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Samenvatting 

Aan de Technische Universiteit Eindhoven wordt de elektronen opslagring 
EUTERPE gebouwd. De injectielijn van deze ring zal bestaan uit een 10 MeV 
lineaire versneller en een 75 MeV racetrack microtron. In dit afstudeerverslag 
wordt het ontwerp van bundelpositiemonitoren voor het microtron beschreven. 

Uit een literatuurstudie is de stripline-bundelpositiemonitor gekozen als 
meest geschikte optie voor het bepalen van de bundelpositie in het microtron. 
Het principe van deze bundelpositiemonitor is gebaseerd op de detectie van de 
wandstroom, die door de elektronenbundel wordt geïnduceerd op de binnen
wand van een bundelpijp. Deze wandstroom wordt verzameld door de striplines. 

Zowel de theorie over ronde als rechthoekige stripline-bundelpositiemo
nitoren is bestudeerd. Deze theorie is experimenteel geverifieerd met behulp 
van testmodellen. De experimenten hebben geleid tot de invoering van een 
effectieve straal en een effectieve breedte voor de ronde resp. rechthoekige 
bundel positiemoni toren. 

Specificaties voor het ontwerp van de stripline-bundelpositiemonitoren in 
het microtron zijn bepaald. Bovendien zijn specificaties gegeven voor bundelpo
sitiemonitoren in de bundelgeleidingssystemen tussen de lineaire versneller en 
het microtron en tussen het microtron en de ring. 

Tot slot is de toepasbaarheid van een serie dipoolmagneten, die moeten 
zorgen voor gesloten banen in het microtron, onderzocht. Deze serie dipoolmag
neten is bruikbaar bevonden. Verder is aangetoond dat de combinatie van de 
bundelpositiemonitoren en de dipoolmagneten kan worden gebruikt voor de 
besturing van het microtron. 
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Summary 

At the Eindhoven University of Technology, the electron storage ring 
EUTERPE is under construction. The pre-accelerators of EUTERPE are a 10 
MeV linear accelerator and a 75 MeV racetrack microtron. In this graduation 
report we describe the design of beam position monitors for the microtron. 

From a study of literature the stripline beam position monitor was 
chosen as the most suitable option for beam position monitoring in the 
microtron. The principle of this monitor is based on detection of the wall 
current, that is induced on the inner surface of a beam pipe by the electron 
beam. This current is intercepted by the striplines. 

The theory on circular as well as rectangular stripline beam position 
monitors has been studied. This theory has been verified experimentally with 
some test models. These experiments have led to the introduction of an 
effective radius and effective width for the circular and rectangular beam 
position monitors, respectively. 

Design parameters for the beam position monitors in the microtron have 
been determined. Additionally design parameters have been obtained for beam 
position monitors in the beam transport lines between the linear accelerator 
and the microtron and between the microtron and the ring as well. 

Finally, an array of dipole magnets, which must ensure closed orbits in 
the microtron, is investigated for its applicability. This array of dipole magnets 
is found to be appropriate. It is shown that the combination of the beam 
position monitors and the dipole magnets can be used to control the microtron. 
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Chapter 1 

lntroduction 

1.1 EUTERPE project 

At the Accelerator Physics Group of the group Particle Physics (department of 
Applied Physics; Eindhoven University of Technology) the low energy electron 

Electrostatic 
Septum 

Euterpe 
400 MeV Bal 

Figure 1.1 Layout of the storage ring EUTERPE. 
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storage ring EUTERPE (Eindhoven University of TEchnology Ring for Protons 
and Electrons) is under construction. The ring, with a circumference of 40 m, 
will be installed in the existing experimental hall of the Cyclotron Laboratory. 
EUTERPE (see figure 1.1) is designed to store 400 Me V electrons at a current 
of 200 mA. The ring consists of 12 dipole magnets, 32 quadrupole magnets and 
16 sextupole magnets. In the bending magnets, the electrons emit synchrotron 
radiation in a wide spectra! range from the far infrared to the UV-XUV regime. 
A 45 MHz RF cavity will be used to compensate for the energy loss due to 
synchrotron radiation and to accelerate the electrons from the injection energy 
of 75 MeV to the final energy of 400 MeV. The main purposes of the ring are: 
investigation of the dynamic aspects of stored electron beams; generation of 
synchrotron radiation for various kinds of research; and training of students in 
accelerator theory and technology. 

The pre-accelerators of EUTERPE are a 10 MeV linear accelerator 
(LINAClO) and a racetrack microtron that accelerates the electrons from 10 to 
75 MeV. LINAClO (type M.E.L. SL75/10) is a completely revised medical linac 
that had been used in the past for electron therapy and X-ray therapy. The RF 
power for LINAClO is generated by a magnetron. Some parameters of 
LINAClO are listed in table 1.1. 

Table 1.1 Parameters of LINAClO. 

LINAClO parameters 

Macro pulse duration [µs] 2.2 
Average macro pulse current [mA] 70 
Repetition frequency [Hz] 50, 100, 150,300 
RF frequency [MHz] 2998 
Magnetron power [MW] 2.2 
Expected energy spread, FWHM [%] 3 

After acceleration by LINAClO, the 10 MeV electrons are transported to the 
racetrack microtron by a beam guiding system with a doubly achromatic 
bending system (see ref. [Maa94, Lee94a]). Since the microtron only accepts 
electrons with an energy deviation less than 1 %, the beam guiding system 
contains a pair of slits that limits the energy spread of the beam before 
injection into the microtron. This is to prevent significant beam loss in the 
microtron. It is expected that a current of about 5 mA will be available for 
acceleration in the racetrack microtron. 

-2-



Introduction 

1.2 Racetrack Microtron Eindhoven 

A schematic picture of the RaceTrack Microtron Eindhoven (RTME) is shown 
in figure 1.2. RTME has been designed by Webers (see ref. [Web94]). Only the 
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Figure 1.2 Schematic picture of RTME. 

main features will be described here. RTME consists of two dipole magnets, 
which are placed opposite to each other and are separated by a drift space. The 
drift space is situated in the mid vacuum chamber. Each magnet bends the 
beam over approximately 180°. An array of correction magnets is located in the 
drift space, to ensure that the electrons cover closed orbits. 

After injection and the first curve in the microtron the electron beam is 
accelerated by 5 MeV by means of an accelerating cavity. This 2998 MHz 
standing wave cavity (see ref. [Cop94, Lee94b]) is, similar to LINAClO, also 
driven by a 2.2 MW magnetron. Phase locking of the two magnetrons must 
assure synchronous acceleration of the electron bunches in bath machines. In 
total the electron beam is accelerated 13 times by the cavity and is finally 
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extracted at an energy of 75 Me V. This means one injection orbit, 12 full orbits 
and one extraction orbit in RTME. The orbit separation between the return 
paths in the drift region is approximately 61 mm, which is sufficient for beam 
monitoring and beam control. The drift length between the bending magnets is 
chosen such that the length of each orbit is an integer multiple of the accelera
ting RF-wavelength (100 mm), so that the particles enter the cavity at the 
same accelerating phase after each revolution (isochronism). The integer is 
called harmonie number. For each orbit n the harmonie number is given by 
(µ+nv). Some of the main parameters of RTME are listed in table 1.2. 

Table 1.2 Parameters of RTME. 

RTME parameters 

Magnet dimensions (lxbxh) [mm3
] 500x1500x450 

Excitation current [A] 150 
Magnetic field [T] (sector 1/2) 0.51/0.60 
Tilt angle [0

] 4.00 
Orbit separation [mm] 60.6 
Gap [mm] (sector 1/2) 20/17 
Distance between magnets [m] 0.985 
Mode number µ 26 
Mode number v 2 
Macro pulse duration [µs] 4 
Average macro pulse current [mA] 5 
RF frequency [MHz] 2998 
Kinetic energy at injection [Me V] 10 
Kinetic energy at extraction [Me V] 75 
Number of revolutions 13 
Energy gain per revolution [Me V] 5 
Permissable energy spread at injection [%] 1 

1.2.1 Dipole magnets 

The dipole magnets of RTME are two-sector magnets in order to provide 
optimized electron optica! conditions, as shown by Webers (see ref. [Web94]) 
and Delhez (see ref. [Del94]). The magnet poles contain a low field sector where 
the magnetic field strength in the gap is B0 (sector 1) and a high field sector 
where the magnetic field strength in the gap is aB0 (sector 2), with a the field
ratio (a>l). This field increase is achieved by mounting an additional plate to 
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the poleface. To obtain closed orbits it is necessary to rotate the magnets in 
their median planes. This rotation angle is called the tilt angle. 

Numerical orbit calculations, where the magnetic field maps of the dipole 
magnets (see ref. [Bak94, Leu94]) have been used as input, yielded design 
specifications for the tilt angle, drift length and magnetic field strengths (see 
ref. [Web94]). The design values for the tilt angle and the drift length are 4.00° 
and 0.985 m, respectively. To obtain isochronism, the left and the right magnet 
coils should be excited differently. The magnetic field strengths in the left and 
the right magnet are to be increased by the amount of 0.8 % and 1.6 % respect
ively, where 100 % corresponds with a maximum magnetic field of 0.60 T. 

1.2.2 Corrector device 

The numerical orbit calculations, which have been mentioned in the previous 
paragraph, also pointed out that 180° bending by the dipole magnets can not be 
achieved for all orbits simultaneously (see ref. [Web94]). In order to keep all 
orbits closed a small extra bending halfway the two dipole magnets is needed 
for each individual orbit. This bending is provided for by the corrector device. 
This corrector device consists of an array of 12 dipole magnets: one for each full 
orbit. The magnetic field strength of the nth dipole magnet, which corresponds 
to the nth orbit, is denoted by Bc,n· 

Furthermore the calculations have shown that the tolerances for align
ment can be met by mechanical alignment, except for the tilt angle (see ref. 
[Web94, Lee93a]). Accepting a deviation of 1 mm of the design orbit, the 
calculations have pointed out that the tolerance for the tilt angle would be 0.05 
mrad. This is far too stringent for mechanical alignment. However accepting an 
alignment error of 1 mrad, Webers has shown that the effect of this alignment 
error can be compensated for by the corrector device as well (see ref. [Web94]). 
Hence this type of misalignment is no longer a point of concern. 

The tilt angle, the drift length and the magnetic field strengths of the 
dipole magnets have been chosen. Now the magnetic field strengths Bc,n of the 
correction magnets are to be determined. Assuming perfect alignment and 
using the measured field maps of the bending magnets, the values of Ben have 
been calculated such that the numerically calculated trajectories remain close 
to the cavity axis after n successive revolutions (see ref. [Web94]). The refer
ence trajectory here is the trajectory that starts in the centre of the cavity on 
the cavity axis, i.e. the displacement with respect to the cavity axis xca,o is 0 and 
the divergence with respect to the cavity axis x'ca 0 is 0. Numerical minimization , 
of the position xca,I after one revolution with respect to Bc,I yields Bc,i· Then, the 
final coordinates of the trajectory after this revolution are used as initial 
coordinates for the trajectory of the second revolution. Numerical minimization 
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of the position xca,2 after the second revolution with respect to Bc,2 yields Bc,2, 

and so on. This calculation procedure has provided values for the twelve 
magnetic field strengths Bc,n (see ref. [Web94]). 

1.3 Beam Position Monitoring 

Unfortunately it is not possible to achieve perfect alignment. Furthermore the 
measured magnetic field maps contain measuring errors. For example the 
measuring table could have been misaligned with respect to the magnet. It is 
important to realize that in practice these misalignments and errors are not 
known. Therefore it is convenient to measure xca,n with beam position monitors 
(BPM's). Using the calculated values of Ben as initia! magnetic field strengths, 
the measured values of xcan can be used to tune the magnetic field strengths 
Bc,n· However, it is not possible to install BPM's inside the cavity, since these 
will influence the performance of the cavity. It is also not possible to measure 
the individual beam positions outside the cavity on the cavity axis. Here all 
orbits overlap and the individual beam positions can not be determined. 

Therefore Webers has proposed to use the beam positions obtained from 
BPM's located at the return paths for the tuning of the magnetic field strengths 
Bc,n (see ref. [Web94]). After one revolution, the effects of misalignments, 
magnetic field imperfections etc. are all present (although in a very complicated 

cavity 

Figure 1.3 Schematic picture of the proposed correction scheme (see ref 
[Web94]). 
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way) in the position to be measured. It is proposed to measure the positions of 
the electron bunches in the (n+ l)th orbit to tune the magnetic field strength B c,n 

in the nth orbit (see figure 1.3). Furthermore it is proposed to use the measured 
position at extraction to tune the magnetic field strength Bc,i2 • Feed back of the 
signal of the BPM's on the cavity axis and on the return path of the 15 Me V 
orbit is used to tune the bending magnets at injection. 

For a proper operation of RTME the deviation of the electron beam from 
the cavity axis may approximately be 1 mm. Numerical orbit calculations (see 
ref. [Web94]) have shown that the uncertainty in beam position in the BPM is 
approximately equal to the uncertainty in beam position at the cavity axis. 
Therefore we demand to measure the beam position in the median plane with 
an accuracy of 1 mm at a minimum current of 1 mA. 

1.4 Contents of the report 

This graduation report deals with beam position monitoring and beam position
ing in RTME. Two aspects are of main importance here. On the one hand, the 
design of the BPM itself, and on the other hand, the investigation of its 
applicability to control the beam position in RTME. Moreover a BPM will be 
designed for the beam transport line between LINAClO and RTME. 

Chapter 2 contains a general exposition about beam diagnostics in 
RTME. In particular several options for beam position monitoring are con
sidered. Some of these are obtained from literature, others are proposed by 
members of the Accelerator Physics Group. Each option is investigated for its 
applicability to serve as a tool for the beam position monitoring in RTME. 

Furthermore the most suitable option is studied in detail in chapter 3. 
We have searched for a design with optimized parameters such as sensitivity 
and linearity. As a result of this study some test models of beam position 
monitors have been designed and constructed. 

Using these test models, the theory has been verified experimentally. 
The experimental setup and the results are discussed in chapter 4. 
Subsequently the design parameters of the beam position monitors in RTME 
and in the beam transport line between LINAClO and RTME are presented. 

The possibility to control RTME with the corrector device is considered in 
chapter 5. Therefore several measurements of the corrector device have been 
carried out. The results of these measurements are used as input for numerical 
orbit calculations. The aim of these orbit calculations is to investigate the 
applicability of the correction scheme, which is proposed in paragraph 1.3. 

Finally, conclusions and recommendations are given in chapter 6. 
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Chapter 2 

Beam Monitoring Systems 

2.1 Introduction 

For the operation of RTME it will be necessary to monitor various parameters of 
the electron beam during operation. A monitoring system to observe these 
parameters is called a beam diagnostic system. In paragraph 2.2 an enumeration 
of diagnostic techniques that could be applied in RTME is given. The diagnostic 
techniques that are thought to be necessary for the operation of RTME as well as 
the techniques that could improve the operation of RTME are briefly described. 

From the discussion in chapter 1 it is clear that one of the monitoring 
systems that is thought to be necessary is a system that monitors the positions of 
the twelve return paths of the electron beam in the mid vacuum chamber. In 
paragraph 2.3 several types of beam position monitoring systems with their 
specific advantages and disadvantages are described. The information about some 
of these monitors are obtained from literature, others are suggested by members 
of the Accelerator Physics Group. Since there is not much literature on beam 
position monitors in microtrons available, also literature on beam position 
monitors in linear electron accelerators and storage rings has been regarded. In 
paragraph 2.4 the different options are discussed for their applicability in RTME. 

2.2 Beam diagnostics 

The discussion in chapter 1 points out that it is necessary to measure the positions 
of the twelve return paths in the mid vacuum chamber. The data on these 
trajectories will be used to adjust the strength of the correction magnets in order 
to obtain closed orbits in the microtron. Besides this demand for closed orbits, also 
the condition of isochronism has to be fulfilled. In order to verify the isochronous 
operation of RTME the relative phase of the bunched electron beam in the 
different orbits has to be measured. The phase of the first harmonie of the beam 
current is a measure for the phase of the electron beam. This phase can be 
measured with a stripline. A stripline is a small conducting plate that picks up a 
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current that is induced by the electron beam. The stripline is described in detail 
in paragraph 3.3. Another possibility to measure the phase of the electron beam 
is to detect the phase of the generated oscillation in a resonance cavity (see ref. 
[Her76]). 

The diagnostic techniques that have been described so far provide tools to 
satisfy both the condition of closed orbits and the condition of isochronism. We 
expect that this will be sufficient to be able to extract an electron beam from the 
microtron. However the performance may be poor. For example the extracted 
current may be much lower than the injected current. To improve this additional 
measurements may be required. For example beam current and beam profile 
measurements, measurements of the energy and the energy spread, longitudinal 
acceptance and transversal emittance measurements at extraction or throughout 
the microtron. The longitudinal acceptance is defined as the set of phases and 
energies at injection that is accepted by the microtron. The transversal emittance 
is defined as the set of displacements and divergences that is generated by the 
microtron (see ref. [Bot88]). 

The current can easily be measured using a magnetic coil that surrounds 
the electron beam (see ref [Man76, Cop92]). However, if the stripline BPM 
described in this report is calibrated, it can serve as a beam current monitor as 
well. Beam profile measurements can be performed with a wire scanner that is 
pulled through the electron beam and measures the intercepted current (see 
paragraph 2.3.5). 

To determine parameters such as energy, energy spread and emittance a 
technique based on Optica! Transition Radiation (see ref. [War75, Mar93]) can be 
used. This technique makes use of the radiation emitted by an electron beam 
while traversing a thin foil. Another optica! technique to determine the energy, 
beam profile and transversal emittance of the electron beam utilises the 
synchrotron radiation that is emitted while the electrons transverse a dipole 
magnet (see ref. [Cla94]). The longitudinal acceptance can be measured by making 
known energy and phase deviations at injection (see ref. [Eut94]). 

The energy of the electron beam can also be derived from the radius of the 
orbit in a dipole magnet. If absolute position measurements can be performed with 
the BPM's in RTME, the radii of the different orbits can be deduced from these 
position measurements. 

2.3 Several types of beam position monitoring systems 

In this paragraph several types ofbeam position monitoring systems are described 
and discussed for their applicability in RTME. 
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2.3.1 Striplines at the bottom of the vacuum chamber 

Since the return paths of the electron beam are parallel to each other in the mid 
vacuum chamber, where we want to measure their positions (see figure 1.2) it is 
worth to investigate the possibility to develop one monitor to measure all positions 
at once. 

Figure 2.1 shows a schematic cross section of the vacuum chamber. The 
beams on the twelve return paths will pass this cross section perpendicularly and 

y 

'. vacuum chamber 

median plane 

s- ~~n ~ @----~-®--®--©--©--©--©-\©-
striplines 

0 r a 

Figure 2.1 Striplines at the bottom of the vacuum chamber to serve as 
BPM. 

induce a current distribution on the walls of the vacuum chamber (total 
distribution). This total distribution can be measured at the bottom of the vacuum 
chamber, and is expected to have a shape such as shown in figure 2.2. The total 
distribution is assumed to be composed of Gaussian-like distributions of each 
individual beam (individual distribution). Approximately the beams are located 

total distri.bution 

individual distribution 

electron beams 

® 

/ 

Bottom vacuum chamber 

Figure 2.2 Expected current distribution at the bottom of the vacuum 
chamber. 
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at the maxima of the total distribution. Since it is not possible to measure the 
entire total distribution, it will be sampled. From these samples, which can be 
measured by striplines, the total distribution at the bottom can be reconstructed. 

At first the individual distribution at the bottom due to one infinitely small 
beam in the vacuum chamber is calculated. This problem is similar to a two
dimensional Poisson equation with an infinitely small charge at the position of the 
beam (see ref. [Sha90]). Solving the Poisson equation, this yields for the shape of 
the individual distribution (see appendix A): 

S(x) ~ L ' (2.1) 

n=l 

with the variables as defined in figure 2.1. 
In the vacuum chamber of RTME s will be approximately 50 mm. For this 

situation it is easy to show that the FWHM of the distribution is in the order of 
500 mm. Obviously this is far too wide to locate the beam positions with an 
accuracy of 1 mm. Moreover when r, or equivalently (a-r), becomes comparable to 
s, the maximum of the distribution does not match with the position in the median 
plane of the beam any longer. For example, if r = s = 50 mm the maximum of the 
individual current distribution is at x"" 51 mm. This effect makes it even more 
complicated to measure the beam positions. 

2.3.2 Stripline beam position monitor 

Stripline BPM's as shown in figure 2.3 are the most common type of BPM's. They 
are widely used in linear accelerators, racetrack microtrons as well as storage 

a 

L :::)"' R 

Figure 2.3 A stripline beam position monitor. 
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rings. An electromagnetic field accompanies the electron beam. This field induces 
a current on the wall of the beam pipe. The angular distribution of this induced 
wall current depends on the beam position. Striplines are used to pick up apart 
of this induced wall current. In order to detect for example the horizon tal position 
of the electron beam two striplines are placed opposite to each other in the 
horizontal plane of the beam pipe. Now the horizontal position of the electron 
beam in this beam pipe can be calculated from the ratio of the difference and sum 
signals (M) from both striplines. This ratio only depends on the beam position 
and the geometrical configuration (see Eqs.(3.22) and (3.24)). To use this BPM in 
RTME dummy beam pipes have to be installed in the vacuum chamber of RTME. 
These beam pipes can either be rectangular or round. In literature it is claimed 
that beam intensities in the order of0.1 mA are sufficient for such a BPM (see ref. 
[Sch92, Loy92, Hua92]). Further the accuracy is claimed to be in the order of 0.1 
mm. 

This BPM is a realistic possibility for RTME. The construction is very easy 
so the costs are low. This is important, since many BPM's are needed in RTME. 
Furthermore the orbit separation in RTME is 61 mm, so there is enough space to 
install this BPM. Moreover this BPM also can be used in the beam line between 
LINAClO and RTME, and in the beam line between RTME and the ring. 

2.3.3 Magnetic inductive beam position monitor 

Another possible BPM is a magnetic inductive BPM as shown in figure 2.4. The 
main feature of the BPM is a magnetic circuit consisting of a ferrite toroid with 
a wedge-shaped gap. The electron beam induces a magnetic field in the toroid. The 
flux enclosed by the toroid depends on the position of the electron beam. This 
magnetic flux induces a current in the secondary windings. By using two such 
toroids the symmetry and the linearity in the horizontal direction are improved. 
The beam position is, similar to the stripline BPM, obtained from the 
difference/sum-signal. 

ferrite toroids 

secondary wlndlngs 

Figure 2.4 Magnetic inductive BPM. 
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According to Manca (see ref. [Man76]) the linearity is better than 2 % over 
a range of 20 mm if the BPM has a width in the order of 10 cm. The sensitivity 
is 40 µ V/mm/mA. For a current of 1 mA a displacement of less than 1 mm can be 
detected. Moreover the output voltage is independent of displacements in the y
direction up to 12 mm. 

This BPM is applicable in RTME. The linearity, the sensitivity and the 
accuracy are sufficient for RTME. However the mechanica! construction is quite 
complicated since the width of the BPM may not exceed 61 mm. 

2.3.4 RF resonance cavity 

Beam positions can also be measured using RF resonance cavities. Several types 
of cavities are appropriate to serve as BPM (see ref. [Ali89, Her76, McK79]). One 
type will be described in this paragraph. Figure 2.5 shows a cavity of square cross 

a 

horz. pos. 
signa! probe 

b c 

Figure 2.5 (a) RF BPM, (b) Electric field pattern as induced by vertical 
beam offset, (c) Electric field pattern as induced by horizontal 
beam offset (see ref [Her76]). 

section, which has a width and a height of Ào·'°'15/4. Ào is the wavelength of the 
harmonie component of the electron beam that is used for detection (see ref. 
[Her76] ). This cavity is resonant in the TM210 mode in two directions perpendicular 
to each other. This means that no magnetic field is present along the trajectory of 
the beam. Figure 2.5b shows the field pattern as induced by a vertical beam offset 
and figure 2.5c shows the field pattern as induced by a horizontal beam offset. The 
amplitudes measured by the signal probes (see figure 2.5a) depend on the 
horizontal beam offset and the vertical beam offset, respectively. The signal that 
is to be expected is in the order of 0.2 mV/mm at 100 µA for À.0 is about 10 cm (see 
ref. [Her76]). Since this cavity is operated in an accelerator, care must be taken 
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to keep the high power RF away from the BPM-cavity and to avoid disturbance 
from other noise sources. This can be achieved by assembling cutoff pipes on the 
cavity and by mounting the detection electronics immediately at the cavity. 

Although the sensitivity of the RF resonance cavity is sufficient for beam 
position monitoring in RTME, there are some disadvantages. First, the signal 
depends on the beam current so that the cavity has to be supported by a beam 
current monitor. Further the size of the cavity is too large in comparison with the 
space that is available in RTME (Î1.0·-V5/4::: 11 cm). 

2.3.5 Wire scanner 

A very simple kind of BPM is a wire scanner. The beam position is determined by 
pulling a wire through the beam and by measuring the intercepted current. At the 
Moscow State University two 30 µm thick tungsten wires perpendicular to each 
other are used (see ref. [Ali89]). These thin wires can also be used to measure the 
beam profile in two orthogonal directions. 

The properties of a wire scanner are sufficient for the beam position 
measurements in RTME. The main advantage of this BPM is, that one wire 
scanner can be used for all orbits in RTME and it gives information on the beam 
profile. However there are some disadvantages as well. First this method is aso
called interceptive method. This means that the beam is destroyed by measuring 
its position. Secondly a complex system to move the wire over approximately 70 
cm has to be constructed. 

2.3.6 Wallmark plate 

At the MAX I electron storage ring the beam position is measured with a so-called 
Wallmark plate (see ref. [Röj90, Eri91]). Part of the synchrotron light emitted by 
the electron beam while it passes a dipole magnet is focused on a semi-conductor 
plate, where the spot position is measured with a relative accuracy of 10 µm over 
a large intensity range. The strength of each quadrupole magnet in the ring can 
be varied independent from the other quadrupoles by a few percent. If the beam 
is not exactly centred in the quadrupole magnet it experiences a magnetic dipole 
field. Because of this dipole field the position of the beam will be slightly changed 
and also the light spot at the Wallmark plate will be positioned differently. After 
determining the relative position change at the Wallmark plate the beam position 
at each quadrupole is calculated with a computer. 

Compared to a conventional stripline beam position monitoring system, the 
system described above is slower. On the other hand, the optical system has quite 
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a high resolution of about 20 µm. Moreover the system is quite reliable since only 
relative measurements are performed with the Wallmark plates. The beam 
position is measured relative to the quadrupole magnets, which should be aligned 
with high accuracy. 

This method is not suitable for RTME, since the energies of the electron 
beams in RTME vary from 10 MeV up to 75 MeV, which may be too low to 
measure the synchrotron radiation. Furthermore, RTME requires a resolution of 
1 mm, thus such a complicated device is not necessary. 

2.4 Conclusion 

Three of the BPM's, discussed in paragraph 2.3, are applicable for RTME: the 
stripline BPM (see paragraph 2.3.2), the magnetic inductive BPM (see paragraph 
2.3.3) and the wire scanner (see paragraph 2.3.5). 

We have chosen for the stripline BPM. The stripline BPM is easy to 
construct so that the costs are low. Moreover this BPM can be used in the beam 
transport lines between LINAClO and RTME and between RTME and the ring as 
well. Furthermore the Accelerator Physics Group of the Eindhoven University of 
Technology already has some experience with stripline BPM's. We rejected the 
magnetic inductive BPM and the wire scanner, because they are difficult to 
construct and they can not be used in the beam transport lines that have been 
mentioned. Moreover we prefer to be able to measure the beam positions during 
the operation of RTME as well. Hence the wire scanner, which is interceptive, 
would not be an appropriate choice. 
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The Stripline Beam Position Monitor 

3.1 lntroduction 

In chapter 2 it has been explained why we have chosen for the stripline BPM. In 
this chapter the properties of a stripline BPM will be studied in detail. 

Some of the physical phenomena that play a role when an electron beam 
travels inside a hollow beam pipe are described in paragraph 3.2. First, it is shown 
that the field due to a relativistic charged particle beam in a beam pipe 
approximates a TEM field. This implies that the wall current induced by the 
charged particle beam is equal in magnitude and opposite in direction to the beam 
current. Second, the Fourier series of the micro structure of the electron beam is 
presented. It is pointed out that the Fourier series has non-zero components only 
for frequencies which are integer multiples of the repetition frequency of the 
bunched electron beam. Consequently this is the case for the induced wall current 
as well. 

In paragraph 3.3 the frequency response of a stripline with two connectors 
is derived. The Fourier series of the induced wall current, derived in paragraph 
3.2, is used to obtain design specifications for the striplines to be used in the BPM. 

The difference/sum-signal for the left and the right stripline of the BPM is 
derived for an infinitely small beam in paragraph 3.4. This is done in a circular 
as well as a rectangular geometry. Furthermore the effects of a beam with a finite 
width are studied. Finally, it is shown that it is convenient to represent the 
properties of a stripline BPM by a contour plot. Also in this paragraph the design 
parameters are optimized. 

In paragraph 3.5 the outcome of paragraph 3.4 is implemented in a design 
which satisfies the mechanica! boundary conditions. Consequently a proposal for 
the construction of some test models is presented. 

Additionally some options for the detection electronics are discussed in 
paragraph 3.6. 
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3.2 Wall current 

In paragraph 3.2.1 it is shown that a relativistic charged particle beam in a beam 
pipe induces a wall current that is equal in magnitude and opposite in direction 
to the beam current. The Fourier series of the micro structure is presented in 
paragraph 3.2.2. 

3.2.1 Charged particle beam in a beam pipe 

In this paragraph the electromagnetic fields induced by a charged particle beam 
moving along the axis in a hollow circular beam pipe are studied. These fields 
accompany the beam and in our case have frequencies lower than the cut-off 
frequency of the beam pipe. The beam pipe is assumed to be an infinitely long, 
perfectly conducting, straight hollow cylinder. First the field induced by a point 
charge q moving with velocity v = pbc (pb is the ratio between the velocity of the 
beam v and the velocity oflight c) along the axis of the beam pipe is derived. The 
field generated by the charge moving through the pipe is obtained from the statie 
field solution by applying a Lorentz transformation. The radius of the beam pipe 
is denoted by a. A frame moving with the charge q in which the beam pipe moves 

(a) (b) 

o' Ow w 
"1 ~ Äw'(s) 1 Äw'(s) 
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Figure 3.1 The line charge density and the electric field due to a non
moving (a) and a moving (b) charge in a conducting beam pipe. 
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with velocity -~6c is used. In this frame the longitudinal coordinate is denoted by 
s', the radial coordinate by p' and the azimuthal coordinate by <j>'. Since the beam 
pipe is assumed to be infinitely long the boundary conditions in this frame are 
statie. The electric field created by the charge is modified by the conducting wall 
of the beam pipe. Due to the symmetry the azimuthal component of the electric 
field Ecp' is zero. The radial component E/ and the longitudinal component E/ of 
the electric field can be expressed in a Fourier-Bessel series (see ref. [Hof89]) 

(3.1) 

(3.2) 

where J 0(z) and J 1(z) are Bessel functions of the first kind,jn are the zeros of the 
lowest order Bessel function J 0(jn) = 0. The field is zero outside the perfectly 
conducting grounded beam pipe, as the wall current cancels the field of the beam. 
Figure 3.la shows the field lines in the frame moving along with charge q. At p' 
= a the longitudinal part of the field is zero: the field lines at the surface of the 
beam pipe are perpendicular to the wall of the beam pipe. The electric field on the 
wall will induce a surface charge K"w'(s') = EoE'P(a,s') on the inner surface of the 
beam pipe so that the total induced charge qw is equal in magnitude and opposite 
in direction to the charge in the centre qw = -q. 

The induced line charge density ')...w'(s') is found by integrating the surface 
charge over the circumference of the cylinder with radius a 

(3.3) 

lts distribution falls offwith the distance s' from the longitudinal coordinate of the 
charge q with an RMS width 

a' w 
a (3.4) 

This expression for the RMS width is calculated from sum expressions for the 
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Fourier-Bessel series (see ref. [HoIB9]). 
Now a Lorentz transformation is carried out to switch to the laboratory 

frame, where the charge q moves with velocity v =~be and the beam pipe is non
moving. In this frame the longitudinal coordinate is denoted by s, the radial 
coordinate by p and the azimuthal coordinate by<)>. For the Lorentz transformation 
the relativistic parameters ~b and y are used. They are related to the kinetic 
energy Tand the rest mass energy E 0 by 

Y = 1 + 
T 
E' 0 

(3.5) 

where y is called the Lorentz factor. The electromagnetic field in the laboratory 
frame is retrieved from the corresponding field in the statie case by the following 
transformations 

y 

t- Pbs t' 
c y 

p = p'. 

(3.6) 

The electric field is now dynamic, thus accompanied by a magnetic field (see ref. 
[Jac75]). This field B$ is azimuthal, perpendicular to the radial electric field EP, 
and of no importance to us. 

The induced line charge, generated by an electron moving along the axis of 
the beam pipe is 

(3.7) 

The field line pattern and charge distribution in the laboratory frame is shown in 
figure 3.lb. The longitudinal distribution of the electric field lines of the charged 
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particle is contracted by 1/y with respect to the electrostatic case (Lorentz 
contraction). Obviously the total charge induced in the wall remains qw = -q, as 
the electric field is a factor y stronger than in the statie situation. 

The RMS width of the line charge density is now 

a aw = --. 
y./2 

(3.8) 

The moving electron is accompanied by an electromagnetic pulse that 
approximates a transverse electromagnetic (TEM) pulse at sufficiently high beam 
energies (y >> 1), as crw then approaches zero. This means that no electric and 
magnetic field are present along the trajectory of the beam. 

For our situation T is at least 10 Me V. This implies that y is at least 20.6. 
Assuming a beam pipe radius of 10 mm, this means that crw is 0.3 mm at 
maximum. The bunch phase width of RTME is in the order of 10° [Lee94c]. 
Assuming Gaussian bunches this means an RMS width in the order of 
( 10/360)·100 mm = 3 mm. He nee the fini te length of crw of the wall current induced 
by one particle is not totally negligible. The image bunches are somewhat wider 
than the real bunches of the electron beam. But from paragraph 3.2.2 it will 
become clear that it does not make too much difference if we assume that the 
induced line density À)s) = -À(s). 

The beam current is given by 

(3.9) 

The induced wall current is then given by1
) 

(3.10) 

Thus a relativistic electron beam in a conducting beam pipe induces a current 
opposite in direction hut equal in magnitude to the beam current in the wall of the 
beam pipe. 

3.2.2 Micro structure 

Figure 3.2 shows a depiction of the micro structure in the time domain. The micro 
structure of the electron beam consists of small bunches of electrons at a repetition 
frequency of 3 GHz. Consequently the angular frequency co0 = 27t·3· 109 = 1.9· 1010 

1
) This equation is not correct for a de part of the beam current, as this part would 

induce a statie charge in the beam pipe wall, and not a current (see ref. [Hof89]). 
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Figure 3.2 Micro structure. 
rad/s. The Fourier series has only non-zero components if the angular frequency 
ro is an integer multiple of ro0 whatever the shape of a single bunch may be (see 
ref. [Kre88]). Consequently the beam current in the time domain can always be 
expressed as 

Ib(t) = L Anexp -(jnw0 t). (3.11) 
n..O 

Here An depends on the bunch shape. 
The wall current induced by the bunched electron beam, given by Eq.(3.11), 

has the same micro structure as shown in figure 3.2. However the bunches are 
somewhat wider (see paragraph 3.2.1). This means that the Fourier series of the 
induced wall current is equal to Eq.(3.11) with somewhat different coefficientsAn. 

3.3 Striplines 

A closer look is given to striplines. The striplines we use are rectangular copper 

upstream-end downstream-end 

detection electronics Zo 

Figure 3.3 Stripline mounted on the beam pipe wall. 
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plates, with length ls and width w. They are isolated from the beam pipe, and are 
parallel to the wall of the beam pipe (see figure 3.3). In fact the stripline is a 
planar-type of transmission line, having a characteristic impedance Z1. Two 
connectors (with characteristic impedances Z0) connect the stripline to coaxial 
transmission lines (also with characteristic impedances Z0) both at the upstream 
end and downstream end. The upstream end is defined as the end of the stripline 
where the electrons pass first. At the downstream end the transmission line is 
terminated in its characteristic impedance. At the upstream end the transmission 
line is connected to the detection electronics. 

This microwave network can be replaced by the analogous scheme in figure 
3.4. Two microwave parameters are of importance: the current reflection 

upstream end downstream end 

T~ 
l 

Zo Z1 : 9z0 

C.r r~ 

Figure 3.4 Analogous scheme for the stripline. 

coeffi.cient r and the transmission coeffi.cient T. r is the partial reflection 
coeffi.cient of a wave incident on a load Z0 , from a Z1 line. T is the partial 
transmission coeffi.cient of a wave from a Z1 line into a Z0 line. These coeffi.cients 
can be expressed as (see ref. [Poz90]) 

(3.12) 

T= (3.13) 

For the derivation of the frequency response of the stripline, the intercepted 
wall current, Ii, is supposed to be 

(3.14) 

Ii is coupled into the network both at the upstream end and at the downstream 
end (see ref. [Lam87]). Both processes will be regarded separately and will be 
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combined afterwards. 
At the upstream end li must cross the gap from the beam pipe wall to the 

upstream end of the stripline. Here li "sees" two transmission lines in parallel: the 
stripline (Z1) and the upstream connector (Z0). Hence the current will split. 10 = 
Z/(Z0+Z1)·li flows into the connector and after that to the detection electronics. 11 

= Zrf(Z0+Z1)·li flows along the stripline. 11 will travel along the stripline to the 
downstream end with speed v = Psc CPs is the ratio between the speed of the 
current on the stripline v and the speed of light c). So 11 reaches the downstream 
end at a time l/Psc. There 11 will be partly reflected at the connector. Now a 
current ofrl1expj(ml/P

8
c) travels back to the upstream end. The rest of the current 

will be absorbed in the laad. At the upstream end, where the current arrives at a 
time 2l/pp, a current of Trl1expj(2ml/P

8
c) will be transmitted into the connector. 

This part will be added to 10 and flows to the detection electronics as well. The rest 
of the current, r 211expj(2ml/P

8
c), will be reflected onto the stripline again and after 

travelling along the stripline will partly be reflected at the downstream end, and 
so on. Consequently the output current induced by the wall current coupled into 
the network at the upstream end becomes 

(3.15) 

Now the output current induced by the wall current coupled into the 
network at the downstream end is calculated. The beam travels with velocity v = 

Pbc, so at the downstream end li arrives at a time l/Pbc. Here li induces a signal 
with different polarity, as the current now crosses the gap from the stripline back 
to the beam pipe wall. Thus the intercepted wall current at the downstream end 
can be expressed as 

(3.16) 

1'1 = ZJ(Z0+Z1)·l'i flows into the stripline. The rest of the current is absorbed in the 
matched laad. Similar to the upstream end, the output current induced by the wall 
current coupled into the network at the downstream end becomes 
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(3.17) 

Combining Eqs.(3.15) and (3.17) yields for the frequency response 

Z(w) = +-T2 rexpj-8 -e j-8 L r 2nexp (2n+l)j-8 . Z1 1 ( (. wl J 4 wl ll "' ( wl l (3.18) 
Zo+Z1 2 P8c Pbc n=O P8c 

In order to obtain design parameters for the striplines we search for the 
optimal response. We assume that the beam as well as the signal through the 
stripline travels with the speed of light. This means that ~b = ~s = 1. Then a 
frequency response Z(co0) = 1 is achieved for Z1 = Z 0 , and ls = À/4 = nc/2co0. Note, 
that in this situation the frequency response Z(co) = 0 for co is an even multiple of 
co0. This means that the frequency response of the stripline is 1 for the odd terms 
of Eq.(3.11), and 0 for the even terms of Eq.(3.11). 

For our situation this means that we have to choose [
5 
= 100 mm/4 = 25 mm, 

and that the characteristic impedance of the striplines must be chosen 50 Q (see 
appendix B). 

3.4 Design parameters of the stripline BPM 

The difference/sum-signal of the stripline BPM is derived for an infinitely small 
beam in a circular and rectangular geometry in paragraph 3.4.l and 3.4.2 
respectively. Furthermore the influence of a beam with a finite width is studied 
in paragraph 3.4.3. Finally, it is shown in paragraph 3.4.4 that it is convenient to 
represent the properties of a stripline BPM by a contour plot. In this paragraph 
the optimal design parameters for the BPM's are considered as well. 

3.4.1 Circular stripline beam position monitor 

In this paragraph the distribution of the wall current along the circumference of 
a circular beam pipe with an infinitely small beam displaced from the centre is 
studied. Figure 3.5 shows the transversal geometry of a circular stripline BPM. In 
paragraph 3.2.1 it has been shown that the fields in the beam pipe are 
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a 

L :::J~ R 

Figure 3.5 Transversal geometry of a circular stripline BPM. 

approximately transverse electromagnetic fields. Assuming the fields to be real 
TEM, the longitudinal part of the electric field is zero, so the field is two
dimensional. The beam is located at polar coordinates (p,E>). The beam is assumed 
to be infinitely small. The inner radius of the beam pipe is a. A point on the inner 
surface of the beam pipe has angle <l>w as azimuthal coordinate. The distribution 
of image charge on the circumference of the beam pipe can be found by solving the 
Poisson equation in polar coordinates. The wall current density at <l>w for an 
infinitely small beam with current lb(t) in a circular grounded beam pipe is then 
given by (see ref. [Sha90]) 

- J (t) [ 
00 

( ) n l iJ<l>wp,9,t) = b 1 + 21: _e_ cosn(<l>w -0) . 
27ta n=l a 

(3.19) 

Two striplines, R for right and L for left, of angular width <I> are placed at <l>w = 0 
and <l>w = 7t (see figure 3.5). The currents flowing parallel to the beam in these 
striplines are found by integrating the wall current density iw. This yields for the 
left electrode 

1t +..Î 
2 

JL(p,8,t) = J iJ<l>wp,8,t)d<l>w = 

and for the right electrode 

11--'-
2 
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i 
2 

!Jp,9,t) = J iJ<f>wp,0,t)d<f>w = 

_ _! 
2 

(3.21) 

Now the difference/sum-signal, denoted by S, can be calculated from Eqs.(3.20) 
and (3.21). This yields 

Il S=-
IJt) - IL(t) 

~ - 1- (.E.)
2
n-lcos(2n-1)9 sin(n-l)<I> 

n=I 2n-1 a 2 (3.22) 
=----- = ---------------

~ IJt) + IL(t) 
<I> + f _1__ (.E.)2ncos(2n9) sin(n<f>) 
4 n=l 2n a 

Neglecting the higher order terms this expression is linear to the horizontal 
displacement x (= p cosE>) of the beam 

8 ::: 4 sin( <l>/2) x . (3.23) 
<I> a 

Note, that S only depends on the inner radius of the beam pipe, the angular width 
of the striplines and the beam position. 

3.4.2 Rectangular stripline beam position monitor 

Since the BPM's in RTME are located in the mid vacuum chamber, dummy beam 
pipes are needed. These dummy beam pipes do not have to be circular. Therefore 

y 
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Figure 3.6 Transversal geometry of a rectangular stripline BPM. 
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we regard rectangular stripline BPM's as well. The transversal geometry of this 
BPM is shown in figure 3.6. Similar to the circular stripline BPM the two
dimensional Poisson equation is solved analytically and subsequently the 
difference/sum-signal is calculated. These calculations are presented in appendix 
A. The difference/sum-signal, S, is found to be 

LAn 
sinh( n;r) 

-1 
n=l sinh( n; (a-r)) 

À !Jt)-JL(t) 
(3.24) 8=- = 

}:! IJt)+JL(t) sinh( n;r) 00 

LAn +1 
n=l sinh( n; (a-r)) 

where 

28
, ~ l (cos( nTt P1) _ cos( nTt P2 )) 
EoEr11ît b b 

An = -----------------
inh(nîtr) 

s~-nb_~r)) cos~ n;(a-r)) +cos~ n~r) 
(3.25) 

Here ê0 is the permittivity of vacuum and êr the relative permittivity. The other 
variables are defined by figure 3.6. 

3.4.3 Finite width of the beam 

In the derivation of the difference/sum-signal, an infinitely small electron beam 
was used. However, real electron beams have a finite width. Now the effect ofthis 
fini te width is investigated. The difference/sum-signal for an infinitely small beam, 
located at (x' ,y') is denoted by S(G,x' ,y'). Here G contains all the information about 
the geometry of the BPM. The current distribution of the electron beam is denoted 
by l(x' ,y'). The difference/sum-signal is then given by 
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Figure 3. 7 Contour plot of the absolute difference in S. 

J J S(G,x 1,y) x K.x 1,y) dx 'dy / 

8 = _A~~~~~~~~~~~-
f f I(x 1,y) dx 'dy / 

A 

(3.26) 

For the investigation we used typical geometrical parameters: a circular geometry 
with a = 8 mm and <!> = 1 rad. For the current distribution we used a Gaussian 
distribution, with the centre located at (x,y), and typically O' = 1 mm. The 
difference/sum-signal, given by Eq.(3.26), is calculated numerically. The difference 
in S between a real beam, with the centre at (x,y ), and an infinitely small beam 
at (x,y) is presented in figure 3. 7 by a contour plot. The difference is in the order 
of 0.05. Using the model for an infinitely small beam, this leads to an extra 
uncertainty in the horizontal displacement x of approximately 0.2 mm in this case. 
As a result of this there is no need to include the finite width of the beam in the 
model. 

3.4.4 Contour plots and design parameters 

Fora certain geometry the difference/sum-signal (see Eqs.(3.22) and (3.24)) only 
depends on the position of the beam. For every beam position (x,y) the 
difference/sum-signal, S, has a value between -1and1. By connecting all positions 
where S = const (with -1<const<1), one gets a contour plot. Figure 3.8 shows an 
example of a contour plot for a circular geometry, with typical parameters a = 8 
mm and<!>= 1 rad. The contour plot is a very helpful tool to search for the most 
ideal design of a BPM (see ref. [Bar70]). 

The ideal BPM satisfies three conditions. First, the difference/sum-signal 
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Figure 3.8 Contour plot fora circular geometry (a = 8 mm and <I> = 1 rad). 

is independent of y. A y-dependency causes an uncertainty in the determination 
of the horizontal displacement x. If this condition is satisfied the contour lines are 
straight vertical lines. Secondly, the difference/sum-signal of the ideal BPM is 
linear in x. Linearity makes it easy to calibrate the BPM. If this condition is 
satisfied the contour lines are equidistant. Finally, the BPM must be sensitive for 
displacements in the horizontal direction. The density of the contour lines is 
proportional to the sensitivity of the BPM. 

None of the conditions that have been mentioned can be satisfied 
completely. So we searched for the optimum. Table 3.1 shows the requirements for 
the design parameters of a circular and a rectangular geometry to satisfy the three 
conditions as well as possible. One can see that the linearity and the sensitivity 
work against each other. The choice of the dimensions of the BPM is a compromise 
between the demands for linearity and sensitivity on the one hand, and the 
mechanica! boundary conditions on the other hand. 

Table 3.1 Requirements for the design parameters. 

Condition Circular geometry Rectangular geometry 

y-indepen- <I>"" 1 rad Öz %b 
dency 

linearity the area, where the the area, where the 
difference/sum-signal is difference/sum-signal is 
linear, increases as a linear, increases as b 
increases increases 

sensitivity the sensitivity increases as a the sensitivity increases as a 
decreases or b decreases 
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3.5 Proposed test models 

As a result of the investigations, which have been discussed in the previous 
paragraphs, we have built some test models to verify the theory. The mechanica! 
design of these test models is shown in more detail in appendix C. The results of 
the measurements that have been performed with these test models are discussed 
in chapter 4. 

The dummy beam pipes of the test models have a length of 90 mm. We 
designed three circular and two rectangular dummy beam pipes, with several 
different striplines. 

The beam pipes between LINAClO and RTME and between RTME and the 
ring will have a radius of 12.5 mm. Obviously we designed one dummy beam pipe 
with a radius of 12.5 mm. The cut-offfrequency (see ref. [Poz90]) ofthis beam pipe 
is 7.0 GHz. Hence disturbances from the high power RF (3 GHz) will be 
attenuated in this beam pipe. 

The BPM's in RTME must be smaller than the orbit separation (6 cm). 
Several centimetres are needed for the transmission lines that are connected to 
the striplines. So in practice the largest possible beam pipe is the beam pipe with 
a radius of 12.5 mm, which has been described above. The electron beam needs 
approximately 1 cm room for manoeuvre (see ref. [Leu94]). Therefore we designed 
another circular dummy beam pipes with a radius of 5 mm, which is the minimum 
radius of the beam pipe. Additionally we designed a dummy beam pipe with a 
radius of 8 mm. The cut-off frequencies of these beam pipes are 17 .6 and 11.0 
GHz, respectively. 

For the circular dummy beam pipes, we designed three striplines of 1 mm 
thickness and 25 mm length. The widths are 3, 5 and 8 mm, respectively. They 
can be used for all three dummy beam pipes. This yields various angular widths. 
According to capacitance-calculations (see appendix B) the distance between the 
stripline and inner surface of the beam pipe has to be several millimetres. The 
striplines are isolated from the inner surface of the beam pipe by an isolating 
cube. We have several cubes with heights of 2, 3, 4 and 5 mm, respectively. 

For the rectangular geometry we designed two dummy beam pipes with 
widths of 24 and 30 mm, respectively. The height is chosen 20 mm. Consequently 
the cut-off frequencies are 6.2 and 5.0 GHz, respectively. The striplines for the 
rectangular dummy beam pipes have widths of 5, 8 and 16 mm, respectively. The 
striplines are isolated from the beam pipe wall with the same cubes as mentioned 
above. 
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3.6 Detection electronics 

The signal that is transported to the detection electronics is a mixture of many 
harmonies with ffi = nffi0 , where n in an integer. However, the component with n 

= 1 is expected to be dominant for two reasons. First, even components are 
cancelled by the striplines (see paragraph 3.3). Second, higher harmonies are often 
cancelled by the detection electronics, since the bandwidth of the detection 
electronics is limited. The voltage amplitude of the remaining 3 GHz-signal has 
to be measured. There are several methods to do this. 

One possibility is to use a diode with an RC-filter to rectify the signal. This 
will yield a de current that is proportional to the amplitude of the signal. This 
possibility has been used for the experiments (see chapter 4), hut can not be 
applied when the BPM is used in RTME. The expected beam current in RTME is 
too small to offer enough power to the diode. For a proper operation a power of 
about 100 mW should be offered to the diode [Kem94]. However the 3 GHz
component of the beam current in RTME is expected to be in the order of 3 mA. 
Consequently the intercepted wall current is in the order of 0.5 mA, which yields 
a power of approximately 0.01 mW. 

Another possibility is to multiply the signal by itself. The resultant de 
component of the current is proportional to the original amplitude. However, the 
SIN-ratio of this possibility is poor for the expected beam currents [Kem94]. 

The methods, which have been described so far, are known as amplitude 
detection. The SIN-ratio of amplitude detection is poor for low powers of the signal. 
On the other hand the SIN-ratio of phase detection is not poor for low powers of 
the signal. Several circuits are possible to perform phase detection. For example 
one can multiply the signal with a reference signal with the same frequency and 
phase. This yields a de component that is proportional to the amplitude of the 
signal. 

Since electronic components that operate in the GHz-regime are expensive, 
it may be recommendable to multiply the signal with an external signal which has 
an angular frequency ffi = ro1 that slightly differs from ro0• This yields 

(3.27) 

So a high and a low frequency can be retrieved. The high frequency can easily be 
filtered out. Thus the signal can be transformed toa lower frequency, where the 
electronic hardware is less expensive. 
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Experiments on Test Models 

4.1 Introduction 

In chapter 3 the theory on circular and rectangular stripline BPM's has been 
described. In order to verify the applicability of this theory for the design of a 
stripline beam position monitor, we performed several experiments with the test 
models, described in paragraph 3.5. 

In paragraph 4.2 the experimental setup will be described. The calibration 
of the detection electronics, that has been used for the experiments, will be 
described as well. Furthermore, an estimation of the absolute errors of the 
detection electronics is given. 

The results of the experiments with the circular and the rectangular test 
models will be discussed in paragraph 4.3. Some experiments with the striplines, 
which have been described in paragraph 3.3, are presented as well. 

In paragraph 4.4 the accuracy in the determination of the beam position is 
discussed. It is shown that the demand for an uncertainty of 1 mm in the 
horizontal beam position can be realized. 

Finally, the design parameters of the beam position monitors in RTME, in 
the beam transport lines between LINAClO and RTME and between RTME and 
the storage ring are presented in paragraph 4.5. 

4.2 Experimental setup 

A schematic picture of the experimental setup is shown in figure 4.1. During the 
experiments we did not have a relativistic electron beam with bunches at a 
repetition frequency of 3 GHz at our disposal. Therefore a 3 GHz harmonie signal 
on a copper wire was used. This signal can be considered as the 3 GHz Fourier 
component of the microstructure. 

A Network Analyzer (type HP 8753C) is used to generate a 20 mW 3 GHz 
microwave signal. Subsequently the signal is amplified by a Microwave Amplifier 
(type HP 491C, amplification 0-30 dB), and transported to an X-Y-table by a 
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Network Analyzer 
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Figure 4.1 Experimental setup. 

coaxial line. At the X-Y-table the signal on the inner conductor of the coaxial line 
is transmitted into a copper wire, that is positioned in the dummy beam pipe of 
the BPM by means oftheX-Y-table. The diameter of the wire is (2.00 ± 0.05) mm. 
The grounded outer conductor of the coaxial line is connected to the dummy beam 
pipe of the BPM. This yields a big change in characteristic impedance at the 
entrance of the X-Y-table. Therefore a considerable part of the signal is reflected 
at the entrance oftheX-Y-table. Only part of the applied signal is transmitted into 
the wire through the BPM. The electromagnetic field in the BPM, that is provided 
by the signal, is completely TEM in contrast with the electromagnetic field that 
is provided by a real electron beam. However in paragraph 3.2 it is argued that 
this does not make too much difference. The signal in the BPM will induce an 
image current on the striplines of the BPM. 

The X-Y-table is used to adjust the position of the wire at a relative 
accuracy of 0.01 mm. However the BPM can only be positioned at an absolute 
accuracy of approximately 1 mm with respect to the X-Y-table. 

At the upstream end of the striplines of the BPM the signals coming from 
the striplines are detected with a matched pair of crystal detectors (type HP 
423B). The crystal detectors are matched within 1 % [Lee94c]. These are both 
terminated in a 50 Q load. The voltage over this load is measured with an 
oscilloscope (type Tektronix 465B). 

The crystal detectors are calibrated with the Network Analyzer and the 
Microwave Amplifier as power source. A directional coupler (type Narda 3003-10) 
withdraws -(9.4 ± 0.1) dB of the source power. The power ofthis part is measured 
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Figure 4.2 Calibration of the crystal detectors (type HP 423B). 
with a power meter (type HP 431C). The rest of the power, which can simply be 
calculated from the power measured with the power meter, is fed to the crystal 
detector. Subsequently the output voltage is measured. The response of the crystal 
detectors is shown in figure 4.2. The fitting curve is a ninth order polynomial. The 
residue is better than 1 m V. 

Table 4.1 presents an estimation of the absolute errors of the detection 
electronics, i.e. the combination of the crystal detectors and the oscilloscope. In 
this table all possible errors are brought together in the output voltage that is 
measured with the oscilloscope. 

Table 4.1 Accuracies of the detection electronics. 

Voltage Range [mV] Absolute Accuracy [m V] 

1 

0 - 30 

1 

1 

1 

30 - 60 2 
> 60 4 

By measuring the output voltages of the crystal detectors, the powers at the 
entrance of the crystal detectors can be calculated from figure 4.2. Since the 
transmission lines at the entrance of the crystal detectors have characteristic 
impedances of R (= 50 .Q), the currents are calculated from ...JPIR. These currents 
are used to calculate the difference/sum-signal. 

4.3 Measurements 

The measurements on the circular and the rectangular stripline BPM's are 
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presented in paragraphs 4.3.1 and 4.3.2, respectively. Furthermore in paragraph 
4.3.3 some additional measurements on the striplines are presented. 

4.3.1 Circular stripline BPM's 

The dummy beam pipe with a radius of 12.5 mm is used. The striplines with a 
width of 8 mm are installed at isolating cubes of 5 mm height. This means an 
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Figure 4.3 Contour plot of the measurements (continuous curves) and the 
calculated contour plot ( dashed curves; a = 12.5 mm, <I> = 0. 64 
rad). 

angular width of 8/12.5 = 0.64 rad. As a result of the construction, which is shown 
in detail in appendix C, the striplines are located 1 mm inwards. 

Ata large number of grid-positions (horizontal displacements x = -7.5, -6.0, 
... , 7.5 mm for all of the vertical displacements y = -7.5, -6.0, "., 7.5 mm with 
respect to the centre of the BPM) the difference/sum-signal is determined. The 
computer-program PlotData (see ref. [Chu92]) is used to calculate a contour plot 
(see paragraph 3.4.4) from these measurements. This contour plot is given by the 
continuous curves both in figures 4.3 and 4.4. 

In figure 4.3 the theoretica! contour plot, which is calculated from Eq.(3.22), 
is given by the dashed curves. Here the radius of the dummy beam pipe is used 
as a (= 12.5 mm) and the width of the striplines divided by the dummy beam pipe 
radius is used as <I> (= 0.64 rad). This theoretica! contour plot is called the first 
model. One can see that the sensitivity of the test model is better than the 
theoretica! prediction. There is however a difference between the test model and 
the theoretica! BPM. The striplines in the theoretica! model are assumed to be 
part of the wall, such that the diameter of the beam pipe is equal to the distance 
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Figure 4.4 Contour plot of the measurements (continuous curves) and the 
calculated contour plot (dashed curves; a* = 11.5 mm, f = 0.7 
rad). 

between the striplines. This is not the case for the test models. The striplines in 
this test model are located 1 mm inwards. To bring the test model into agreement 
with the theoretica! model, one might need to introduce an effective radius a * 
between 11.5 and 12.5 mm. 

The best match is found fora* = 11.5 mm (i.e. the distance between the 
centre of the beam pipe and the striplines) with an effective angular width f = 
8/11.5 = 0.7 rad to match a*. This model is called the second model. The 
comparison between the measured contour plot and the calculated contour plot of 
the second model is shown in figure 4.4. 

Figures 4.5a and 4.5c show the measured difference/sum-signal as a 
function of the horizontal displacement x, with vertical displacement y = 0 
(continuous curves). In figure 4.5a a comparison with the first model, and in figure 
4.5c a comparison with the second model is presented (dashed curves). Figures 
4.5b and 4.5d are similar, now with y = 4.5 mm. The error bars have been 
calculated from table 4.1. One can see, that no discrepancies between theory and 
measurements are observed if the effective radius is used. 

Furthermore, similar experiments have been carried out using other dummy 
beam pipes, other striplines and other cubes. All these experiments are in 
agreement with the theory if the effective radius is used. The results of these 
experiments are presented in appendix D. 
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Figure 4.5 Comparison of the first, (a) and (b), and the second model, (c) 
and (d). 

4.3.2 Rectangular stripline BPM's 

The rectangular dummy beam pipe with a width of 30 mm is used. The isolating 
cubes have a height of 4 mm and the striplines have a width of 3 mm. In appendix 
C the construction is shown in detail. Similar to the experiments, described in 
paragraph 4.3.1, at a large number of grid-positions the difference/sum-signal is 
measured. The contour plot from these measurements is shown in figure 4.6 
(continuous curves). This plot is compared with the calculated plot, where the 
distance between the striplines is used as effective width (a* = 20 mm). Further the 
width of the stripline is taken 3 mm. Figure 4. 7 shows the comparison between 
the measurements and the theoretica! model at y = 0 mm and y = 4.5 mm. 

From the sensitivity at y = 0 mm one can conclude that the choice of the 
effective width is appropriate. However the continuous curves in figure 4.6 deviate 
from the dashed curves in the corners of the figure. This is probably due to the 
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Figure 4. 6 Contour plot of the measurements (continuous curves) and the 
calculated contour plot (dashed curves; a* = 20 mm, ö = 3 mm). 
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Figure 4. 7 Comparison between measurements and theory at y = 0 mm 
and y = 4.5 mm. 

finite thickness (1 mm) of the striplines. The theoretica! model does not account 
for the thickness of the stripline. Figure 4.8 shows a schematic picture of the 
geometry of the BPM. The opening angle of the left stripline is relatively wider 
than the right stripline fora beam, that is located with respect to the BPM like 
the beam in figure 4.8. Hence the difference/sum-signal that is measured, 
(IR-IL)l(IR+IL), is less than the difference/sum-signal that is predicted by the 
theoretica! model. For beams that are at the right side of the BPM, the 
difference/sum-signal is larger than the theoretica! prediction. This is 
demonstrated by the contour lines in figure 4.6. 

Using the other striplines (with widths of 8 and 16 mm) this effect has not 
been observed. The thickness of these striplines is relative less important than the 
thickness of the 3 mm-stripline. Nevertheless this deviation from the theory only 
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Figure 4.8 lnfiuence of the thickness of the striplines. 

appears for beams that are far from the centre of the beam pipe. Hence there is 
no need to take account of this effect for the design of a BPM. 

The rest of the measurements, that have been performed with the 
rectangular test models, are presented in appendix D. Other deviations from the 
theoretica! predictions have not been observed. 

4.3.3 Striplines 

In paragraph 3.3 we assumed that the signal on a stripline travels with the speed 
of light. This can be verified with the network analyzer. 

When a microwave signal (frequency f) is sent into a matched transmission 
line (length l) and the other end of the transmission line is open, the signal will 
be totally reflected at the open end. This signal will travel back to the network 
analyzer. The phase-shift of the signal, ~<j>, can be measured with the network 
analyzer and is given by (see ref. [Poz90]) 

& cl> = l f . 3600 . (4.1) 
v 

Here v = ~se is the speed of the signal. Thus by measunng ~<j>, ~s can be 
determined. 

First the speed of the signal in a connector (see figure 3.3) is determined. 
The connector is a 15.0 mm long transmission line with open end. Since the 
characteristic impedance of the connector is matched to the network analyzer, the 
signal speed can be determined, using any frequency. The signal-speed is found 
to be (0.96 ± 0.02)c. 

Now the signal speed in the stripline is determined. Therefore the stripline, 
as shown in figure 3.3, is connected to the network analyzer. First the downstream 
connector is terminated in its characteristic impedance. The network analyzer can 
now be used to search for the frequency, at which the stripline matches best 
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(reflection less than -30 dB). This frequency can be used to determine the signal 
speed in the stripline, since at this frequency multiple reflections can be neglected. 
For all 25 mm-striplines the signal speed is found to be: (0.54 ± O.Ol)c. Thus Ps = 
0.54 ± 0.01. 

Since the assumption ofparagraph 3.3 that Ps = 1 is not correct the optimal 
stripline length ls is not equal to 25 mm. Assuming that Z1 = Z 0 , the frequency 
response Z(OJ0) = 1 is achieved for ls "" 18 mm. A measurement of the signal speed 
on an 18 mm-stripline yielded Ps = 0.55 ± 0.01, which is in agreement with the 25 
mm-stripline. 

4.4 Accuracy 

The measurements that have been performed, have shown that the theory is 
applicable for the design of a stripline BPM. An important aspect to consider is the 
accuracy: the uncertainty in the determination of the horizontal beam position. 
Several aspects contribute to the reduction of the accuracy. First, the signals of the 
striplines can not be measured exactly. Second, the construction of the BPM is 
accurate within certain mechanica! tolerances. Furthermore, the linearity and the 
y-independency are not perfect. Finally, the difference/sum-signals, derived in 
paragraphs 3.4.1 and 3.4.2, are based on an infinitely small electron beam. In 
practice the electron beam will have a finite width. 

To estimate the order of magnitude of the first contribution we will discuss 
it from an example. Consider a circular geometry with typical dimensions a = 8 
mm and <j> = 1 rad. We assume that the intercepted wall currents, IR and IL, can 
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Figure 4.9 Uncertainty for the determination of the horizontal beam 
position, if the accuracy in IR and IL is 10 % (with a = 8 mm, 
<j> = 1 rad). 
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be determined within 10 %. This value is quite arbitrary, since no definite choice 
has been made for the detection electronics yet. The accuracy of the horizontal 
displacement x = p case (with y = p sine = 0 mm) can be calculated as a function 
of x from Eq.(3.22). Figure 4.9 shows that the uncertainty is 0.3 mm at maximum. 

From the experiments, as described in paragraphs 4.3.1 and 4.3.2, it has 
become clear that the distance between the striplines in the BPM is important for 
the applicability of the theoretica! model. Hence it is obvious that an error in the 
horizontal stripline position, öx, causes an uncertainty in the horizontal 
displacement x of the same order of magnitude. In practice this uncertainty, öx, 
will be smaller than 0.1 mm. 

Also for the circular geometry with a = 8 mm and <1> = 1 rad, we have 
calculated that the sensitivity of the difference/sum-signal is 0.24 mm-1

. The 
linearity is better than 5 % over a range of 4 mm. Moreover the y-independency 
is better than 1 % over a range of 8 mm. Due to this non-linearity and y

dependency the accuracy in x is 0.1 mm at maximum over a range of 4 mm. 
Finally, the effects of an electron beam with a finite width have already 

been regarded in paragraph 3.4.3. A Gaussian distribution with cr = 1 mm causes 
an uncertainty in x of 0.2 mm. 

In chapter 1 we demanded an accuracy in horizontal displacement of 1 mm. 
From the considerations above we can conclude that this accuracy can be achieved 
for BPM's with dimensions in the same order as the test models. 

4.5 Design parameters for the beam position monitors 

In the beam transport lines between LINAClO and RTME, and between RTME 
and the ring, it is obvious that we choose a circular BPM, with an inner radius 
that is equal to the inner radius of the circular beam pipes. This means 12.5 mm. 
The length of the stripline must be 18 mm (see paragraph 4.3.3). The thickness 
is chosen 1 mm. The angular width of the stripline has to be 1 rad, so that the 
width of the stripline is 12.5 mm. Capacitance calculations (similar to the 
calculations in appendix B) have been performed to obtain design specification for 
the recesses that have to be made in the beam pipe wall. The width of these 
recesses is chosen 14.5 mm and the depth 4.1 mm. In this case the distance 
between the bottom of the recesses and the striplines must be 2.8 mm, such that 
the distance between the axis of the beam pipe and the stripline is equal to the 
inner radius of the beam pipe. 

In RTME we choose rectangular BPM's, for the y-independency is better for 
rectangular BPM's. The length of the dummy beam pipes must be at least 10 cm 
for attenuation. The width of the beam pipes is 27.4 mm and the height 20 mm. 
The 18 mm long striplines have a thickness of 1 mm and a width of 15 mm. They 
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are located at a distance of 2.7 mm from the beam pipe wall, so that the distance 
between the left and the right stripline is 20 mm. 

All design parameters, presented in this chapter, are summarized in 
appendix C. 
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The Corrector Device 

5.1 lntroduction 

In chapter 1 it has been explained that every orbit in RTME needs a small extra 
bending halfway the two dipole magnets in order to obtain closed orbits. This 
additional bending is provided for by the corrector device, which has been designed 
by Webers (see ref. [Web94]). 

Figure 5.1 shows a schema tic picture of the corrector device. It consists of 
an array of 12 dipole magnets: one for each orbit. Since the orbit separation is 60.6 
mm, the magnet centres are placed at 60.6 mm from each other. In the original 

1 2 3 •• 11 12 

i" 80.6 "i 

Figure 5.1 Schematic picture of the corrector device {or RTME. 

design by Webers two return yokes are present. One is located between the first 
and the second correction magnet (having a width of 10 mm), and the other at the 
end of the corrector device next to the twelfth magnet (having a width of 15 mm). 
For reasons, that will become clear in paragraph 5.3.2, we optimized the design 
by mounting ten extra return yokes between all the other magnets (all having a 
width of 10 mm). 

Each magnet has a length of 100 mm. The poles of the magnets have a 
width of 35 mm to provide a sufficient homogenous magnetic field near the ideal 
orbit centre. The gap between the poles is 20 mm. The corrector device is designed 
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for a magnetic field strength of at most 400 Gauss. This field is obtained from 60 
turns of copper wire at a maximal current of 5 A. The magnetic strength of the n1

h 

dipole magnet, which corresponds to the n1
h orbit, is denoted by Ben· 

In this chapter the possibility to control RTME with this corrector device is 
considered. Several measurements on the corrector device have been performed. 
The experimental setup is described in paragraph 5.2. The results of the 
measurements are presented in paragraph 5.3. Finally, the results have been used 
as input for numerical orbit calculations. The outcome of these calculations is 
presented in paragraph 5.4. 

5.2 Experimental setup 

A schematic picture of the experimental setup is shown in figure 5.2. The magnetic 
fields in the median plane of the corrector device are measured with a Hall pro be 
(SIEMENS, model SVB613). The position of the Hall probe is adjusted with anX
Y-table with an absolute accuracy of 1 mm, and a relative accuracy of 0.1 mm. A 
control/interface system is used for steering oftheX-Y-table and for reading of the 
Hall-voltage. This control/interface system consists of a PhyDAS-computer system 
(see ref. [Sme89]) and a Personal Computer. 

Three power supplies have been used to excite the correction magnets (Delta 
Elektronika, types D030-3, D050-10 and D030-10). The current has been measured 
with a multimeter (Philips, type PM2518) with an accuracy of 0.5 %. 

For the calibration of the Hall-voltage, we have used NMR (Nuclear 
Magnetic Resonance) measurements. These measurements can only be performed 
in the ranges -0.3 T to -0.18 Tand 0.18 T to 0.3 T, since our NMR-probe can not 

D 
!.!il 
CD 

D 

Paraonal Computer PhyDAS-system 

Figure 5.2 Experimental setup. 

Hall proba 

X-Y-table ) 
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be used for magnetic fields smaller than 0.18 T, and the dipole magnet, that has 
been used for calibration, can not produce magnetic fields larger than 0.3 T. 
Assuming that the Hall-voltage is linear with the applied magnetic field, we used 
a linear interpolation for the range -0.18 T to 0.18 T. This range is ofimportance 
to us, since -0.04 T < Bc 11 < 0.04 T. We estimate the absolute accuracy of the Hall 
probe at 1 Gauss. 

5.3 Measurement results 

First the hysteresis of one of the correction magnets has been measured. The 
result is shown in paragraph 5.3.1. Subsequently we proposed a cycling procedure 
to improve the reproducibility. In paragraph 5.3.2 it is argued that extra return 
yokes are advantageous. The possibility to calculate magnetic fields generated by 
different magnets is investigated in paragraph 5.3.3. Moreover a procedure for the 
adjustment of the corrector device is proposed. Finally, in paragraph 5.3.4 the 
homogeneity of the magnetic field in the air gap is studied. 

5.3.1 Hysteresis 

It is well known that the magnetic field in the air gap of a magnet depends on the 
magnet history. Figure 5.3 shows the hysteresis curve of the ninth magnet in the 
original design. The difference in magnetic field between the upper and lower 
branch of the hysteresis curve is 25 Gauss at most. 

From rough estimation, in which we accept transversal orbit deviation in 
the order of 1 mm, we demand a reproducibility of the magnetic field of the 
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Figure 5.3 Hysteresis curve of ninth magnet. 
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Figure 5.4 Cycling procedure. 

correction magnets in the order of 1 Gauss. In order to obtain this reproducibility 
a cycling procedure can be used. We applied the cycling procedure as given in 
figure 5.4. After this procedure the requested excitation can be established. This 
procedure yields a reproducibility of approximately 1 Gauss. 

5.3.2 Extra return yokes 

In order to investigate the mutual influence of the correction magnets, we used the 
magnetic field strength in the centre of magnet n as a value for Be,n· Figure 5.5 
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Figure 5.5 Ben versus n (19 = 5 AJ {or the original design aeft) and the 
optimized design with extra return yokes (right). 

shows the measured values of Ben versus n (continuous curves) where the ninth 
coil is excited by 5 A both for the ~riginal and for the optimized design. POISSON 
calculations (see ref. [Men87]), using a relative magnetic permeability for the iron 
yoke of 2000, have yielded values for Be,n' which are shown in figure 5.5 as well 
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(dashed curves). Table 5.1 shows measured and calculated mutual influences. 

Table 5.1 Comparison between the measured and the calculated mutual 
infiuence, bath for the original and the optimized design. 

original design optimized design 
Influence 

measured calculated measured calculated 

IBe g!Be 91 11.9 % 2.1 % 4.7 % 0.3 % 
' ' 

IBe, 7/Be,91 9.1 % 1.8 % 1.7 % 0.1 % 

IBe 6/Be 91 5.2 % 1.5 % 0.1 % 0.1 % 
' ' 

One can see that the measured values do not agree with the values calculated 
with POISSON. The mutual influence of the original design is very large. However 
it can considerably be reduced by mounting extra return yokes. 

5.3.3 Summation of magnetic fields 

Now we define an excitation matrix. Excitation of magnet m, with current Im, 
yields magnetic field strengths Be nm x Im for magnet n. Be nm is the magnetic field 
strength of the nth magnet per u~it current in the mth ma'gnet. Be nm is called the 
excitation matrix. It would be very convenient ifthe magnetic fields Ben resulting 
from excitation of all twelve magnets can be calculated from the excitation matrix 
Be nm and the currents Im by 

' 
12 

Bc.n = ~ B ·l L c,nm m· 
m=l 

The applicability of this multiplication is verified in this paragraph. 

(5.1) 

The excitation matrix has been measured by exciting all magnets one by 
one. Subsequently all magnets have been excited, with Im T = (1, 3, 3, 3, 3, 3, 3, 
3, 2, 1, -1, -3) A. The measured values of Ben are shown in figure 5.6 (sum vector). 
The values of Ben' calculated from the excitation matrix, are shown as well. The 
difference betwe~n the measured and the calculated sum vector is shown in figure 
5.7. One can see that for this case the predicted sum vector differs 4 Gauss at 
most from the real sum vector. 

Now we propose a procedure for the adjustment of the corrector device. At 
first the cycling procedure, as shown in figure 5.4, must be applied. Since the 
mutual influence is 5 % at maximum (see paragraph 5.3.2 for the nearest 
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Figure 5. 6 Measured (left) and calculated (right) summation of different 
vectors as a function of the magnet number n. 

neighbour influence) we neglect the mutual influence in a first order 
approximation. Hence we assume Be nm = 0 for n -:t m. So to adjust current In we 
use the value of Be,nn· The desired ~agnetic field is given by B*. This implies In 
= B* I Be nn· Since we have neglected the mutual influence the magnetic field 
differs fr~m B*. This difference is estimated. The magnetic fields are smaller than 
400 Gauss. We only account for the nearest neighbour influence. Since the 
magnets have two neighbours at maximum the difference is maximal 2 x 0.05 x 
400 = 40 Gauss. 

These differences, 8Be,n' can be measured with Hall probes, which are 
mounted on the polefaces. We change the currents in a second order 
approximation by an amount of In' = 8Be n /Be nn (mutual influences are again 
neglected). Now the difference between the de;ired magnetic field and the real 
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Figure 5. 7 Difference between the measured and the calculated sum vector 
as a function of the magnet number n. 

-50-



The Corrector Device 

magnetic field is reduced to approximately 10 Gauss. This difference consists of 
three contributions. First, the neglect of the mutual influence in the second order 
approximation yields a difference of maximal 2 x 0.05 x 40 = 4 Gauss. Second, we 
have not applied the cycling procedure before the modification of the currents. 
This yields an extra difference of maximal 2 x 0.05 x 25 = 2.5 Gauss (25 Gauss is 
the difference between the upper and the lower branch of the hysteresis curve). 
Finally, the difference between calculated and real sum vector is approximately 
4 Gauss. 

The remaining difference of maximal 10 Gauss can be reduced by measuring 
the differences and changing the currents little by little. 

5.3.4 Homogeneity 

In order to study the homogeneity the ninth magnet is excited by 5 A. For the 
optimized design the field integral is measured versus the displacement with 

35 

30 

E' 25 
.., 
~ 20 
0 

3 15 

--' 
CD 10 

5 

0 '------'----'---''--__._ _ _,____._ _ _,_~ 

-20 -15 -10 -5 0 5 10 15 20 

Displacement w.r.t. centre [mm] 

--0.5 

.., 
~ -1.0 
0 

(!> 
'--' 

--' 
CD -1.5 

-2.0 ~~-~~-~-~~-~~ 
-20 -15 -10 -5 0 5 10 15 20 

Displacement w.r.t. centre [mm) 

Figure 5.8 Field integral of magnet 9 aeft) and magnet 8 (right) for the 
optimized design with 19 = 5 A. 

respect to the centre of magnet 9 and 8 respectively. The results are shown in 
figure 5.8. One can see that the homogeneity is approximately 5 % within ± 10 
mm with respect to the centre of the magnets. This value is in good agreement 
with the value of 4.6 %, calculated with POISSON. According to Fischer (see ref. 
[Fis87]) this value is 1 %, which agrees only in order of magnitude. The 
inhomogeneity causes a focusing strength. At a displacement of 1 mm with respect 
to the centre of a correction magnet d.Bldx is about 2· 10-2 Tim, such that the 
focusing strength can be calculated to be approximately 0.02 m-1

. At a 
displacement of 5 mm d.Bldx is about 1·10-1 Tim, such that is calculated to be 
approximately 0.1 m-1. For comparison the focusing strength of the dipole magnets 
of RTME is in the order of 1 m-1. 

The asymmetry in the figure of magnet 8 can be understood from differences 
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in path lengths. 

5.4 Numerical orbit calculations 

From the measurements it bas become clear that the correction magnets can be 

L 
modelled 
field map r:::wCJ:tJ:t:ITT"i"'T~-r-r-,-,--.-.J 

cavit 

reference point 
for tilting the 
bending magnets 
(.X, Y) = (0,80) 

Figure 5.9 Setup of field maps as used for numerical orbit calculations. 

adjusted with an accuracy of a few Gauss. To investigate the impact of the 
inaccuracy of the correction magnets, the computer program BANBA, which has 

B 

100 

140 

Figure 5.10 Model of the magnetic field distribution for the correction 
magnets (sizes in mm). 
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been written by Webers [Web94a], is used to perform numerical orbit calculations. 
The measured magnetic field maps of the dipole magnets (see ref. [Bak94, Leu94]) 
are used as input. These field maps are projected onto the median plane and the 
location (X,Y) = (0,80) is used as reference for rotating the magnets over an angle 
't = 4.00° (see figure 5.9). The drift length L is 0.985 m. The magnetic field 
distribution of the correction magnets is approximated by the distribution shown 
in figure 5.10. Thus we have not accounted for the deviations from homogeneity, 
as shown in paragraph 5.3.4. 

Webers has calculated ideal values for Bc,n' which yield displacements from 
the centre of the cavity axis smaller than 0.01 mm. A random deviation with an 
standard deviation of 2 Gauss is superposed upon these ideal values of the 
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Figure 5.11 Displacement from the centre of the cavity axis, with random 
deviating value of Ben (cr = 2 Gauss). 

magnetic field strengths, as calculatéd by Webers. Figure 5.11 shows the 
deviations with respect to the cavity axis of 10 calculations with different 
deviations. 
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Conclusions and Recommendations 

For the operation of RTME, which will serve as injector for the electron storage 
ring EUTERPE, small dipole magnets for all return paths of the electron beam are 
necessary. For the control of these dipole magnets beam position monitors are 
required. In this graduation report an investigation of beam position monitoring 
and beam positioning has been carried out. 

From a study of literature, in which several options for beam position 
monitoring have been regarded, the stripline beam position monitor appeared to 
be the most suitable option for RTME. There are mainly three reasons for this. 
Firstly, the stripline beam position monitor is easy to construct. Secondly, this 
beam position monitor can be used in the beam transport lines between LINAClO 
and RTME and between RTME and the storage ring as well. Finally, the 
Accelerator Physics Group already has some experience with stripline beam 
position monitors. 

The theoretica! and experimental investigations on the striplines and the 
stripline beam position monitors have made clear that the theory is applicable for 
the design of a stripline beam position monitor. However, in case of circular beam 
pipes the effective radius, and in case of rectangular beam pipes the effective 
width has to be used in the theoretica! description. Furthermore, contour plots 
appear to be very convenient for the design of beam position monitors. On the 
whole this has led to design specifications for the beam position monitors. Finally, 
it has been argued that the required accuracy in the determination of the 
horizontal position of the electron beam (1 mm) can be realized. lt is 
recommendable to build a test model of the detection electronics. In this report it 
we have shown that an accuracy of 10 % for currents in the order of 0.1 mA is 
adequate. 

Measurements at the corrector device have shown that the proposed cycling 
procedure yields a reproducibility of approximately 1 Gauss. Furthermore, it is 
shown that extra return yokes reduce the mutual influence considerably. Low 
mutual influence makes the corrector device easier to control. Additional 
calculations have shown that the strengths of the small dipole magnets should be 
accurate within a few Gauss to restrict the deviations from the design orbit toa 
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few millimetres. However, for these calculations no account has been taken of 
variations in the magnetic field integral over the width of the correction magnets. 
It is recommendable to do this, since the focusing strength that results from these 
variations will slightly change the overall focusing of the accelerated electron beam 
by the other electron optica! elements in RTME. Finally, we conclude that bipolar 
power sources are needed for the dipole magnets of the corrector device. The range 
must be from -5 to 5 A and the stability in current must be better than 10"3

• 

Finally, it is recommendable to investigate Optica! Transition Radiation, 
since informatiun about several parameters of the electron beam can be 
determined with this diagnostic technique. 
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AppendixA 

In this appendix the difference/sum-signal of the striplines in a rectangular 
beam pipe is derived. First the two-dimensional Poisson equation for a point 

y 

s ----------~q 

0 r a 

Figure A. l Poisson problem of a point charge in a two-dimensional 
perfectly conducting box. 

charge q is solved. The charge is located at coordinates (r,s) in a two-dimension
al perfectly conducting box with width a and height b (see figure A.l). 

Except for the point (r,s) the potential <I>(x,y) satisfies Laplace's equation 
everywhere in the box, 

V,11>(x,y) = 0, for o~x~a, o~y~b, 

with V, = _!-___ +_!-___ . The boundary conditions are given by 
ax2 ayz 

q,(x,y) = 0, 
q,(x,y) = 0, 

at x=O, a, 
at y=O, b. 

(A.l) 

(A.2) 

Laplace's equation can be solved by the method of separation of variables. Since 
the charge is located at (r,s), the potential <I>(x,y) will have a singularity there. 
So separate solutions for <I>(x,y) must be found for 0 :$; x < r, and for r < x :$; a. 
The genera! solution for <I>(x,y) in these two regions can be written as (see ref. 
[Poz90]) 
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w(x,y) = 

ËAnsin( nny)sinh( nnx) 
n=l ~ b ~~\ b 

~B . (nny) inhnn( ) L sm - s - a-x 
n=l n b b 

for o~x<r, 
(A.3) 

for r<x~a. 

Now the potential must be continuous at x =r. Hence 

B = A n n 
(A.4) 

The remaining set of constants, An, can be found by solving for the charge at 
(r,s). Since Ex= -a<I>(x,y)/ax, this yields 

-Ë An( nn )sm( nny )cosh( nnx) 
n=l b b ~\ b 

I; A. 4 !'f) ( nn )s1n( nny)cosh( nn (a-x)) 
n=l 4nn ( )) b ~\ b b s -a-r 

b 

for o~x<r, 

(A.5) 

for r<x~a. 

The condition for the boundary between the two regions (x = r) is given by 

(A.6) 

where p(y) is the line charge density at x = r, and en is given by 

The line charge density p(y) can be expressed as 
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p(y) = qö(y-s), (A.8) 

with o the Dirac delta function. Substitution of Eq.(A.8) in Eq.(A.6) gives for Cn 

en = ~s;n( nrts)· 
be0er ~\ b 

Substitution of Eq.(A.9) in Eq.(A. 7) yields 

(A.9) 

-1 

2qsin{nrts/b)( b) s4n;r) ~nrt( )) ~nrtr) (A.10) 
--=----'--'---'- - cos - a-r + cos -

be0er nrt 4 nrt ( )) b b s -a-r 
b 

The electric field is always perpendicular to the surface of a conductor. Thus 
the fields at x = 0 and at x = a is given by the component Ex 

Here Rn and Sn are given by 

R = -A ( nrt) 
n '\ b ' 

;nh( nrtr) 
S = A (nrt) s\b 
• '\ b ~ n;(a-r)) 

(A.11) 

(A.12) 

(A.13) 

Note, that Eq.(A.11) is identical to Eq.(2.1) if a and b are interchanged as well 
as rand s. 

The striplines are located at x = 0 and x = a. These begin at y = p 1 and 
end at y = p 2 (see figure 3.xxx:). The total image charge collected by the 
striplines is found by integrating the fields at x = 0 and x = a. Hence 
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and 

P2 

QL = EoErf E/x=O)dy = 

= •a•Jt R,s1 n~y) ldy 

= .,"~R~mn(7H· 

The integral, which appears in Eqs.(A.14) and (A.15), is found to be 

_ PJ
2 

in( n7ty) _ ( b ) (n7ty)r2 

/ - P1 s\ b dy - - n1t cos b 'P1 = 

= ! (cos( n~,) -cos( n~,)). 

Note that if p 2 = b - p 1, In= 0 for nis even. 

(A.14) 

(A.15) 

(A.16) 

Now the total image charge both at the left and the right stripline is 
known. A Lorentz transformation should be carried out, and a continuous beam 
current should be included. But none of these modifications makes any differ
ence to the difference/sum-signal. The Lorentz transformation causes electric 
fields that are a factor y stronger. But this factor is the same for the left and 
the right stripline, so the difference/sum-signal is not influenced by this factor. 
Moreover the difference/sum-signal is independent of the beam current. 
Consequently the difference/sum-signal can be calculated using Eqs.(A.14) and 
(A.15), and is found to be 
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a = n 
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(A.17) 

(A.18) 
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The characteristic impedance of the stripline must be approximately 50 Q. 

According to Van Genderen and Van der Heide (see ref. [Gen87]) the capaci
tance per metre must be 

1 
C=-

cZ0 

1 = 67 pF m-1• 

3·108 ·50 
(B.l) 

The geometry of the striplines is shown in figure B. l. The width is denoted by 
w and the thickness is denoted by d. Recesses are made in the beam pipe wall 

Figure B.1 Geometry of the striplines. 

of the circular BPM's, so that the striplines can be located in this recesses. The 
dimensions of these recesses are denoted by Wand D, respectively. No recesses 
are made in the beam pipe wall of the rectangular BPM's. Nevertheless we will 
use the same model with W is equal to the height of the beam pipe and D is the 
distance between the top of the stripline and the bottom of the recess. The 
striplines in the circular BPM's will be curved. This curvature is neglected in 
the capacitance calculations. 

The capacitance of the system, shown in figure B.1 can be calculated 
analytically. Therefore the system is divided in parts (see figure B.2). The 
capacitances Ci are given by (see ref. [Gen87]) 

-B.1-



Appendix B 

Figure B.2 Analytica[ model to calculate the capacitance. 

w 
Cl = Eo -, 

d' 
d 

C2 = Eo -, 
w' 

+ -arctan-, 2d
1 w'] 

w 1 d 1 

+ -arctan-, 2w
1 d'] 

d 1 w 1 

(B.2) 

where d' = D - d and w' = (W - w )/2. The total capacitance per unit length is 
given by 

(B.3) 

In the 5 mm-circular test model Wis chosen 7 mm. The other circular 
test models have W = 10 mm. The thickness of the striplines d = 1 mm. The 
width of the stripline is w = 3, 5 or 8 mm. In table B.1 for every possible 
combination of W, w and d the value of D has been calculated that yields a 
capacitance of 70 pF m·1

. 

Table B.1 D as a function of W, w and d, so that the capacitance is 70 pF m·1 

W[mm] w [mm] d [mm] D [mm] 

7.0 3.0 1.0 1.6 
7.0 5.0 1.0 2.1 

10.0 3.0 1.0 1.6 
10.0 5.0 1.0 1.9 
10.0 8.0 1.0 2.9 
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In the rectangular test models W = 20 mm and d = 1 mm. For the 
stripline width w = 3, 8 and 16 mm, the value of D that yields a capacitance of 
70 pF m-1 is 1.7, 2.5 and 4.0 mm, respectively. 

From the calculation, we can conclude the D must be several millimetres. 
Consequently, the isolating cubes that keep the striplines at a distance from 
the beam pipe walls have height 2, 3, 4 and 5 mm. 
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Appendix C 

C.1 Circular test models 

In figure C.l. the design for the circular test models is shown. The test models 
consist of three different kind of components: the dummy beam pipe, the 

Figure C. l Circular test models. 
isolating cubes and the striplines. Each dummy beam pipes has radii a, a', a" 
and recesses of width w. Three different beam pipes have been constructed. The 
sizes are shown in table C.l. 

Table C.1. Sizes of the circular dummy beam pipes. 

Beam pipe a a' a" w 

5 mm-beam pipe 5.0 8.0 9.0 7.0 

8 mm-beam pipe 8.0 12.0 13.0 10.0 

12.5 mm-beam pipe 12.5 16.5 17.5 10.0 

The isolating cubes have height h = 2, 3, 4 or 5 mm. Finally, the 25 mm long 
striplines have a thickness of d = 1 mm. The width o is 3, 5 or 8 mm. 
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C.2 Rectangular test models 

In figure C.2 the design for a rectangular beam pipe is shown. The two differ
ent dummy beam pipes that have been constructed both have a height b = 20 

Figure C.2 Rectangular test models. 
mm. One beam pipe has a width a = 24 mm, the other has a width a = 30 mm. 
The isolating cubes, with height h, are the same as the cubes used for the 
circular test models. The 25 mm long striplines have a thickness d = 1 mm, and 
a width of 8 = 5, 8 of 16 mm. 

C.3 Design parameters 

The circular BPM's for the beam transport lines between LINAClO and RTME, 
and between RTME and the storage ring have design parameters, given by 

a = 12.5 mm 8 = 12.5 mm 
a' = 16.6 mm d = 1.0 mm 
a" = 17.6 mm h = 4.1 mm 
w = 14.5 mm 

The rectangular BPM's that are installed in RTME have a minimum length of 
10 cm for attenuation. The design parameters are given by 

a =27.4 mm d = 1.0 mm 
b =20.0 mm h = 2.7 mm 
8 = 15.0 mm 

All striplines have lengths of 18 mm. 
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In this appendix the measurements on the test models, which are not discussed 
in chapter 4, are presented. 

D.1 Circular test models 

All measurements are compared with the theoretica! model, where the effective 
radius has been used. First a measurement with a BPM, with a beam pipe 
radius of 12.5 mm, and 3 mm striplines at 4 mm cubes, is presented in figure 
D.1. 
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Figure D.1 Comparison of contour plots (left), measurements at y = 0 
mm and y = 4.5 mm (right). 

Now a beam pipe with a radius of 8.0 mm, 8 mm striplines at 5 mm cubes is 
used. The results are shown in figure D.2. 
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Figure D.2 Comparison of contour plots (left), measurements at y = 0 
mm and y = 4.5 mm (right). 
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A measurement has been carried out with a beam pipe having a radius of 8.0 
mm, 3 mm striplines at 5 mm cubes. The results are shown in figure D.3. 
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Figure D.3 Comparison of contour plots ae{t), measurements at y 0 
mm and y = 4.5 mm (right). 

Furthermore, a beam pipe with a radius of 5.0 mm, 5 mm striplines at 3 mm 
cubes has been used. The results are shown in figure D.4. One can see that the 
test model was slightly rotated with respect to the z-axis of the X-Y-table. 
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Figure D.4 Comparison of contour plots aeft), measurements at y 0 
mm and y = 2.25 mm (right). 

Finally, beam pipe with a radius of 5.0 mm, 3 mm striplines at 3 mm cubes 
yields the results, shown in figure D.5. A small rotation can be viewed in this 
figure as well. 
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Figure D.5 Comparison of contour plots aeft), measurements at y 0 
mm and y = 2.25 mm (right). 
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D.2 Rectangular test models 

All measurements are compared with the theoretica! model, where the effective 
width has been used. First a measurement with a BPM, with a width of 30 
mm, and 16 mm striplines at 4 mm cubes, is presented in figure D.6. 
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Figure D. 6 Comparison of contour plots (left), measurements at y = 0 
mm and y = 4.5 mm (right). 

Also 8 mm striplines at 4 mm cubes have been used in the same dummy beam 
pipe of 30 mm width. The results are shown in figure D.7. 

'E • 
.§. 

] 
1 0 

<>. -2 
ö 
~ __. . 
> -s 

MODEL: a=20mm, 4=8mm, y•O.Orrvn MODEL: a-20mm, 4•Bmm. y-4.5tnm 

-t1 L~=~~==t:::::~~:=r:::...J 
-f ....... ~ 0 l 4 • • • 

Horlzontol po1ltlon [mm] 

-t ....... -1 0 1 4 • • ~ 
-to -tl -tl -· -2 0 2 • 6 8 

Horizont al paait ion [mm J Horlzontol posltlon [mm] 

Figure D. 7 Comparison of contour plots (left), measurements at y = 0 
mm and y = 4.5 mm (right). 

Further a beam pipe with a width of 24 mm, and 8 mm striplines at cubes of 4 
mm has been used. The results are shown in figure D.8. 
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Figure D.8 Comparison of contour plots (left), measurements at y = 0 
mm and y = 4.5 mm (right). 
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Now a beam pipe with a width of 24 mm, and 3 mm striplines at 4 mm cubes is 
used. The results are shown in figure D.9. 
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Figure D.9 Comparison of contour plots (left), measurements at y 0 
mm and y = 4.5 mm (right). 

Finally, a beam pipe with a width of 24 mm, and 16 mm striplines at 4 mm 
cubes has been used. The results are shown in figure D.10. 

E' • .s 
c 
0 

] D 

"- -2 
ë 

~ -4 

> -6 

-BL___::=c::::'::'::::::Jt:::::'.::::J==:::::::t=:::::i:'.____J 
-6 -4 -2 

Horizontol position [mm] 

MODEL: o=14mm, 6=16mm, y=O.Omm MODEL: o=14mm, 6=16mm, y=4.5mm 

-\D ~~-~-~-~~-~ -W L___L _ _,_ _ _,____'---L-~ 

--G -4 -z 0 --G -4 -2 0 

Horizontol position [mm) Horizontol posltion [mm] 

Figure D.10 Comparison of contour plots (left), measurements at y 0 
mm and y = 4.5 mm (right). 
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