatron tune. The dependency is called the chromaticity e, 

u = x,y. (2.8) 

A particle with a momentum deviation will also be bent differently in the dipoles. 
This will result is a deviating path length tl.C with regard to the length of the 
ideal orbit C0 • The pathlength difference as a function of momentum is expressed 
by the momentum compaction function a: 

tl.C /Co 
O'. = . 

tl.p/po 
(2.9) 

We will now return to the first order equations of motion, the Hill equations. 
A more intelligible way of working with these equations is by the use of matrices. 
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VY- integer 
1.0 --=::----,----..,.--~----.----ir--------::... 

0.0 1.0 

o = HLF 

• = HBSB 

e = SBL 

Vx- integer 

Figure 2.5: The resonance diagram to the fourth order. 

Quadrupoles and drift spaces can be represented by specific matrices and by using 
of a combination of these two can a dipole be represented. Other components (e.g. 
sextupoles) cannot be represented this way since they are of higher order. 
The matrix for a drift space of length L is: 

Dipole: (2.10) 

For a quadrupole with strength f the matrix is: 

Quadrupole : (2.11) 

Any sequence of elements can be represented by a single transformation matrix 
M1,2 • The indices 1,2 indicate that any given particle with some initial position 
u1 and angular deviation u~ = du1 / ds can be transformed to any other position 
( u2 , u~) in the ring. 

(u=x,y). (2.12) 

Any matrix M1,2 can be written as a so-called Twiss matrix: 

( 
cos µ + _<l'. sin µ /3 sin µ ) 

-ismµ cosµ- asmµ 
M= (2.13) 
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The emittance can then be expressed as 

e = 1u2 + 2auu' + /3( u') 2
• (2.14) 

This is the equation describing an ellipse in the phase space ( u, u'), see figure 2.6. 
From this figure it can be seen that since /3 is a function of s, the shape of the ellipse 

Figure 2.6: Phase space ellipse. 

changes with s. This in turn means that the width of a bunch of particles changes 
with s. The total area of the ellipse remains conserved if the particles do not lose or 
gain energy. In reality the particles will lose energy during each revolution because 
of synchrotron radiation. This loss is in our case compensated by a corresponding 
energy gain from the RF cavity. The combination of these effects gives rise to a 
slow radiation damping of all oscillation amplitudes. This radiation damping is 
effectively arrested because of a continuous excitation of the oscillations by "noise" 
in the electron energy, which comes from the fact that the synchrotron radiation 
is emitted in photons of discrete energy, the so-called quantum fluctuations of 
the energy loss. In stationary conditions a balance is reached between quantum 
excitations and radiation damping. 

2.2.1 Closed orbit distortions. 

Closed orbit distortions are caused by field errors and displacement errors in the 
magnetic elements of an accelerator. In a real machine these errors are always 
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present. The result of this is that the closed orbit of the reference particle deviates 
from the designed, ideal orbit. All other particles will perform their betatron 
oscillations around this new orbit instead of around the ideal orbit. 
To analyse the effects of errors in the lattice we will transform the Hill equations 
(2.1) and (2.2) into the form of a harmonic oscillator. For this purpose we introduce 

LlB(s) 
Bp 

F(s) 

J 
ds 

v/3 
(2.15) 

v2 /33/2 F( s ). 

Together with 

u = x,y (2.16) 

this gives 

(2.17) 

here g(e) is the azimuthal pattern of some perturbation of the guide field and in 
the ideal case this equals zero. 
In general all kinds of machine imperfections can be treated as errors in the inte
grated gradient strength: 

h(Bl) = j Bdl - (! Bdl). . 
ideal 

(2.18) 

Suppose a small constant angular kick is present. Everywhere else g(e) = 0 so 

d2K 2 
de2 + V K = Q => /'\, = Ko cos(ve +A). (2.19) 

If we now choose the origin e = 0 diametrically opposite to the kick then ,\ = 0 on 
grounds of symmetry. The orbit is closed by definition and therefore the oscillation 
described above will look like figure 2. 7. 
To translate back to the physical trajectory we need to differentiate the K function 
at the position of the kick: 

dK 
dt = -K0 v sm V7r 

~ e=1r 
(2.20) 

further 
de 1 ----, 
ds vf3kick 

(2.21) 
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This gives 

IC = llQCOS V~ 

I 

0 21t 

Figure 2. 7: The closed orbit function for a single kick. 

8x' _ 8(Bl) _ dx _ r;;-
13 

. dK de 
2 - 2Bp - ds - V f.'kick de ds 

Ko = 

Ko • 
- ~SIIlV7r 

V fJkick 
yp,;;;k J: I 

I 
. 

1

ux. 
2 sm V7r 

(2.22) 

In these expressions is /3kick the amplitude of the /3-function at the kick position. 
The description of the x trajectory then becomes 

~ [J/3(s)f3kickb(Bl)l x = v f.'~~) Ko cos v e ( s) = . B cos v e ( s). 
2sm V7r p 

(2.23) 

This expression is only valid for -7r < e < 7r. The maximum perturbation ampli
tude is given by the expression in square brackets. 
So far we have concerned ourselves with just one perturbation. To find an estima
tion of the effect of more, randomly distributed errors we have to take the r.m.s. 
average 

< x(s) > 
{!i(i) 

2J2 sin V7r 
(2.24) 

jf3(s)f3av . JN. (~Bl)rms. 
2J2 sin v7r Bp 

(2.25) 

The factor J2 comes from averaging over all phases. 
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2.3 The field integral and the effective length. 

The purpose of dipoles in general is to bend the beam. In the case of a storage ring 
special attention has to be paid to the dipoles because it is important that each 
dipole bends the beam equally. The relevant parameter in this respect in general 
is the so-called field integral F of a dipole and not the magnetic strength. The 
reason for this is that the length of the dipole magnet is usually small compared 
to the wave length of the particle oscillations, the betatron oscillations. The field 
integral is given by: 

+oo 

F = j B(s) ds (2.26) 
-oo 

where the magnetic field B has a shape of the form shown in figure 2.8: And so 

B 

s 

Figure 2.8: The shape of the magnetic field. 

the field integral is therefore the total area under the curve. The so-called effective 
length of a dipole is defined as the field integral divided by the maximum field B0 • 

In figure 2.8 it is the length for which the shaded areas above and beneath the 
curve are equal. 

(2.27) 

The field integral of a dipole can be measured using many methods. Most 
of them are methods that provide local information of the magnetic field. They 
employ nuclear magnetic resonance, rotating coils, flip coils, magnetoresistance or 
a Hall generator. The field integral is then found by integrating the measured 
magnetic field strengths along the trajectory of the charged particles. So the field 
integral is indirectly obtained from the measured data. 
It is also possible to measure the field integral, which is a global feature of a magnet, 
more directly. This can be done using a coil which is shaped around the expected 
electron trajectory. By placing such coil in a magnetic field the total magnetic flux 
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passing through the coil can be measured. Since this is the method we used special 
attention will be paid to it here. 
The total flux passing through the coil is, see figure 2.9, 

Figure 2.9: Scematic picture of the dipole and measuring coil. 

</>coil = J J B · n da. (2.28) 

If the magnetic field does not change over the width d of the coil we can write 

</>coil = d j B · ds = F d. (2.29) 

So we now have a direct relation between the flux and the field integral. However, 
we now need to determine the magnetic flux passing through the coil. For this 
we use Faraday's Law; if a coil is placed in a varying magnetic field a potential 
difference will be generated between the ends of the coil: 

8</> 
V(t) =Nat, (2.30) 

where N is the number of turns of the coil. If we integrate this last equation we 
can find the enclosed magnetic flux at any given time 

t 

</>(t) - </>(O) = ~ j V(t')dt' (2.31) 
0 

as long as we start measuring in a field free region, for instance somewhere outside 
of the dipole where </>(O) is zero. 
The integration of V(t) in our case was done using an analog electronic circuit where 
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integrator 

pre-amplifier 
buffer 

Figure 2.10: Schematic picture of the integrating device. 

in principal an operational amplifier is used to accumulate the voltage coming from 
the coil onto a capacitor (C in figure 2.10). 
The relation between the output voltage U(t) and the input voltage V(t) is given 
by: 

k t 

U(t) = RC j V(t') dt' (2.32) 
0 

where k is the amplification factor of the pre-amplifier and R is the value of the 
resistance located as indicated in figure 2.10. 
Combining equations (2.29), (2.31) and (2.32) gives: 

RC 
F = U Ndk (2.33) 

so we now have a direct relation between the measured signal U and the field 
integral. 
Using this equation we can estimate the accuracy in the determination of F; 

({)p) 2 

( {)F )
2 ({)p) 2 ([)p) 2 

{JU ub + {)RC/k ukc/k + {JN uJv + {)d uJ (2.34) 

( RC )
2 

( u )2 (u RC)
2 (u RC)

2 

kN d ub + Nd ukc/k + kN2d uJv + kN d2 uJ. 
From this we can see that only one term depends on the actual measurement 
namely uu. So the reproducibility of a measurement of F only depends on the 
reproducibility in the measurement of U. This can be useful if measurements on 
different magnets, performed with the same equipment are being compared. 
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In a perfect dipole the field integral is independent of the transverse position, 
in a real dipole however this is not always the case. The pole surfaces may not 
be parallel, which results in a quadrupole field superimposed on the dipole field. 
Another factor are saturation effects at the pole-edges which give rise to sextupole 
components in the field. If a dipole is measured using a method which provides 
local information, for instance using a Hall probe, these quadrupole and sextupole 
components are easily found. The next paragraph will be about how to find the 
higher order components if the coil measurement is used. 

2.3.1 Measuring higher order components. 

In this paragraph attention will be paid to the determination of the higher order 
components of a dipole magnet. First we will return to the basic formula and make 
an expansion of the field. This in turn will give rise to an expansion of the field 
integral. We will then look at the measured value for the field integral and relate 
this to the real value. Finally we will look at how to interpret relative measure
ments. 

In the previous paragraph we gave equation (2.29): F = </>coil/ d for small d. In 
general this equation looks like: 

xo+d/2{ L } 
</>(x0 ) = j j B · da = j j B(x, l) dl dx = j F(x)dx. 

xo-d/2 O xo-d/2 

xo+d/2 

(2.35) 

If we write B(x, l) as an expansion into higher order components 

B2(l) 2 B3(l) 3 Bn(l) n 
B(x,l) = B0(l) + B1(l) x + -

1
- x + -

1
- x + ... + -

1
- x +... (2.36) 

2. 3. n. 

with Bo (,Bi, B2 , ••• ) the dipole (,quadrupole ,sextupole, ... ) field, we find for F: 

L 

F(x) = j B(x, l)dl 
0 

L L L Bn(l) n j B0(l)dl + j B1(l) x di+ ... + j--;? x dl + ... 
0 0 0 

F. F Fn n 
0 + 1X + ... + - 1 X + ... 

n. 

(2.37) 

so F0 (,Fi, F2 , ••• ) is the dipole (,quadrupole, sextupole, ... ) component of the 
field integral along the path. Substituting this into equation (2.35) leads to 

~+~2 ~+~2 ~+~2 

</>(xo) = j Fodx + j Fixdx + ... + j ~~ xndx + ... 
xo-d/2 xo-d/2 xo-d/2 
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- F0d+ F1x 0d+ 
2
:' { 3x; m + (~)'} 

+ 
2{i3 

{ 4x~ ( ~) +4x. ( ~r} (2.Js) 

+ 2{i• { Sx~ m + JOxi (~)' + (~)'} 
+ 
2;5 {6x: m +2oxi (~)' +6xo (~)'} + ... 

This last equation shows how the real higher order components contribute to the 
measurement of the flux. For simplicity we will in the following assume that F6 

and higher can be neglected. 
We will now look at the value of the field integral which is actually measured, F. 

F( ) _ ef>(xo) 
Xo - d · (2.39) 

Together with equation 2.39 this gives 

F(x0 ) = Fo +F1xo + ~~ { 3x; +(ff} 
<~ { 4x~ +4x0 (ff} (2.40) 

+ ~; { Sx~ + !Ox; m 2 

+ m 4

} 

+ ~; { 6xi + 20x~ (~)' +6xo (~) l 
If we also write F( x) as an expansion, 

- - -
- - - F2 2 F3 3 Fn n 
F( x) = F0 + F1 x + -21 x + - 1 x + ... + - 1 x + .. . (2.41) 

. 3. n. 

we find after some manipulation: 

Fo 
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F2 - F, ( d)' -F2 - 3f 2 + O(F6) (2.42) 

F3 - - F, ( d)' -F3 - 3f 2 + O(F1) 

F4 - F4 + O(F6) 
Fs Fs. + O(F1). 

This indicates how the real field integral values for the higher order components 
can be found from the measured values. In the following we will assume that terms 
higher than F5 can be neglected. 
If we subtract equation (2.38) from equation (2.41) we find an expression for the 
difference between the measured value and the actual value F(x0 ) - F(x0 ) 

F(xo) - F(xo) F2 (~)2 - F3xo (~)2 
3! 2 3 2 

+F4 2 (3!) - 5! - 2!3! 2 _ [(d) 4 

{ 1 2 1} x5 (d) 2

] (2.43) 

-F, [xo ( ~) 
4 

{ G) 2 

- ~! }- ;;, (~) '] . 

So far we have been concerned with absolute measurements. In practice the abso
lute value for F is important but the differences in F between different dipoles are 
even more important. From equation (2.38) we can derive an expression for the 
difference 6F(x0 ) between some dipole and one taken as standard: 

6.F(xo) 

(2.44) 
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Chapter 3 

Coil measurements. 

In this chapter the integrating field measurements using the coil will 
be discussed in detail. Attention will be paid to the specific shape of 
the coil, the measurement procedure, the measurement results and the 
conclusions that can be obtained from those results. 

3.1 The experimental setup and measurement 
procedure. 

The detailed design of the coil can be found in appendix A, here we will only give 
a schematic picture, figure 3.1. The shape of the coil is as the expected trajectory 
of the electrons which is straight outside of the dipole, corning in and leaving the 
magnet under an angle of 15 degrees and circularly curved inside over an angle of 
30 degrees with a radius of 0.9855 rn. The coil is positioned in the median plane of 
the magnet and is shaped around the described path 15 mm in width and 5 mm 
in height. It has 29 turns which are wound in a single row. The coil is part of a 
construction which limits its degrees of freedom to one namely the x-direction, as 
indicated in figure 3.1. In this picture the origin is the mechanical middle of the 
dipole and the positive x-direction is outward. 
The dipole is powered by a Danfysik1 power supply. It generates currents of up to 
250 A. The power supply and the dipole are watercooled separately. As reference in 
all the measurements the arnplified2 voltage over a shunt3 inside the power supply 
is used. In the following this amplified shunt voltage will be referred to as simply 
the shunt voltage. It is read using 5~ digit voltrneters4• These are also used to read 

1The power supply has a stability of better than± 5.10- 5 in 15 min and better than± 2.10-4 

in 8 hr. 
2The five times amplifier is of the model Burr-Brown INA101 which has a nonlineairity of 

0.0002%. 
3The shunt is a watercooled manganin rod which is connected in series with the dipole. 
4 The used voltmeters were of the type Thurlby 1905a and Keithly 197a. 
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Figure 3.1: A schematic picture of the dipole and measuring coil. 

the voltage coming from the integrating device that integrates the signal coming 
from the coil. Further details concerning the integrating device can be found in 
[B0193]. The integrating device is battery powered to reduce noise levels. 
A calibration was made of the magnetic field versus the shunt voltage using NMR 
equipment5, a 5th order function was fitted through the calibration and this func
tion is used to calculate the intermediate values of the field. The current through 
the dipole versus the shunt voltage was calibrated using a current transducer6 . A 
detailed description of the behaviour of the dipole can be found in the next chapter. 

In order to translate the measured coil voltages into values of the field integral 
we recall equation 2.33, 

RC 
F = U Ndk 

with N the number of turns, d the width of the coil and RC / k a constant of the 
integrating electronic circuitry. 
During one measurement serie these values are constant so the accuracy of the 
measurements during one serie only depends on the reproducibility of the mea
surement of U. 
In our case N is 29, dis 15.26 mm with a tolerance of 0.02 mm. The value for RC / k 
is found to be 0.44209 s with a maximum error of 9.10-5 s. This was determined 
by putting I.OOO m V on the input side of the integrating device and measuring the 

5The NMR used equipment is a Bruker B-NM 20-5. It is accurate up to 1.10-4 T. 
6 An RS 257-414 LEM HA 200-SU current transducer is used which has an accuracy of 1 %. 
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output signal after some 15 minutes, from equation 2.32 the value for RC / k was 
then found. 
Combining these gives the a value for RC / N dk of 0.992 m-1s with a maximum 
error of 0.003 m-1s. 

Before the actual measurements could be started a suitable range had to be 
selected first. To make this possible three measurements were performed covering 
the maximum range, see figure 3.2. This maximum range is limited in the negative 
x-direction by a mechanical constraint. The positive x-direction is limited by the 
fact that the signal drops off very quickly when part of the coil reached over the 
edge of the pole. 
As the suitable range was chosen that part of the maximum range where the varia
tion of the signal relative to the maximum signal was about 1 %. This corresponds 
to a variation in the positive and negative x-direction of about three centimetres. 
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Position w.r.t. the middle of the polesurface (mm) 

Figure 3.2: Picture of the maximum range. 

The measurement procedure was as follows: 

• Some time before the measurement all the necessary equipment was switched 
on so that their temperatures were stable by the time the measurements 
started. 

• A suitable value for the magnetic field was chosen. Because the magnetic 
field strength of a dipole in the ring will be between 0.255 and 1.35 T, see 
table 1.2, the magnetic field was chosen somewhere between 0.2 and 1.4 T. 
From the calibration the corresponding value for the shunt voltage was found 
and the current was turned up until the shunt voltage had the desired value. 
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• Then the integrating device was reset and its drift was measured for about 
half an hour. This drift is caused by an offset voltage of two identical am
plifiers and a leakage current through a capacitor. For both effects separate 
compensating circuits have been incorporated. If the drift exceeded the limit 
of 1 m V in 15 minutes the compensating circuits are adjusted, in order to 
increase the accuracy of the measurement. In practice only the offset volt
age of the amplifiers is influenced by the temperature and the voltage of the 
batteries. 

• In a measurement first the drift was measured during several minutes and 
then the coil was placed slowly inside the gap of the dipole. 

• The position was then varied fifteen times and measured accurately. This 
was not done inside the gap because of the high field and the lack of space, 
but outside on two rods one of which is fixed relative to the pole surface, 
the other one is attached to the coil, see also appendix A. At each position a 
manual record was made of the position, the elapsed time since the beginning 
of the experiment and the integrator output voltage. 

• After this the coil is removed slowly and 

• the drift was measured again. A measurement takes some three to five min
utes. 

• Later the integrator readout is corrected7 for the drift, assuming this drift is 
constant during the measurement. 

3.2 The reproducibility of the coil measurements. 

A special measurement was done to investigate the reproducibility. The shunt 
voltage during this measurement was 2.4609 V which corresponds to a field of 1.152 
T. The procedure was as described above, the only difference was that each time 
only one measurement was taken at exactly the same position. Five measurements 
were done. The result can be seen in figure 3.3. In this figure the elapsed time is set 
on the horizontal axis and the integrator output voltage is set on the vertical axis. 
The top picture shows the five measurement points, the bottom picture shows the 
intermediate measurements of the drift. 
The measured values can also be found in the table 3.1, together with the calculated 
values of the drift and the corresponding corrected measurement values. 
If we take therms value of these corrected values in this table we find 599.12 ± 

0.03 m V. This corresponds to a relative accuracy of 5 · 10-5
• 

7Using [PL092] 
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Measurements were done at eight different currents corresponding to fields between 
0.25 and 1.46 T. Each measurement was repeated at least once. Four measurements 
were done at fields between 0.25 and 1.00 T, the other four from 1.00 to 1.46 T. 
The reason for this asymmetry is that the behaviour of the dipole is more or less 
linear up to 1 T while for higher fields saturation effects occur. 
The measurements can be seen in figure 3.5. 

From this pictures we can see that for field strengths lower than 1 T the maxi
mum field is reached around 18 mm in the positive x direction. This is caused by 
the fact that the dipole has a quadrupole component, resulting from the fact that 
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Table 3.1: The values of the reproducibility measurement. 

measured {m V) drift {mV) corrected ( m V) 
598.64 -0.45 599.09 
598.63 -0.51 599.14 
598.49 -0.61 599.10 
598.09 -1.07 599.16 
597.70 -1.39 599.09 

the pole surfaces are not parallel. This has been checked by measuring the gap 
height at several places at several currents, see section 4.4. 
For fields higher than 1 T saturation effects occur. This can also be seen in figure 
3.4. In this picture all the measured values have been divided by the maximum 
value. Again it can clearly be seen that the maximum signal is found around x = 
18 mm for fields lower than 1 T. For higher fields saturation causes the maximum 
value to move towards the mechanical middle of the pole surface which is in our 
case in the negative x direction. 
In the picture also a horizontal line is drawn at V /V 0 = 0.9995. From this line we 
can see the region within which the change of the integrated magnetic field is less 
than 5.10-4 • The vacuum chamber should be located in this region. At present the 
width of this region is 13.4 mm centred around x = 14.5 mm. If the use of spacers 
can reduce the quadrupole component the range can be enlarged to 15.9 mm and 
will probably then be centred around x = 0, that is the mechanical middle of the 
pole surface. 
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Figure 3.4: The measurements results when divided by the highest value. 
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Figure 3.5: The coil measurements. 
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3.4 The higher order components. 

From the measurements presented in figures 3.5 the higher order components in 
the behaviour of the field integral can be obtained. In chapter 2 we have written 
F as a series expansion, 

Using this we can fit polynomials through the values for F. They are listed in table 
3.2. A fit was made up to fourth order, higher order fitting resulted in coefficients 
with errors of the same order as those coefficients. 
Later in chapter 2 we have expressed the real values of Fin the measured values 

Table 3.2: The higher order components in F. 
Magnetic 

Field Fo (Tm) F1 (T) F2 (T/m) F3 (T/m2
) F4 (T/m3

) 

Strength (T) 
0.25 0.13254 1.26 10-2 -0.82 73 -1.1 104 

0.50 0.26002 2.70 10-2 -1.70 134 -2.0 104 

0.70 0.36875 4.24 10-2 -2.4 1.8 102 -3.1 104 

1.01 0.52204 7.0 10-2 -3.9 2.9 102 -4.8 104 

1.15 0.59740 8.7 10-2 -4.6 3.5 102 -6.9 104 

1.25 0.64586 0.102 -6.0 3.5 102 -7.7 104 

1.33 0.68529 0.110 -7.0 3.6 102 -1.03 105 

1.46 0.74165 0.127 -12.6 4 101 -7 104 

F, equation 2.42. From this we can find the actual values. They are listed in the 
table 3.3. 

These values will in chapter 5 be used to determine what the effects of the 
higher order components will be on the particle movement. 
From table 3.3 we can find the value of the effective length of the dipole along the 
electron trajectory by dividing the value of the field integral by the magnetic field 
strength, see equation 2.27. A picture of the effective length as a function of the 
magnetic field can be seen in figure 3.6. 
From this figure we can see that the effective length is not constant but becomes 
less for higher fields. At a field of about 1 T the effective length has dropped about 
4.5 mm. At 1.4 T this is about 14 mm. 
This reduction in effective length has consequences for the beam behaviour, in 
section 5.1 we will discuss these consequences. 

32 



Magnetic 
Field 

Strength (T) 
0.25 
0.50 
0.70 
1.01 
1.15 
1.25 
1.33 
1.46 

E 
.520 

c:: 

...c 
+" 
01 
c:: 
Cl} .515 

Cl} 

> 
+" 
() 
Cl} 

'+- .510 
'+-
w 

Table 3.3: The higher order components in F. 

F 0 (Tm) F1 (T) F2 (T/m) F3 (T/m2
) 

0.13255 1.19 10-2 -0.71 73 
0.26004 2.57 10-2 -1.51 134 
0.36877 4.07 10-2 -2.1 1.8 102 

0.52207 6.7 10-2 -3.4 2.9 102 

0.59744 8.4 10-2 -4.0 3.5 102 

0.64591 9.86 10-3 -5.3 3.5 102 

0.68535 0.107 -6.0 3.6 102 

0.74177 0.127 -11.9 4 101 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Magnetic field in T 
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F4 (T/m3
) 
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Figure 3.6: Picture of the e.ff ective length versus the magnetic field for the coil 
measurements. 
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Chapter 4 

Hall, NMR and gap height 
measurements. 

In this chapter the results of the Hall and NMR measurements will be 
presented. With the Hall measurements the radial homogeneity and the 
longitudinal distribution of the magnetic field in the middle plane of the 
dipole were measured. A comparison will be made with the results from 
the coil measurements presented in chapter 3. 
The NMR measurements give information about the excitation curve 
and about the reproducibility of the magnetic field. Finally mechan
ical measurements concerning the behaviour of the gap height will be 
presented. 

4.1 The Hall measurements. 

The Hall measurements were performed using a Siemens Hall probe, model SVB 613, 
which has a temperature dependency of -0.01 %/K and a stability in the order of 
10-5 . The probe is attached to an x-y table which enables measurements in the 
middle plane of the gap. The probe movement is computer controlled and the Hall 
probe signal is fed to an ADC which is read by the same computer. The step size 
in all the Hall measurements listed below was about 4 mm. 
A calibration of the probe was made by putting the Hall probe and the NMR 
probe side by side in the gap and a fifth order polynomial was fitted through this 
calibration. 

4.1.1 The homogeneity measurements. 

The homogeneity of the magnetic field was investigated by measuring along six 
straight lines, three in the x direction, the other three in the y-direction in a 
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reference system as indicated in figure 3.1. For each line fields of 0.33 T, 1.0 T and 
1.5 T were taken. The location of the lines is as indicated in figure 4.1. 
The results of the measurements along the lines XT, XM and XB can be seen in 

480 
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I 20 YL I I 30 YM YR 
I 

XT 

XM 
I I XB 

I 220 I 

I 
'EE ;::;..' I 

·- -------
440 

Figure 4.1: The locations of the six straight line measurements. 

figure 4.2. In the picture can be seen from left to right, measurements at increasing 
field strengths and from top to bottom measurements at lines XT, XM and XB 
respectively. The range of the horizontal scale of the nine pictures in the bottom 
right-hand corner is ±240 mm, which is where the pole surface is located. 
From this picture we can see that the dipole has a field dip in the middle for a 
field value of 0.33 T. At a field value of 1.0 T this dip is still present but more 
dominant is an increase in the field in the negative y-direction. Both the dip and 
the increase can be explained by changes in the gap height, see section 4.4 . When 
the magnetic field strength is 1.5 T saturation effects cause the field to drop from 
the centre of the gap outward. These effects are even clearly visible in the first 
column on the left-hand side. As for the measurements at 1.0 T the maximum is 
not reached at the position y = 0 but towards the negative y-direction. 
Figure 4.3 shows the measurements done along lines YL, YM and YR. From left 
to right again measurements at increasing field strengths and from top to bottom 
YL, YM and YR respectively. From this picture the quadrupole components of the 
field can be seen. For 0.33 T the highest field is found in the negative x-direction, 
that is towards the return yoke, at 1.0 T the highest value is found for positive x 
values. This means that the gap height is smallest on the side of the yoke for low 
fields, but for higher fields it is just the opposite. The conclusion must be that the 
pole surfaces tilt with increasing current, this can be explained by the fact that 
the gap actually becomes smaller for high fields because of the magnetic attractive 
force, see paragraph 4.4. 
If the field is increased to 1.5 T saturation effects again can be seen. However 
because the range over which was measured was much smaller they are not as 
obvious as in the previous picture. 
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Figure 4.2: The result of the measurements along lines XT XM and XB. The three 
pictures on the top and in the column on the left show compositions of the nine 
pictures in the bottom right-hand corner 

37 



.33410 - 1.1117 

1.0T, ···········•·•• ·····•·•·•· 1.5T .. . .. 
t.607 ..... ..... 

[::>-
. . .. 1M7 . . ... . . . ... ... .llll2 . '·: . • -· 1M7 .5 .. .. .5 .5 

l! l! l! 1.447 £ ..... ;! ~ £ .. . . . Don••••••a••••a 1.427 

YL .3DIO ... . 0.1152 .···::::::.-... . IM7 

YM 
. .............. . •' ... .· . 

.J3340 G.lllO Ul7 - -20 0 20 40 -40 -20 0 2D 40 - lo -20 0 2D 40 

YR Distance in mm Distance in mm Distance in mm 

LIO .33410 \.OOIO W7 

aaa1111111111aaaa11aaaa t.607 
.l3Jl6 10048 

1.2f> 
l417 . . ... ,_ 

.llll2 . . ,_ -· ,_ 
. 5 

......•••...... 
.5 

. .. . .. .5 .5 1.417 

:!! 
0.00 

:!! :!! :!! 
1447 D ., ..... D 0.- ~ ;;: ;;: ;;: 

o.ot. 
········••111··. ...., . ...... 0.1152 

0 
a1111• •• •oa a 

0 IM7 . . ...........•.•• . . 
0.20 ..33340 O.llOO Ul7 

-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 
Distance in mm Distance in mm Distance in mm Distance in mm 

LIO .JJ410 - "'27 
aaaaaaaaaaaa11aa 00 aaaa•ao11•aaaa •··•······•••· 

l&J7 ..... 10040 
U!I .. L417 

... ,_ 
.JJJl2 . . . ,_ -· ,_ 

aooaaaanaaoaaaa . 1M7 .5 .5 . '• .5 .5 
0.00 

:!! 

~ 
:!1 

~ 1447 t! .33300 ~ ~ 
l427 

D.05 ...... 0.1152 
IM7 

··············• 
0.20 ..33340 D.ll20 ll07 

-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 

Distance in mm Distance in mm Distance in mm Distance in mm 

LIO .33410 \.0000 W7 

aaa•DDDOGllllGDaa t.607 ..... 10048 
U!I 

1.417 

I- I- .333112 
,_ 

1.00• I-

.5 
a11aaoaa111111aaaoa .5 .5 .5 1.417 

i 0.90 l! l! ii \447 ., 
.JJlOll D 

~ ;;: ;;: ;;: ;;: . .. . . 1.427 
D.05 

.33:!M ... . 0.1152 
l407 ..•••••a••• •• ...••.......... a a 1111 D DDaa 

- • • •• 1111 . . 
0.20 .33340 D.ll20 U07 

-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40 
Distance In mm Distance In mm Distance In mm Distance in mm 

Figure 4.3: The result of the measurements along lines YL, YMand YB. The three 
pictures on the top and in the column on the left show compositions of the nine 
pictures in the bottom right-hand corner. 
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4.1.2 The distribution of the magnetic fields along the 
closed orbit. 

The distribution of the magnetic fields along the closed orbit of the magnetic field 
was investigated by measuring along curved lines see figure 4.4. These lines fol
lowed the expected electron trajectory already described in section 3.1. 
Three curves were measured, each at field values of 0.25 T, 1.18 T and 1.45 T. 
Pictures of the curved measurements look very similar to the pictures of the mea-

Figure 4.4: The location of the three curved line measurements. 

surements along the x-direction, see figure 4.2, and will not be presented here. 
If we integrate the values of the field along the path of the electrons we find the field 
integral along this path. The integration is done to fourth order and the results 
are shown in table 4.1 

Table 4.1: The values of the field integral along the curves GT, CM and CB. 

line 0.25 T 1.18 T 1.45 T 
CT 0.13264 Tm 0.60802 Tm 0.73863 Tm 
CM 0.13307 Tm 0.61112 Tm 0.74336 Tm 
CB 0.13317 Tm 0.61194 Tm 0.74321 Tm 

From these values we can find the effective length along the different curves 
(equation 2.27). The values are listed in table 4.2, a picture can be seen in figure 
4.5. 

If we compare this figure with the one obtained from the coil measurement, 
figure 3.6, we can see that in the picture below the effective length has dropped 
about 5 mm at a field of 1 T, and about 14 mm at 1.4 T. These values are almost 
the same as those obtained from the coil measurements. 
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Table 4.2: The values of the effective length along the curves GT, CM and CB. 

E 
• !:= 
.c: .... 
O'I 
c: 
~ 
Q) 
> :;:; 
0 
Q) -w 

line 0.25 T 1.18 T 1.45 T 
CT 0.52189 m 0.51574 m 0.50702 m 
CM 0.52362 m 0.51837 m 0.51027 m 
CB 0.52397 m 0.51907 m 0.51024 m 
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Figure 4.5: Picture of the effective length versus the field for the Hall measurements. 

4.2 Comparing the coil and Hall measurements. 

In chapter three the results of the coil measurements have been discussed and in 
the previous section the measurements along a curved path have been described. 
Because the two kinds of measurements were not done at exactly the same field 
strength we will scale the Hall measurements to the coil measurements. The result 
can be seen in figure 4.6. 
From this picture we can see that the results of the Hall measurements fall inside 
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Figure 4.6: The coil and Hall measurements in one picture. 

the error bars of the coil measurements, however, the fact that the difference is not 
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constant suggests that the shunt voltage which was taken as reference is not always 
a good measure for the field. The measuring method can be improved by measuring 
the field before the start of an experiment directly using the NMR equipment. 

4.3 The excitation measurements. 

The NMR equipment, see page 26, was used to measure the excitation curve and 
the reproducibility of the dipole. The excitation curve can be seen in figure 4. 7, 
together with that of a previous prototype dipole and the theoretically predicted 
excitation curve. 
From this picture we can see that the new prototype goes into saturation at higher 
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Figure 4. 7: The excitation curve of the dipole. 

currents than the previous one. The reason for this is the following. Both dipoles 
are constructed of iron blocks, in the case of the first dipole these blocks were 
welded together which left an undefined air slit between the blocks. In the case 
of the second prototype the blocks were cemented together which left no room for 
air. 
The reproducibility of the magnetic field was investigated by ramping the current 
in many ways either to 0.25 Tor to 0.99 T. The result is that for 0.99 Tall different 
ways give a reproducibility which is limited by the stability of the power supply. 
For 0.25 T approaching from high field values seems to give a better reproducibility 
than approaching from zero. 

4.4 Mechanical measurements on the gap. 

The mechanical measurements on the gap were performed by G. Klitsie. Ceramic 
reference plates are fitted inside the gap at fields of 0 T, 0.30 T, 1.0 T and finally 
1.41 T. In the following comparisons will be made between the gap height and 
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the Hall measurements presented in figure 4.2. Since the magnetic field strength 
depends inversely on the height of the gap, we will see that places with a smaller 
gap height have higher field values. 
For zero current the gap height is on average about 25.03 mm at the end of the pole 
surface in the negative y-direction, 25.07 mm around the origin and 25.04 mm at 
the end in the positive y direction, see figure 4.8. Furthermore the gap is 0.01 mm 
larger at the front (positive x direction) than at the back. 
The manufacturing specifications were 25.00 + 0.05, so these values are in agree
ment. However, the height in the middle of the dipole is 0.03 mm larger than on 
the sides which explains the field dip in the second column of the left in figure 4.2. 
At 0.30 T all values drop O.Olmm and at 1.0 T they all drop below 25 mm and show 
an increase going from the tip in the positive x-, negative y-direction (24.87 mm) 
to the origin (24.96 mm), to the opposite tip in the negative x-, positive y-direction 
(24.97 mm). This explains why in figure 4.2 the second column of the right shows 
that the highest field values are found in the negative y-direction. 
Finally for 1.41 T these values drop further to about respectively 24.80, 24.87 and 
24.94 mm, and again we can compare this with figure 4.2 where the right-hand 
column shows that the highest values of the field are found towards the negative 
y-direction. 

So we see that the gap height is by no means constant and moreover that 
these measurements explain the measurements done using the Hall probe. Further 
research must show whether or not the use of spacers can overcome this problem. 

0 T 25.03 

0 T 25.03 
1.41 T 24.81 

0 T 25.04 
1.41 T 24.80 

0 T 25.07 
1.41 T 24.90 

y+ 

OT 25.08r. 
1.41 T 24.86 

0 T 25.04 
1.41 T 24.94 

0 T 25.04 
1.41 T 24.90 

0 T 25.05 
1.41 T 24.86 

Figure 4.8: The gap height at several places for the lowest and highest field values. 
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Chapter 5 

The results of the computer 
calculations. 

In this chapter first the effects of a changing effective length and of 
higher order components on the beam behaviour will be discussed. The 
second paragraph will be about the effects of misalignments on the closed 
orbit, and finally the third paragraph will be about the so-called dynamic 
aperture. 

5.1 The consequences of the measurements on 
the beam behaviour. 

In this chapter mode SBL will only briefly be discussed. The reason for this is 
that this mode has a very small dynamic aperture, see section 5.3. Therefore the 
required quadrupole and sextupole strengths will probably change in the future. 
In chapter 3 we presented in table 3.3 the higher order components in F found 
from the coil measurements. These coefficients affect the tune, table 5.1 shows the 
effects of these components for the modes HLF and HBSB. In this table D.v is the 
new tune minus the unperturbed tune. From this table we can see the influence of 
the higher order components of the dipoles on the orbit behaviour. In particular 
the tune changes due to the quadrupole component in the bending magnet. For 
the HBSB mode the vertical motion even becomes unstable. However, this is a 
pessimistic scenario. The closed orbit was chosen around the mechanical middle of 
the dipole. If the reference closed orbit is chosen around a suitable place, where the 
entry and exit position are near the middle of the pole-edge, then the quadrupole 
component will decrease much. This position corresponds to the maximum in figure 
3.4 and as can be seen from that picture this position changes with current. It will 
therefore probably be necessary to adjust the quadrupole strengths while the beam 
is being accelerated from 75 to 400 Me V in order to stay away from resonance lines. 
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Table 5.1: The effects of the measured higher order components on the tunes. 

Field value (T) ~Vx HBSB ~Vy HBSB ~Vx HLF ~Vy HLF 

0.25 0.019 unstable 0.14 -0.29 
0.50 0.021 unstable 0.15 -0.32 
0.70 0.023 unstable 0.17 -0.36 
1.01 0.027 unstable 0.19 -0.42 
1.15 0.029 unstable 0.21 -0.47 
1.25 0.032 unstable 0.23 -0.52 
1.33 0.032 unstable 0.23 -0.53 
1.46 0.036 unstable 0.25 -0.59 

Also in chapter 3 we gave the change in effective length of the dipole with 
increasing fields. In the following chapter we saw that this change was also seen 
for the Hall measurements, moreover the change was about the same. As for the 
higher order components, the change in effective length only affects the tunes, see 
table 5.2. 
If we compare tables 5.1 and 5.2 we can see that the influence on the tune of the 
change in effective length is much smaller than the influence of the higher order 
components. 

Table 5.2: The effects of the change in effective length. 

~Leff (mm) ~Vx HBSB ~Vy HBSB ~Vx HLF ~Vy HLF 

-4.5 8.5 10-3 3.2 10-2 2.9 10-4 2.6 10-2 

-14 2.6 10-3 9.6 10-2 9.0 10-4 8.2 10-2 

5.2 Misalignments. 

In a real accelerator all elements will be positioned with a certain accuracy. In 
this section we will discuss the consequences of misaligned dipoles on the beam 
behaviour. 
The misalignment directions dx, dy, ds, d</>, d() and d,,P are as displayed in chapter 
2, figures 2.2 to 2.4. 
First we will discuss the effects of single displacements, that is displacements in 
one direction only, of the first and second dipole in one superperiod. Then we will 
look at misalignments in all directions. Also we will look at the effects of errors in 
the field integral of the dipoles. 
If we suppose that all dipoles are perfectly aligned, with the exception of one, which 
is misaligned in one particular direction, the effects of this single misaligned dipole 
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on the beam parameters is given in table 5.3 for mode HLF and in table 5.4 for 
mode HBSB. 
If one dipole is misaligned in all directions with a Gaussian distribution ( u= I mm 

Table 5.3: The effects of displacements of the dipoles in mode HLF. 

direction Avx D.vy Xc0 (max) mm Xc0 (rms) mm Yco(max) mm Yco(rms) mm 

dx 3 10-5 2 Io-5 0.2 O.I 0 0 
BI dy 7 10-5 8 10-5 0.05 0.03 3 2 

(mm) ds 2 10-4 I Io-4 0.8 0.4 0 0 
d<P I 10-(:j I 10-6 I 10-4 5 10-5 4 10-:.1 2 10-:.1 

(mrad) d() I 10-4 2 Io-5 8 10-4 4 10-4 0 0 
d1/J 4 10-5 I Io-5 1 10-2 4 10-3 I 0.7 

dx 1 10-6 -6 10-6 0.4 0.2 0 0 
B2 dy 3 10-5 2 Io-5 6 10-3 4 10-3 I 0.6 

(mm) ds 2 10-5 8 Io-5 I 0.7 0 0 
d<P 1 10-6 I 10-6 2 10-4 I 10-4 3 10-2 I 10-:.1 

(mrad) d() I 10-6 I 10-6 3 10-4 2 Io-4 0 0 
d1/J 3 Io-5 2 10-5 7 10-3 4 10-3 I 0.6 

Table 5.4: The effects of displacements of the dipoles in mode HBSB. 

direction Avx D.vy Xc0 (max) mm Xc0 (rms) mm Yco(max) mm Yco(rms) mm 

dx -6 Io-5 -3 10-3 3 I 0 0 
BI dy -I 10-3 8 10-4 0.2 0.I 4 2 

(mm) ds I 10-3 5 10-3 11 4 0 0 
d<P I 10-6 2 10-6 2 10-3 4 10-4 8 10-2 4 10-2 

(mrad) d() I 10-5 3 10-4 9 10-4 4 10-4 0 0 
d1/J 4 10-4 2 10-4 0.2 0.I 3 I 

dx 3 10-5 7 10-5 0.9 0.4 0 0 
B2 dy 4 10-4 I Io-4 O.I 0.04 2 I 

(mm) ds 4 10-4 I 10-3 3 I 0 0 
d<P I 10-6 I 10-6 5 10-4 2 10-4 3 10-2 2 10-2 

(mrad) d() I 10-6 0 1 10-3 5 10-4 0 0 
d1/J 4 10-4 I 10-4 0.1 4 10-2 2 I 

or I mrad), and the results of ten computer runs is averaged we get data as pre
sented in table 5.5. In this table also can be seen the effects of misplacements 
in all directions of all dipoles, again using a Gaussian distribution ( u=O. I mm or 
O.I mrad). 

Finally we will look at the effects of errors in the field integral of the dipoles, 
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Table 5.5: The effects of multiple displacements of one or more dipoles. 

type !:l.vx !:l.vy Xco(max) mm Xc0 (rms) mm Yco(max) mm Yco(rms) mm 

HLF bl,u=l 1 10-6 1 10-6 4 10-2 2 10-' 0.30 0.1 
HLF b2,u=l 1 10-6 1 10-6 9 10-2 5 10-2 0.1 7 10-2 

HLF all,u= 1 2 10-5 6 10-6 0.3 0.2 1 0.5 
HBSB bl,u=l 5 10-6 7 10-5 0.5 0.2 0.3 0.1 
HBSB b2,u=l 4 10-6 8 10-6 0.2 0.09 0.2 0.1 
HBSB all,u= 1 1 10-4 1 10-3 2 0.7 1 0.5 

see table 5.6. We have given them relative errors of 1.10-4 according to a Gaus
sian distribution. These errors generate small kicks that make the path deviate 
in the median plane. This means that there are no closed orbit distortions in the 
y-direction. 

Table 5.6: The effects of relative field errors. 

type !:l.vx !:l.vy Xco(max) mm Xc0 (rms) mm 

HLF b 1,u= 1.10-4 -2.4 10-5 5.8 10-5 0.19 0.089 
HLF b2,u= 1·l0-4 4.8 10-5 1.1 10-4 0.047 0.025 
HLF all,u= 1.10-4 -4.4 10-5 1.0 10-4 0.40 0.19 
HBSB bl,u=l·l0-4 1 10-6 9 10-5 0.14 0.05 
HBSB b2,u=l·l0-4 2 10-4 2 10-4 0.23 0.10 
HBSB all,u= 1.10-4 1 10-4 2 10-4 0.37 0.14 

5.3 The dynamic aperture of the ring. 

Lattice calculation programs like MAD and DIMAD are widely used to investigate 
the so-called dynamic aperture of an accelerator. The dynamic aperture is defined 
as the area in phase space, see figure 2.6, where particle movement is stable1

. In 
the design of a storage ring the aim is to let the dynamic aperture be larger than 
the physical aperture, that is, the dimensions of the vacuum tube within which the 
particles are confined. In practice this is not easy because it is impossible to say 
in an early stage of the design what the dynamic aperture will look like. 
The largest reduction in the dynamic aperture comes from the chromaticity cor
recting sextupoles, as can be seen in figure 5.1. 
A couple of years ago the usual way to overcome the problem of a small dynamic 
aperture was by introducing extra families of sextupoles in the dispersion free sec
tions. However, in modern types of accelerators such as the TBA structure of our 

1 A more strict definition of the dynamic aperture can be found in [GUI87] 
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ring, this method cannot be applied because the phase advance per cell is small and 
thereby the influence of the extra sextupoles. Since the mechanisms behind the 
dynamic aperture are not yet fully understood there are no analytical or numerical 
tools available. 

The dynamic aperture is found by taking a number of particles with some distri
bution in phase space and letting a computer track them over many turns, typically 
ranging from 100 to 50.000. 
The following pictures, except for figure 5.2, show dynamic apertures in the middle 
of the straight sections, that is between two superperiods. Particles were tracked 
over 100 revolutions. 
In figure 5.1 the dynamic aperture for the three modes HLF, HBSB and SBL can 
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Figure 5.1: The dynamic apertures of the three modes in the middle of the straight 
sections. 

be seen when the particles have no momentum deviation. From these pictures we 
can see several things; the dynamic aperture of the HLF mode is about 6 by 4 cm, 
for the HBSB mode these measures 8 cm by 8 mm and for the SBL mode 2 by 1 cm. 
This pictures show the dynamic aperture for the middle of the straight sections. 
The vacuum chamber at this position has a radius of 2.5 cm so here only the HLF 
mode has a dynamic aperture about the same size as the physical aperture. 
The dynamic aperture of mode HLF in front of the first dipole looks like figure 5.2, 
it is about 2 by 2.5 cm. At this location the physical aperture is about 5 by 2 cm 
so again both apertures are of the same order. 
The next question is what the behaviour of the dynamic aperture of mode HLF is 
in case of momentum deviations. This can be seen in figure 5.3 for the middle of 
the straight sections in the case of momentum deviations of 0%, 1 % and 2.5%. A 
reduction is clearly visible but still the dynamic aperture is still about the size of 
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Figure 5.2: The dynamic aperture of mode HLF at the entrance of the first dipole. 
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Figure 5.3: The dynamic aperture of mode HLF in the middle of the straight sec
tions in case of momentum deviations. 

the physical aperture. 

The conclusion is that the dynamic aperture of mode HLF is sufficient under all 
conditions, for modes HBSB and SBL it is much smaller than the physical aperture. 
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Conclusions and 
recommendations 

In this report measurements on and calculations concerning the first EUTERPE 
dipole have been presented. It is the first in a series of twelve that will be manufac
tured by the university workshop. The relevant parameter concerning these dipoles 
is the so-called field integral. So far the value of the field integral was obtained 
from integrating measurements performed with a Hall probe. A measuring system 
has been developed which measures the field integral directly. Because the relative 
differences in field integral between the dipoles need to be smaller than 10-4 it is 
necessary to measure this field integral with high accuracy. The measurements are 
done using a coil, shaped around the electron trajectory, connected to an electronic 
integrating device. A reproducibility of 5 10 - 5 has been obtained. 

In the measurements reported here the voltage over a shunt resistance in the 
power supply has been taken as reference. However, a comparison with the Hall 
measurements shows that this shunt voltage may not be a good measure of the 
field. It is recommended to use NMR equipment as reference instead. 
From both the Hall and the coil measurements the effective length of a dipole can 
be determined. Both methods show a decrease of this effective length of our pro
totype of about 5 mm at 1 T and 14 mm at 1.4 T. 

Mechanical measurements on the gap show that the gap height is not constant 
and that the pole surfaces tilt, thereby generating an obvious quadrupole com
ponent in the field. Further research must show whether the use of spacers can 
overcome this problem. 

From the coil measurements the higher order components in the field integral 
are known as well as the change in effective length. Using this information the 
particle behaviour can be predicted. A comparison with the change in effective 
length shows that the higher order components have a greater influence on the 
particle movement than the change in effective length. 

Finally the so-called dynamic aperture of the three modes HLF, HBSB and SBL 
have been investigated. Only in the case of the HLF mode this dynamic aperture 
is about the size of the vacuum chamber which forms the physical aperture. 
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Appendix A 

In this appendix the detailed design of the coil can be seen. 
The whole construction consists out of two aluminium plates, one fixed relative to 
the pole surface, the bottom plate, see figure 5.6, the other free to move in one 
direction, figures 5.4 and 5.5, the top plate. Messing rods are connected to both so 
that the position of the moving plate can be measured relative to the fixed plate. 
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Figure 5.4: Top plate top view. 
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