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Scope

This thesis deals with beam-control studies of a racetrack microtron that is be-

ing developed at the Eindhoven University of Technology. The e�ects of machine-

parameter deviations on the electron beam have been studied. This knowledge

has been used to develop beam-diagnostic devices and control strategies, which use

the measurements of the beam-diagnostic devices to control the adjustable machine

parameters, such that undesired e�ects of non-adjustable parameters can be coun-

teracted.

In principle, settings for all adjustable machine parameters can be calculated,

but in practice these settings will not be ideal. This is caused by di�erent kinds of

errors, such as magnetic-�eld imperfections and alignment errors. Moreover, hys-

teresis e�ects might change the ideal parameter settings from one run to the other.

All these errors cannot be incorporated in the calculations as they are unknown, but

they can inuence the electron beam dramatically. The e�ects of these errors must

be counteracted with the adjustable parameters. Consequently, the calculated pa-

rameter settings must be tuned by using beam measurements each time the machine

is operated.

The complete beam-diagnostic equipment, which will be used to control the ad-

justable machine parameters of the racetrack microtron and its injector, has been

designed. The design of the control strategies which use the beam measurements to

tune the adjustable parameters have been based on beam-dynamics studies. Fur-

thermore, the tuning possibilities of the bunch length and the mean energy of the

output beam by means of the adjustable machine parameters have been studied.

1
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1 The Eindhoven racetrack microtron

The history of charged-particle accelerators has completely taken place in the twen-

tieth century. Among other types of accelerators the developments in accelerator

physics have led to the racetrack microtron. Racetrack microtrons produce acceler-

ated electrons, which provide applications in science, industry and health care. The

Eindhoven racetrack microtron compared to other racetrack microtrons has a special

design to improve electron-optical properties.

Related publications:

� Theuws W.H.C., Botman J.I.M., Hagedoorn H.L., Leeuw R.W. de, Timmermans C.J., The

75 MeV racetrack microtron Eindhoven, Proc. Lin. Acc. Conf. Geneva (1996) 92{94.

� Theuws W.H.C., Botman J.I.M., Hagedoorn H.L., TimmermansC.J.,The Eindhoven linac {

racetrack microtron combination, Nucl. Instr. and Meth. B 139 (1998) 522{526.

1.1 Historical review

In 1919 Ernest Rutherford induced a nuclear reaction on nitrogen with natural

alpha particles. To continue the research on the nucleus, he believed that sources

of many millions of electron-Volt (eV) would be needed, which was far beyond

the possibilities of the high-voltage units available at that time. However, Gurney

and Garmov predicted `tunneling' independently from each other in 1928, and it

appeared that an energy of about 500 keV would be su�cient to split the atom.

This energy seemed technologically feasible. Thereupon, Cockcroft and Walton

built an accelerator producing 400 keV protons, which disintegrated lithium atoms

in 1932.

Other developments were going on at the same time. Ising had proposed to

use time-varying electric �elds across drift tubes (`resonant acceleration'), such that

particle energies far above the highest voltage in the system could be achieved.

Wider�oe demonstrated this principle in 1928. Ernest Lawrence, inspired by Wider�oe

and Ising, conceived the cyclotron, which was �rst demonstrated by Livingston in

1931 [1].

3
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Magnetic
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Cavity and gun

Extraction channel

 

Figure 1.1: Classical microtron.

The cyclotron has two very important advantages with respect to the DC gen-

erator as developed by Cockcroft and Walton. First, it utilizes time-varying electric

�elds as proposed by Ising. Second, it makes use of a magnetic guide �eld such that

the same accelerating gap can be used many times. However, the cyclotron cannot

accelerate ultra-relativistic particles (Lorentz factor  >> 1). So practically they

are only suited to protons, alpha particles, and heavier particles.

In 1944 Veksler proposed a machine that was able to accelerate light, highly-

relativistic particles, such as electrons [2]. This machine had several similarities with

the cyclotron, and therefore it was called `electron cyclotron'. The �rst `electron

cyclotron' was built in 1948 at the National Research Council in Canada [3]. It

produced a 4.8 MeV electron beam. The machine was named `microtron' as the

resonant frequency of the accelerating cavity had been chosen in the microwave

region (S-band). This name has been in use for this type of machines ever since.

The classical microtron, see �gure 1.1, mainly consists of four components: an

electron source, a microwave cavity excited by a magnetron or klystron, a homo-

geneous magnetic guide �eld, and an extraction channel. Low-energy electrons are

emitted from a thermionic cathode inside (or just outside) the cavity. Part of the
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electrons enter the cavity between the stable-phase limits and gain a certain amount

of kinetic energy while traversing the cavity. The electrons describe a circular or-

bit because of the homogeneous magnetic �eld, and they return to the entrance of

the cavity. When they traverse the cavity for the second time the energy is again

increased, the magnetic �eld guides the electron beam to the cavity entrance again,

etcetera. The kinetic energy of the electrons is increased after each cavity traversal,

and as a result of this the circular orbit radius in the magnetic �eld increases step

by step. The electrons exit the machine via the extraction channel after a certain

number of orbits.

The microtron has some very interesting features. The orbits in the microtron are

well separated (typically several centimetres) as the energy gain per cavity traversal

is large compared to, for example, cyclotrons. This makes extraction easy to achieve.

Furthermore, microtrons are able to o�er very stable beams with a high duty cycle,

small relative energy spread, and inherent phase stability.

However, the microtron has inconveniences as well. First, the electron source is

part of the machine, which makes it di�cult to obtain a high beam current due to

the rather low injection capture e�ciency. Second, the magnetic guide �eld has to

be su�ciently low (generally in the order of 0.1 T) to circulate the lowest-energy

particles around the cavity. This implies that the �nal energy is limited, and the

machine is not as compact as one would desire. Third, the transverse beam stability

is only achieved as a result of the (weak) focusing forces provided by the cavity. As

a result of this the tunes for radial and vertical motion are only marginally di�erent

from one and zero, respectively, and therefore the machine is very sensitive to small

alignment and �eld errors.

With the introduction of the `split-�eld microtron', more commonly referred

to as `racetrack microtron', these inconveniences were for a large part solved. In

the racetrack microtron, see �gure 1.2, the homogeneous magnet is split in two

halves with a �eld-free region in between. Each half bends the electron beam over

180 degrees. The �eld-free region provides more space for an accelerating cavity.

Moreover, the accelerating potential can be made arbitrarily large as it is possible

to apply a larger multi-cavity structure. As a consequence of this the magnetic

guide �eld of the two magnet halves is not limited by the cavity anymore. Hence, the

racetrack microtron can be made relatively compact. The �rst operational racetrack

microtron was built at the university of Western Ontario in 1973 [4]. It could

produce an 18 MeV electron beam and had six cavity traversals. This machine

was still equipped with an electron gun, but in principle the racetrack microtron

design also o�ers the possibility for a separate injector, such as a linear accelerator

(linac). This racetrack microtron had three-sector bending magnets, where the

magnetic �eld provides strong transverse focusing forces and where synchronism
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Figure 1.2: Racetrack microtron.

is maintained simultaneously. Later racetrack microtrons were mostly constructed

with homogeneous magnets. The principle of an azimuthally-varying �eld as it is

used in isochronous cyclotrons for strong focusing has again been applied to the

Eindhoven racetrack microtron, which is described in more detail in section 1.3.

1.2 The Eindhoven racetrack-microtron project

During the period of the work described in this thesis the project where the Eind-

hoven racetrack microtron was part of has been discontinued. The racetrack mi-

crotron was meant to be used as an injector for a synchrotron-light source [5]. Since

the end of 1997 a new project which aims for ultra-short electron bunches has been

started. In this project it may be used as an accelerator of these bunches. The two

projects are described in this section.

The di�erent projects put di�erent requirements on the racetrack microtron. The

work described in this thesis has been carried out with the synchrotron-light-source

project in mind. However, certain implications of the new project for the microtron

are pointed out throughout this thesis.
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1.2.1 Injector for a synchrotron-light source

Synchrotron light is emitted tangentially by high-energetic electrons which are bent

by a magnetic �eld. This light has a wide spectral range (from infra-red into the

X-ray region) such that it has many applications in research of materials. The fre-

quency spectrum of the light depends on electron energy and magnetic-�eld strength.

For the generation of synchrotron light the electrons are usually stored in a ring

accelerator1, a `storage ring'. Synchrotron light is emitted in each bending mag-

net that is part of the storage ring. The synchrotron-light source that was under

development in Eindhoven was called EUTERPE2 [6][7][8].

In a storage ring highly-relativistic electrons have to be injected. In the ring the

electrons are accelerated to their �nal energy. For storage rings generally three types

of injectors are used for this purpose: linacs, (racetrack) microtrons, and electron

synchrotrons. Linacs are the most easy to operate. Microtrons on the other hand

are more power e�cient (i.e. have a better ratio between output-beam power and

required plug power), more compact, and produce beams with a smaller energy

spread in comparison to linacs. Synchrotrons become useful if beam energies of

several hundreds of MeV or more are required. Because of its simplicity and costs

it was �rst planned to use a conventional 10{15 MeV linear accelerator for injection

into EUTERPE. However, in 1987 the TeuFel3 project, which is a cooperation

between the laser group of the Twente University, the accelerator-physics group of

the Eindhoven University and Urenco Nederland, was started. For this project the

Eindhoven accelerator-physics group built a 25 MeV racetrack microtron to serve

as injector for a 10 �m free-electron laser in Twente [9]. The Twente laser group

planned to inject 6 MeV electrons into the microtron. Because of this project it

had been decided to build a similar racetrack microtron to serve as injector for

EUTERPE.

As only about 1011 particles are accumulated in a storage ring, the current of

the injection beam can be chosen low. For the Eindhoven racetrack microtron an

output-beam current of about 5 mA with a duty cycle of 10�4 (2 �s pulses at 50 Hz)

has been chosen. As a consequence of this beam loading and space charge e�ects are

not very important, and it would have been possible to �ll the ring in about 0.1 s

anyway. The microtron delivers an output beam with an energy spread of 0.1 %,

which is acceptable for the storage ring.

1A ring accelerator is usually referred to as `synchrotron', from which the name `synchrotron light'

has been derived.
2EUTERPE stands for Eindhoven University of Technology Ring for Protons and Electrons
3
TeuFel stands for Twente Eindhoven UCN Free Electron Laser.
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1.2.2 Accelerator for ultra-short electron bunches

For controlled plasma-acceleration experiments, a new method to achieve orders of

magnitude higher acceleration gradients than in RF technology, ultra-short elec-

tron bunches of a length that is much shorter than the plasma wavelength are

required. These bunches have not been available yet. Therefore the accelerator-

physics group of the Eindhoven University has proposed to build a high-brightness

photo-cathode electron gun to produce ultra-short bunches of 10 MeV by means of

a 100 fs Titanium-sapphire laser, a high-gradient linac and magnetic bunch-length

compression. These bunches may be accelerated up to 75 MeV with the Eindhoven

racetrack microtron [10]. This project deals with two fundamental issues. First, the

limit imposed on the bunch length by the time response of the photo-cathode has to

be studied thoroughly. Second, the emittance growth due to Coherent Synchrotron

Radiation in magnetic bends needs to be investigated as well. These 75 MeV ultra-

short bunches make it possible to generate femto-second radiation pulses over the

spectral range from THz-photons to X-rays by means of simple passive methods, e.g.

generation of transition radiation. On the long term it will also be possible to per-

form advanced acceleration experiments (like plasma acceleration) and to develop a

free-electron laser in the spectral range from VUV to X-rays.

1.3 The Eindhoven racetrack microtron

The Eindhoven racetrack microtron is designed to accelerate electrons from an en-

ergy of 10 MeV to 75 MeV. The microtron design is novel as main bending magnets

with two magnetic-�eld sectors providing strong focusing forces are applied. Its

injector is a 10 MeV linear travelling-wave accelerator, which is connected to the

microtron by a doubly-achromatic beam-transport line.

1.3.1 Injection linac

The 10 MeV travelling-wave linear accelerator is an old medical linac (type M.E.L.

SL75/10), which was used for cancer treatment before. The linac has been re-

vised completely and has been adapted to serve as injector for the racetrack mi-

crotron [11] [12].

The main linac components are depicted in �gure 1.3. A high-voltage pulse is

generated by a pulse-forming network, which is charged in 20 ms via a transformer

and discharged in about 2 �s with a thyratron via a diode stack. The generated

high-voltage pulse (40 kV) is delivered simultaneously to the electron gun and the

magnetron. The gun frees electrons from a spiraled cathode wire, and acceler-

ates these electrons over 40 kV, such that they get a velocity of 0:374c, where c

is the speed of light. The magnetron produces a high-power RF pulse (2 MW,
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3
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8 9 4 121110

21

7

Figure 1.3: The linear accelerator: 1) trigger-pulse generator, 2) pulse-forming network, 3) mag-

netron, 4) RF window, 5) isolator, 6) group of focusing coils, 7) steering coils, 8) electron gun,

9) focusing coil, 10) group of focusing coils, 11) RF load, 12) output beam.

2998.3 MHz), which travels down a rectangular pressurized waveguide to the ac-

celerator. The 40 keV electrons as well as the RF pulse are led into the circular

disk-loaded waveguide. The electrons are accelerated by the electromagnetic wave,

of which the electric �eld has a longitudinal component and the phase velocity is

reduced by disks with circular irises. Consequently the phase velocity corresponds

to the electron velocity all along the linac. The electrons leave the linac at 10 MeV,

and the remainder of the RF power is dumped into the load.

Solenoids are located along the waveguide to provide transverse focusing of the

electron beam. Steering coils centre the beam in the waveguide. The main linac

parameters are listed in table 1.1.

1.3.2 Beam-transport line

A doubly-achromatic beam-transport line guides the 10 MeV electron beam from

the linac to the racetrack microtron. With an appropriate choice of the focusing
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Table 1.1: Linac parameters.

length [m] 2.25

average gradient [MV/m] 4.4

electron energy [MeV] 10

FWHM energy spread [%] 3.5

macro-pulse current [mA] 50

RF frequency [MHz] 2998.3

pulse repetition rate [Hz] 50

pulse duration [�s] 1.7

�lling time [�s] 0.5

strengths of its quadrupoles and with the proper setting of its slit the beam-transport

line also matches the six-dimensional emittance of the linac beam to the acceptance

of the racetrack microtron. The total beam-transport line, see �gure 1.4, has a

length of approximately 2 m and consists of a quadrupole triplet, Q1 { Q3, followed

by a bending section, M1 { M4, and �nally a quadrupole doublet, Q5 { Q6. The

bending section consists of four identical 50 degrees bending magnets and it provides

double achromatism [13]. It has a quadrupole in the middle, Q4, which does not

inuence the doubly-achromatic behaviour. The bending section yields a one-to-

one transformation in the bending plane, whereas it is a pure drift in the other

Median plane of RTME

Q1 Q2 Q3

Q4

Q5 Q6

M1

M2

M3

M4

slit

RTME

LINAC10

Figure 1.4: The beam-transport line.
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plane. Further, the bending section partly counteracts the longitudinal e�ect of the

dispersive action of the �rst bend in the racetrack microtron [14]. A slit system is

placed in the focus of the �rst bending magnet. This slit system limits the energy

spread of the electron beam to approximately 1.0 % (FWHM), which is the energy

acceptance of the racetrack microtron [15].

Figure 1.5: The Eindhoven racetrack microtron.
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1.3.3 Racetrack microtron

The Eindhoven racetrack microtron, see �gure 1.5, accelerates the electrons from

10 to 75 MeV [15]. Its main components are two 180 degrees bending magnets to

provide recirculation and an RF standing-wave cavity [16] to accelerate the electrons.

The electrons are injected at an energy of 10 MeV, and are bent over 180 degrees

by the right bending magnet. They traverse the accelerating cavity, where their

energy is increased by 5 MeV. Then the electron beam is bent over 180 degrees by

the left bending magnet. As the electrons have more energy now the bending radius

is larger. The beam position is measured and corrected in the �eld-free region, after

which the electrons are bent by the right bending magnet again. Then they traverse

the cavity for the second time, gain an energy of 5 MeV, etcetera. The electron

beam is extracted after 13 cavity traversals at an energy of 75 MeV.

The microtron design is basically de�ned by two resonance conditions. First,

the revolution time of the �rst orbit, t1, is an integer multiple, �, of the RF period,

1=f (t1 = �=f). Second, each revolution time must exceed the preceding one by

another multiple, �, of the RF period (�t = tn � tn�1 = �=f). Assuming that all

particle velocities in a microtron are very close to the speed of light (deviation much

smaller than 0.1 %) two basic relations for a racetrack microtron are derived from

the resonance conditions:

Er =

 
�

� � � � 2L=�

!
Einj ; (1:1)

and

Br =
2�f

ec2

Er

�
; (1:2)

where � = c=f , Einj is the injection energy, L is the �eld-free region between the

magnets and Br is the resonant or isochronous magnetic �eld corresponding to the

resonant energy gain per turn, Er.

The RF frequency of the microtron cavity, f , must be the same as the RF

frequency of the 10 MeV linac. The mode number � should be as small as possible

as the phase acceptance becomes larger as � becomes smaller [15]. The number of

orbits N should also be as small as possible as the sensitivity for imperfections of

the construction increases with increasing N . The �eld-free region must be large

enough to place the microtron's cavity. The basic parameters that have been chosen

for the Eindhoven racetrack microtron are summarized in table 1.2 [15].

The accelerating structure of the racetrack microtron is a 17{cell bi-periodic

standing-wave on-axis-coupled cavity. It consists of 9 capacitively-loaded acceler-

ating cells coupled by 8 pancake-like coupling cells. The structure operates at a
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Table 1.2: Racetrack microtron parameters.

magnet dimensions (l � b� h) [mm3] 500 � 1500 � 450

distance between magnets [mm] 985

resonant magnetic �eld [T] 0.524

mode number � 26

mode number � 2

kinetic energy at injection [MeV] 10

kinetic energy at extraction [MeV] 75

energy gain per turn [MeV] 5

number of orbits 13

accepted FWHM energy spread [%] 1

RF frequency [MHz] 2998.3

resonant frequency, f , of 2998.3 MHz in the �=2{mode and together with a 2.2 MW

magnetron provide an energy gain of 5 MeV per traversal of the electron beam [16].

The bending magnets contain two distinct sectors with di�erent magnetic �elds:

0.51 and 0.60 T, respectively. The border between these sectors has an angle �,

which is about 45 degrees, with respect to the central axis of the cavity. Furthermore,

the bending magnets have reversed-�eld clamps [17]. These magnets provide strong

focusing forces such that the microtron operates su�ciently far from dangerous

resonances. However, these magnets have to be rotated in their median planes

in order to obtain bending angles of 180 degrees. This rotation angle is denoted

by � , which is about 4 degrees. Then it is possible to obtain closed orbits. The

excitation current of the magnets has to be chosen such that isochronous acceleration

is retained.

An array of twelve correction dipole magnets is located in the �eld-free region

halfway the two bending magnets. The correction magnets have a two-fold purpose.

First, they counteract the alignment error of the bending magnet's rotation angle in

the median plane. This is necessary because the alignment tolerance of this angle

cannot be met by mechanical alignment. Second, they counteract the magnetic-�eld

imperfections of the bending magnets [15].

1.3.4 The electron beam

The electron beam that is accelerated by the linac { racetrack microtron combination

is certainly not continuous. The beam has a micro structure as well as a macro

structure, which is shown in �gure 1.6.

The micro structure is caused by the fact that RF acceleration is applied. This
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macro pulse (2 µs)

20 ms

micro pulse (10 ps)

333 ps

Figure 1.6: Micro and macro structure of the electron beam.

results in bunches of about 10 ps at a repetition frequency of the RF wave, i.e.

2998.3 MHz.

The macro structure is caused by the pulsed mode in which the accelerators

are driven. The reasons to drive the machines in a pulsed mode are: the limited

available plug power, and the limited cooling power. Consequently, the machines

are pulsed with a repetition frequency of 50 Hz, and a duty cycle of 10�4.

1.3.5 Control and safeguarding

A programmable logic controller (PLC) is used for the safeguarding of the linac, the

racetrack microtron and the beam-transport line [18]. A personal computer, con-

nected to the PhyBUS [19] via a PCI-PhyBUS converter, is used to control the ac-

celerator hardware. RS232 interfaces in the PhyBUS connect galvanically-separated

analogue busses with the PhyBUS. The control software runs in a LabWindows-

environment, and has been set up modularly, which has two important advantages.

First, to make it easy to implement future changes in the control strategy. Second,

to make it possible to incorporate the control and data-acquisition of temporary

experiments with the accelerators [20].
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To obtain the desired stability, e.g. �I=I � 10�4 for all magnet currents, and

even �I=I � 10�5 for the main bending magnets of the racetrack microtron, and

in order to prevent the control system from being occupied with regulating tasks

during operation of the accelerators constantly, the power supplies are set by a single

write statement to the appropriate DAC in the analogue bus. These values are used

as set points for hardware stabilization circuits that control the output currents of

the power supplies by measuring the potential across a temperature-controlled shunt

resistor.

The PLC is used to put the di�erent parts of the accelerators into operation in a

prede�ned sequence and for safeguarding. A complex machine such as an accelerator

requires that it is made impossible to create situations dangerous for human beings

or to damage the machine by improper handling of the operator. Often a number of

conditions have to be ful�lled before a certain part of the machine can be put into

operation. Also the room safeguarding is taken care of by the PLC. The current

status of the accelerators, as monitored by the PLC, is displayed on the screen of a

personal computer via the visualization program IntouchTM.

By dividing the control and safeguarding over a personal computer and a PLC,

it is possible to obtain precise, reliable and safe operation of the complex set-up of

the accelerators.

1.4 Particle motion

General aspects of particle motion in circular accelerators that are relevant to other

parts of this thesis are treated in this section.

An ideal particle is de�ned as the particle that has the ideal position, direction,

and energy at a certain time. The path followed by an ideal particle is called

the equilibrium orbit or central orbit. In circular accelerators this orbit is usually

con�ned to a plane, which is called the median plane. The motion of an arbitrary

particle is described relative to the ideal particle in a curvilinear coordinate system

co-moving with the ideal particle, see �gure 1.7. Hence, an arbitrary particle has

six degrees of freedom: x, x0(= dx
ds
), z, z0(= dz

ds
), s, _s(= ds

dt
). The motion in the x-

(or horizontal) direction and z- (or vertical) direction is called transverse motion.

The motion in the s-direction is called longitudinal motion. In accelerators, s is

often transformed to phase deviation �� (= fs=c � 360 degrees, where f is the

frequency of the RF wave), and _s to energy deviation �E (= �E0
3 _s=c, where �

is the particle's velocity divided by the speed of light, and E0 the particle's rest

energy).

The six-dimensional space de�ned by these coordinates will be called phase space

in this thesis. The four-dimensional space de�ned by the transverse coordinates only
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Figure 1.7: Reference trajectory and curvilinear coordinate system in a circular accelerator

(x; z; s).

will be called transverse phase space. In phase space the motion of an arbitrary

particle is described by a owline. The projection of this owline on one of the

three two-dimensional phase planes shows the motion along the x-, z-, or s-axis. If

the motion of a particle in any of the phase planes only depends on its coordinate

and momentum in the same phase plane the motion is said to be uncoupled and can

be solved separately in every phase plane. In accelerator design it is generally tried

to uncouple the motion as the accelerator becomes much less complicated.

First, linear transverse and longitudinal motion are described. Furthermore, the

concepts of emittance and acceptance are de�ned. Finally, the ellipse formalism,

which is used at several places in this thesis, is explained.

Transverse motion

An arbitrary particle will perform so-called betatron oscillations around the central

orbit. This is due to the presence of focusing forces. The equations of motion in

transverse direction x and z, in linear approximation (x; z << �), are given by:

d
2
x

ds2
+

 
1

�2(s)
�K(s)

!
x =

1

�(s)

 
�p

p

!
; (1:3)

and
d
2
z

ds2
+K(s)z = 0; (1:4)

whereK(s) = �(dB
dx
)=p

e
and �(s) = p

e
=B(s). HereK(s) is the local focusing strength,

�(s) the local radius of curvature, p the particle's momentum, �p the momentum
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di�erence between the arbitrary and the ideal particle, and e the particle's charge.

Longitudinal motion

In the longitudinal direction an arbitrary particle will perform so-called synchrotron

oscillations around the ideal particle. Let �n be the phase and En the energy just

after the nth cavity traversal. The deviations of the phase and energy are given with

respect to the synchronous value:

��n = �n � �s; and �En = En � Es;n; n = 1; 2; 3; ::: (1:5)

For the Eindhoven racetrack microtron the longitudinal beam dynamics can be ap-

proximated with the �nite di�erence equations:

��n+1 = ��n + 2����n; (1:6)

and

(��)n+1 = (��)n +

 
cos(�s +��n+1)� cos�s

cos �s

!
; (1:7)

where ��n = �En=Er (Er is the synchronous particle's energy gain after one cavity

traversal).

Emittance and acceptance

To an arbitrary particle a point is associated in each of the three phase planes. The

whole beam will appear as a two-dimensional cloud of points with varying density

in every phase plane. The emittance of the beam is de�ned as the area in the phase

plane where the density of particles exceeds a certain threshold. This threshold is

de�ned such that the number of particles in the emittance area is equal to a certain

percentage of the total number of electrons. In literature several di�erent values

for this percentage are used. Therefore, we have (arbitrarily) chosen to use the

70 %-emittance in this thesis. Generally, for the transverse phase planes an ellipse

is taken to describe the boundary of this area [21][22].

Another important concept is the acceptance. Consider the phase space just

before injection into a beam-transport system (i.e. a beam-transport line or an

accelerator). At each position in this phase space there can be a particle. If this

imaginary particle will not be lost in the system the position in phase space is called

a permissible position. All permissible positions form an area in each of the three

phase planes. This area is called acceptance.
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Ellipse formalism

A charged-particle beam in a phase plane generally has the shape of an ellipse [21][22].

Consequently, advantage can be taken of the transformation properties of ellipses for

describing and performing beam-transport calculations. The equation of an ellipse

in matrix form may be written as:

~y
T � ��1 � ~y = 1; (1:8)

where ~y is the two-dimensional vector representing a point in the phase plane:

~y =

 
y

y
0

!
: (1:9)

The 2� 2-matrix � completely describes the ellipse:

� = �

 
� ��
�� 

!
; (1:10)

where ���2 = 1, and � is the emittance (�, �,  and � are called Twiss parameters).

Expanding equation (1.8) yields:

�y
2� 2�yy0 + y

02 = �
2
; (1:11)

which is the equation of an ellipse. The ellipse that can be drawn from this equation

is shown in �gure 1.8. The transformation of the ellipse is given by:

�B =M � �A �M T
; (1:12)

where M is the 2� 2 matrix describing the transport from A to B in linear approx-

imation.

1.5 Contents of this thesis

This thesis deals with a study of how the electron beam may be controlled once the

Eindhoven racetrack microtron is operational. The e�ects of machine-parameter

deviations on the electron beam have been studied. This knowledge has been used

to develop control strategies, which use beammeasurements to control the adjustable

machine parameters, such that undesired e�ects of non-adjustable parameters can

be counteracted. Furthermore, the tuning possibilities of output-beam properties
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Figure 1.8: Phase-plane ellipse.

has been studied. The bunch length and the mean energy of the output beam can

be varied by a di�erent choice of the adjustable machine parameters.

The complete beam-diagnostic system that will be applied to the Eindhoven

racetrack microtron is described in chapter 2. Provided that the errors are within

their speci�ed tolerances, the e�ects of all errors that might be present in the ma-

chine, e.g. alignment errors, machining errors or magnetic-�eld imperfections, can

be counteracted by the adjustable parameters of the racetrack microtron [15]. As

the errors and consequently their e�ects are unknown beam measurements need

to be performed to determine the required counteractions. The beam-diagnostic

devices that are needed are current transformers, beam-position monitors, a beam-

phase monitor, an OTR-measurement set-up, and a spectrometer. These devices are

described, their design is given, and test results are shown. Among a few trivial feed-

back mechanisms two less-trivial feed-back mechanisms are identi�ed: feed-back of

the Twiss parameters measured by the OTR-measurement set-up to the beam-line

quadrupoles, and feed-back of the beam-position measurements to the adjustable

parameters of the racetrack microtron.
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The transverse matching of the linac beam to the calculated acceptance of the

racetrack microtron is described in chapter 3. The feed-back mechanism for the

measured Twiss-parameter deviations to the beam-line quadrupoles is described

and tested using a numerical simulation program of the linac { racetrack microtron

combination.

The tuning of the adjustable parameters of the racetrack microtron is discussed

in chapter 4. A feed-back mechanism of the beam-position measurements in the

racetrack microtron to its adjustable parameters is proposed and tested using the

numerical simulation program.

The tuning of the bunch length and mean energy of the output beam is considered

in chapter 5. For this purpose the linac { racetrack microtron combination has been

regarded as one machine. The bunch length can be inuenced by adjusting the phase

of the cavity within the phase-stability limits. The mean energy can be varied by a

scaling of all adjustable parameters of both accelerators.

Concluding remarks are given in chapter 6.

A project management approach has been applied for the completion of the

accelerators and the development of the beam-diagnostic equipment. This approach

is described in the addendum.
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2 Beam diagnostics

The alignment errors, machining errors and magnetic-�eld imperfections of the

Eindhoven racetrack microtron can be counteracted by the adjustable machine pa-

rameters, but the magnitudes of these errors and consequently the counteractions

that are required are unknown. Therefore the e�ects of the errors on the elec-

tron beam have to be measured such that the required adjustable-parameter values

can be determined. Several beam-diagnostic devices have been developed, viz. two

beam-current monitors, thirty-two beam-position monitors, a beam-phase monitor,

an optical-transition-radiation measurement set-up for transverse-emittance mea-

surements, and a spectrometer magnet for beam-energy measurements.

Related publications:

� Theuws W.H.C., Leeuw R.W. de, Webers G.A., Botman J.I.M., Timmermans C.J., Hage-

doorn H.L., Beam positioning and monitoring in the racetrack microtron Eindhoven, Proc.

Part. Acc. Conf. Dallas (1995) 2738{2740.

� Theuws W.H.C., Leeuw R.W. de, Gossens L.W.A.M., Spoek P.M., Botman J.I.M., Timmer-

mans C.J., Hagedoorn H.L., Diagnostic system of the Eindhoven linac { racetrack microtron

combination, Proc. Eur. Part. Acc. Conf. Barcelona (1996) 1615{1617.

� Theuws W.H.C., Kemper A.H., Ridderhof E.J., Timmermans C.J., Electronic detection

circuit for a stripline beam position monitor, Proc. Eur. Part. Acc. Conf. Barcelona (1996)

1618{1620.

2.1 Beam-diagnostic system

First, the e�ects of alignment errors, machining errors and magnetic-�eld imperfec-

tions as well as the counteractions that are required are discussed in section 2.1.1.

Second, the adjustable parameters that are needed for the counteraction of the er-

rors are identi�ed in section 2.1.2. And �nally, the beam properties that need to

be measured for the determination of the counteractive forces are determined in

section 2.1.3.

23
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2.1.1 E�ects and counteractions of errors

The Eindhoven linac { racetrack microtron combination has been designed such that

the machines are as insensitive as possible to alignment and machining errors [1] [2].

This has mainly been achieved by applying two-sector bending magnets, which pro-

vide strong-focusing forces, such that the machine operates su�ciently far from

dangerous resonances. As a consequence of this all machine tolerances can easily be

met and nearly all alignment tolerances can be met by mechanical alignment. For

those alignment errors for which mechanical alignment is not su�cient extra cor-

rection magnets have been installed to compensate for these errors. All remaining

errors can be counteracted by the adjustable parameters.

The linac solenoids make sure that beam losses are small during acceleration and

that the beam remains bounded in the transverse phase space when it leaves the

linac. Possible misalignments of the linac with respect to the beam-transport line

that is connected to it are compensated by beam steerers.

In the beam-transport line the injection energy of the microtron is de�ned by

the �rst bending magnet together with a slit behind it, and the energy spread of

the beam is de�ned by the slit width. Furthermore, the beam-transport line has

a negative longitudinal dispersion which nearly counteracts the positive dispersive

action of the �rst bend in the racetrack microtron. The six beam-line quadrupoles

are used to match the transverse emittance of the linac beam to the acceptance of

the microtron. Possible misalignments of the beam-transport line with respect to

the racetrack microtron are compensated by four correction dipoles [3].

The special magnet design of the racetrack microtron makes sure that all align-

ment tolerances except for the tilt angle (i.e. the rotation angle of the main bending

magnets in their median planes) can be met by mechanical alignment. Moreover,

the magnetic-�eld imperfections of the main bending magnets give rise to errors

in the bending angle which are far too large for proper acceleration. Therefore the

twelve correction dipoles have been applied to counteract both the e�ects of an error

in the tilt angle as well as the e�ects of magnetic-�eld imperfections of the main

bending magnets.

2.1.2 Adjustable parameters

The linac { racetrack microtron has thirty-seven adjustable parameters in total: the

linac has eight parameters, the beam-transport line has thirteen parameters, and

the racetrack microtron has sixteen parameters.

The eight linac parameters are: the gun-�lament current, three groups of solenoids,

and four beam steerers (two for each transverse direction). The gun-�lament current

is the only parameter that de�nes the mean energy of the linac output beam as the

RF power that is put into the linac is constant.
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The thirteen beam-line parameters are: one group of four identical bending

magnets, six quadrupoles, four correction magnets, the slit position and width. The

�eld of the �rst bending magnet together with the slit position de�nes the injection

energy for the racetrack microtron. The slit width de�nes the energy-spread that

is led into the microtron. The strengths of the quadrupoles have to be chosen such

that the transverse emittance of the linac will match the transverse acceptance of

the racetrack microtron. The correction magnets have to be excited such that the

beam that is injected into the microtron will be centred on the optical axis of the

microtron.

The sixteen racetrack-microtron parameters are: two bending magnets, twelve

correction dipole magnets, the amplitude and phase of the cavity RF �eld. The

twelve correction dipoles can counteract the e�ects of magnetic-�eld imperfections

of the main bending magnets as well as the alignment error of the tilt angle [2].

Although settings can be calculated for all these adjustable machine parame-

ters, in practice these settings will not be optimal. This is caused by di�erent

kinds of errors, such as magnetic-�eld imperfections, misalignments and machining

errors. Moreover, because of hysteresis e�ects the ideal excitation currents of the

magnet power supplies are slightly di�erent each time the accelerators are oper-

ated. These errors cannot be incorporated in the calculations as they are unknown

and/or di�erent from time to time, but they can inuence the beam dramatically.

The e�ects of these errors must be counteracted with the adjustable machine pa-

rameters. Consequently, the calculated parameter settings must be tuned by using

beam measurements [4].

The three groups of solenoids, two of the linac beam steerers and the beam-line

slit-position and -width will not be tuned, but they are set to the same �xed values

each time the machine is operated. The focusing �elds generated by the solenoids

reproduce and consequently the beam shape in phase space reproduces as well. The

two most-upstream beam steerers will be adjusted independently; only very small

steering is required as the linac beam is centred well because of an earth-magnetic-

�eld correction-system that has been applied. A small error in the slit position can

be counteracted by the excitation current of the beam-line dipoles. A small error in

the slit width is not very important as this only inuences the output beam current

and energy spread slightly.

The remaining thirty parameters have to be tuned. This implies that more than

thirty beam properties have to be measured throughout the accelerators to tune

these thirty parameters. All beam properties are generally functions of most of the

thirty parameters, which lead to a very complex system. The beam properties to be

measured have been chosen such that they depend on as few parameters as possible

(preferably one); hence the complexity of the system is reduced.
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2.1.3 Beam-diagnostic system

To reduce the complexity of the beam-diagnostic system the beam is followed from

its `birth' to the end of the racetrack microtron. The adjustable parameters are

considered in the order of which they inuence the beam, and an appropriate beam-

diagnostic device is placed at the �rst possible position behind the place where the

adjustable parameter acts on the beam. A schematic overview of the chosen solution

is shown in �gure 2.1. The location of all permanent beam-diagnostic devices in the

beam-transport line and in the racetrack microtron are shown in �gure 2.2 and 2.3,

respectively.

Directly behind the linac is the �rst place where beam-diagnostic devices can

be placed. Only three linac parameters will be tuned: two beam steerers and the

gun-�lament current. The two beam steerers are tuned by two non-intercepting

beam-position monitors directly behind the linac (this is an example of the ulti-

mate complexity reduction: one beam-property measurement tunes one machine

parameter).

The gun-�lament current is tuned by means of a beam-current monitor between

the third and fourth beam-line dipole magnet. The microtron's injection energy is

de�ned by the excitation current of the �rst beam-line dipole magnet. The only role

of the gun-�lament current is to optimize the linac-energy with respect to the energy

range that is accepted by the beam-transport line. Therefore the beam current

measured by the beam-current monitor is optimized by varying the gun-�lament

current.

The six beam-line quadrupoles will not be tuned each time the machines are

operated, but only one time when the machines are being commissioned. Therefore

the microtron cavity has to be replaced with an optical-transition-radiation (OTR)

measurement set-up, which is used to measure the beam shape in both transverse

phase planes. The quadrupoles will be tuned such that this beam shape matches

the calculated acceptance of the racetrack microtron. An optimization procedure

which makes use of the measured beam shape to tune the quadrupoles is described

in chapter 3.

The excitation current of the beam-line dipoles, which are powered by one sin-

gle power supply, de�nes the injection energy of the microtron. As the microtron

performance is very sensitive to the value of the injection energy, it is necessary to

measure the injection energy each time the machines are operated. This cannot be

done easily in the beam-transport line, but it is well possible in the microtron as is

explained below.

The four correction dipoles in the beam-transport line (two for beam positioning

in the median plane of the microtron, and two for beam positioning perpendicular

to the median plane) are used to centre the beam on the central axis of the cavity.
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Figure 2.1: Schematic overview of the adjustable parameters acting on the beam and

beam-diagnostic devices measuring the beam. The electron beam is represented by the thick

line, the adjustable parameters are printed in bold, the diagnostic devices in italics, *: only used

in the �rst orbit, **: not in the last orbit, ***: non-permanent diagnostic device.
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Figure 2.2: The beam-diagnostic devices in the beam-transport line (BPM stands for

beam-position monitor).
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Figure 2.3: The beam-diagnostic devices in the racetrack microtron (BPM stands for

beam-position monitor).
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Therefore two beam-position monitors are placed just before and two just behind

the cavity (each set of two beam-position monitors consists of one horizontal and

one vertical beam-position monitor).

The left bending magnet of the microtron can be used quite well to measure

the injection energy of the microtron. If this measured injection energy appears

to di�er from the desired value the beam-line dipoles have to be re-adjusted, and

all tuning steps from that point on have to be redone. If the cavity is activated

it is also possible to measure the accelerating voltage and phase-di�erence between

cavity and linac. Consequently, the cavity voltage and phase can be tuned to their

desired values.

So far the microtron's injection energy of the electron beam Einj can be tuned.

Further, the cavity potential Ecav and phase � can be adjusted more or less correctly.

The values of Ecav

Einj

and � need to be set more stringent than they can be determined

with the spectrometer, see section 4.2. Hence, Ecav and � need to be �ne-tuned.

The two main bending magnets as well as the twelve correction dipoles can roughly

be set at their desired values, but need �ne-tuning as well. To ful�l the closed-orbit

conditions and the isochronism conditions it is preferred to apply beam-position

monitors and beam-phase monitors near the accelerating cavity. For the Eindhoven

racetrack microtron it is not possible to measure properties of the independent

beams in front of or behind the cavity as thirteen di�erent beams are mixed there.

So twenty-four horizontal beam-position monitors (two for each orbit) are placed

in the drift space, see �gure 2.3. Further a horizontal and vertical beam-position

monitor are placed behind the extraction point of the microtron. One beam-phase

monitor that can be moved through all twelve orbits is placed in the microtron

drift space. This monitor is used to measure the phase-di�erence between the �rst

harmonic of the electron beam and the cavity voltage. A tuning procedure that

uses the measured beam-positions to tune the microtron parameters is described in

chapter 4.

A beam-current monitor will also be placed behind the extraction point of the

racetrack microtron. This monitor will not be used for optimizing purposes, but

just to determine the current of the 75 MeV electron beam.

The complete beam-diagnostic system, i.e. the beam-diagnostic devices together

with the feed-back mechanisms, has been identi�ed in this section. The required

beam-diagnostic devices are discussed in the next section. Most feed-back mecha-

nisms are quite straightforward except for two. The feed back of the OTR measure-

ments to the beam-line quadrupoles is discussed in chapter 3, and the feed back of

the microtron's beam-position-monitor measurements to all microtron parameters

is discussed in chapter 4.
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2.2 Beam-diagnostic equipment

Recapitulating, the beam-diagnostic equipment consists of: two beam-current mon-

itors, thirty-two beam-position monitors, a beam-phase monitor, an OTR measure-

ment set-up, and an energy spectrometer. The principle, design and performance of

each device is discussed in this section.

2.2.1 Beam-current monitors

Beam-current measurements are needed each time the machines are operated. The

�rst beam-current monitor has been placed between the third and fourth beam-

line dipole, and is used to optimize the beam current that is led into the racetrack

microtron. As this current monitor is used for optimization of the beam current,

the reproducibility and linearity are of importance. The second current monitor is

placed behind the extraction point of the microtron to determine the output-beam

current. For this monitor the absolute measurement accuracy of the beam current is

of importance. Moreover, the reproducibility is important in order to compare the

microtron run with previous runs. As the current monitors are needed each time

the accelerators are operated they have to be either movable or non-interceptive.

Non-interceptive beam-current transformers are preferred because of the complexity

of movable diagnostic equipment in a vacuum environment. Therefore it has been

chosen to apply beam-current transformers.

A schematic view of a beam-current transformer is shown in �gure 2.4. The

beam-current transformers consist of a ferrite ring with an inner diameter of about

25 mmwhich leaves su�cient space for the electron beam to go through. The ferrite

ring has been mounted inside the wall of the beam pipe such that it is shielded from

electromagnetic �elds outside the beam pipe completely, and also shielded from

the microwaves coming from the microstructure of the electron beam [5]. A small

cylindrical gap at the downstream end of the piece of beam pipe with the transformer

makes it possible for the magnetic �elds that are generated by the electron beam

to couple with the transformer, see �gure 2.5. The pulsed electron beam acts as

one single primary turn. Further, the ferrite ring has 32 secondary turns, and the

inductance is about 5 mH. The secondary turns are connected to a 15 m long coaxial

line with a characteristic impedance of 50 
. This line is terminated with a 50 


resistor. A peak detector converts the voltage over the resistor into a DC voltage,

which is led to an AD converter. The pulse response of the beam-current transformer

has been measured and is shown in �gure 2.6.

The sensitivity of the beam-current transformer is (1:56 � 0:03) V/A in the

peak of the macro pulse. The 2 % inaccuracy is caused by the test-electronics,

the transformer itself may be more accurate. Accelerator tests have shown that
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Figure 2.4: Principle of the beam-current transformer.
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Figure 2.5: Housing of the beam-current transformer.
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Figure 2.6: Pulse response of the beam-current transformer.

the measurement accuracy is mainly limited by high-frequency disturbances from

outside. Therefore the performance is improved by shielding the electronics and

making the electronics less sensitive to these disturbances [6].

2.2.2 Beam-position monitors

Thirty-two beam-position monitors (BPMs) are applied throughout the combination

of the linac and the racetrack microtron: four horizontal and four vertical BPMs

just behind the linac, just before and behind the cavity and at the extraction point,

and twenty-four horizontal BPMs in the mid-vacuum chamber of the microtron, see

�gures 2.2 and 2.3, respectively. These BPMs are needed each time the accelerators

are operated, so these monitors need to be non-interceptive as well. Because of the

sensitivity of striplines and the presence of experience with striplines in the Cyclotron

laboratory, it has been chosen to apply stripline BPMs. Striplines are used to pick

up the microwave signals generated by the microstructure of the electron beam. The

mechanical design, the electronic detection circuit and the test measurements are

presented in this section.

In a stripline BPM two striplines [7] are mounted, opposite each other, to the wall

of a (generally circular) beam pipe, see �gure 2.7a. Striplines HL and HR are used
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Figure 2.7: Transverse section of (a) a `conventional' circular beam-position monitor, and (b) a

rectangular beam-position monitor.

to measure the x-coordinate of the beam position. The ratio between the di�erence

and the sum of the amplitudes of both stripline signals (di�erence/sum-signal) only

depends on beam position, i.e. it depends strongly on x and slightly on z. The

dependence on z of the di�erence/sum-signal is minimal for an opening angle � of

about 1 radian [8], and accordingly � has been chosen like this. Striplines VD and

VU are used to measure the z-coordinate in a similar way. The BPM type as shown

in �gure 2.7a has been applied between the linac and the beam-transport line, just

before and behind the cavity, and at the extraction point of the racetrack microtron.

The striplines in the microtron's mid-vacuum chamber have to be incorporated

in short pieces of beam pipes to shield the striplines from disturbances introduced

by electron bunches in the other orbits in the vacuum chamber and to maximize

the stripline signals. For all these twenty-four BPMs in the microtron's vacuum

chamber there is absolutely no reason to make the beam pipes circular. It has

been shown that the z-dependence of the di�erence/sum-signal is minimized much

better if rectangular beam pipes are applied and the stripline width is about 3
4
of

the beam-pipe height, see �gure 2.7b [8].

Because of the large number of BPMs (thirty-two BPMs and consequently sixty-

four striplines) that is applied to the linac { racetrack microtron combination, a

low-cost easy-adjustable electronic detection circuit has been designed to measure
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Figure 2.8: Block diagram of the processing system of one stripline.

the amplitude of a signal that is picked up by a stripline[9]. This was mainly possible

as the demands on the electronic circuit were not very stringent: a relative position-

measurement accuracy of 0.3 mm1 is su�cient to establish the microtron's closed

orbit and isochronism conditions, and the minimummacro-pulse beam current that

can be detected is about 1 mA2.

A block diagram of the electronic circuit that measures the amplitude of one

stripline signal is shown in �gure 2.8. A microwave-diode detector has been chosen

as a low-cost alternative to the commonly-used heterodyne receiver, because the

tangential sensitivity, i.e. the lowest signal-power level for which the signal-to-

noise ratio at the output is 8 dB, of modern Schottky-Barrier-type diodes is about

�55 dBm [10]. The lowest expected signal power is in the order of �35 dBm. Two

forward-biased microwave Schottky-Barrier diode detectors (type Philips BAV46),

located in a copper-gilt housing (see �gure 2.9), detect the 2998.3 MHz microwave

signal. These detectors produce two output signals of opposite sign. The impedance

of the detector circuit is matched with the 50 
 stripline pick-up probe by means of a

1An uncertainty of 0.3 mm in the beam position corresponds to an uncertainty in the beam phase of

about 3 degrees, which is su�ciently small compared to the stable-phase area of about 18 degrees.
2About 10 mA is injected into the microtron, and simulations have shown that about 50 % will be

lost, hence a detection limit of about 1 mA is su�cient.
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Figure 2.9: Copper-gilt housing of the microwave-diode detectors.

bias current. The two output signals are ampli�ed and transmitted along a shielded

twisted-pair transmission line of about 10 m in length. In the receiver the signals

are subtracted by means of an instrumentation ampli�er, which acts as a balanced

receiver. Consequently, the inuence of a noisy environment is highly rejected; the

Common-Mode-Rejection is better than 60 dB. The line receiver is followed by a

low-pass �lter. A base-line restorer is used to stabilize the base line, which results

in a better signal-to-noise ratio [11]. A peak detector converts the signal, which is

pulsed due to the pulsed beam, in a DC-signal, which is fed to an AD-converter.

The di�erence/sum-signal of the amplitudes of two opposite stripline signals is

determined with the detection software. This has two advantages. First, a cali-
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Figure 2.10: Reected power at the detector as a function of the bias current.

bration function can easily be applied in the software in case the detection circuit

for the left and the right stripline are a bit di�erent. Consequently, the need for

hardware adjustments is eliminated. Second, also the sum of both stripline signals

is available, which is a rough measure of the beam current (the beam current can

be estimated from the sum signal to within 10 %).

The behaviour of the detector circuit has been measured with an HP{8753C Net-

work Analyzer. The detector matches better at higher bias currents, see �gure 2.10.

However, above 650 �A the behaviour at low input-power levels becomes slightly

worse, see �gure 2.11. Thus the choice of a bias current of about 650 �A seems to

be a good compromise.

The detector behaves as a good square-law detector in the region from -35 to

-10 dBm, which corresponds to the expected beam currents of 1 to 10 mA. An

advantage of this is that the sensitivity in the centre of the BPM is larger than for

a linear detector, see �gure 2.12. In order to meet the required 0.3 mm accuracy,

the power of one single stripline signal has to be measured within 10 %. This is true

for beam currents larger than about 2 mA. For beam currents of 5 mA the position

accuracy is estimated to be about 0.1 mm.

Much attention has been paid to the rejection of the noise pick-up on the trans-
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Figure 2.11: Measured output signal as a function of the input power for several di�erent bias

currents.

mission line; the Common-Mode-Rejection is better than 60 dB. Nevertheless, during

the tests it was still this noise pick-up that determined the measurement accuracy

and the lower detection limit, which is somewhat lower than 1 mA, rather than the

microwave diode detectors themselves.

2.2.3 Beam-phase monitor

The microstructure of the electron beam is that of a long train of bunches with a

repetition frequency of 2998.3 MHz, see section 1.3.4. Hence, the Fourier spectrum of

this bunch train has components at the frequencies 2998:3n MHz (n = 0; 1; 2; 3; :::).

The beam phase is now de�ned here as the di�erence between the phase angles of

the 2998.3 MHz-component of the electron-bunch train at a certain position in the

microtron and the RF wave of the accelerating cavity. A beam-phase measurement

in each orbit may be helpful to �nd deviations from the isochronism condition. To

measure the beam phase it is necessary to pick up part of the RF wave in the

accelerating cavity as well as the 2998.3 MHz-component of the electron beam. The

�rst signal can simply be picked up with an RF probe. The second can be picked

up in several ways. The most common ways are using a cavity or a stripline. We
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Figure 2.12: Calculated di�erence/sum-signal as a function of beam position for a linear detector

and for a square-law detector with the same mechanical layout.

have chosen to make use of a cavity.

The aluminium cavity that has been designed is shown in �gure 2.13. Its quality

factor is around 800, such that temperature variations of about 1 K can be allowed

and a rather good signal-to-noise ratio can be expected. The phase accuracy is in

the order of 1 degree [12].

For the determination of the phase di�erence it will be necessary to determine

the amplitudes of both signals as well as the DC output signal of a mixer, which

multiplies both signals. Both signals have the same frequency of 2998.3 MHz. Let

the signal from the RF wave beA sin(!t), and the signal from the beamB sin(!t+�),

where the phase di�erence to be measured is denoted by �. If both signals are fed

to a mixer the output signal of the mixer will be

AB

2
(cos�� cos(2!t+ �)); (2:1)

so there will be a DC signal and a 2� 2998:3 MHz signal. If both amplitudes A and

B are determined the phase di�erence � can be determined from the DC part of

the mixer signal. For an optimal measurement accuracy the input-signal amplitudes



Beam-diagnostic equipment 39

Figure 2.13: Aluminium cavity to pick up the �rst harmonic of the electron bunches.

A and B should have the same order of magnitude, and cos� should be around

zero. These conditions can be achieved by attenuators and a proper choice of the

RF-cable lengths, respectively.

Because of the high frequency of 2998.3 MHz it is very di�cult to measure the

beam phase with a reasonable error. Therefore we will use one cavity which can be

moved from turn to turn, see �gure 2.3. Then we can measure the di�erence of the

beam phases of two successive orbits. As the incremental harmonic number of the

racetrack microtron, �, is 2 this di�erence should ideally be zero.

2.2.4 Optical-transition-radiation measurement set-up

Transition radiation is emitted when a charged particle crosses the boundary be-

tween two media with di�erent dielectric constants. It was predicted by Frank and

Ginzburg in 1945 and has been thoroughly studied theoretically and experimentally

from then. The spectral and angular distribution of the radiation are related to the
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Figure 2.14: Geometry for observation of backward OTR.

energy and the incidence angle of the electron. These characteristics have been uti-

lized for charged-particle beam diagnostics for the �rst time by Wartski et al. [13].

Generally, only the optical part of the emitted transition radiation, called OTR, is

used for detection as cameras for this range are cheap and well available.

When an electron with a high kinetic energy ( >> 1) hits a metallic foil the

angular distribution of OTR power is given by [13]

d
2
W

d!d

= F (�;
; !) � e

2

�2c
� �2

(�2 +�2)2
; (2:2)

where ! is the angular frequency of the electromagnetic radiation, 
 is the solid

angle, and � is the incoming angle of the electron, and F (�;
; !) is the Fresnel

coe�cient of the foil surface. The geometry that is suitable for beam-diagnostic

purposes is depicted in �gure 2.14. For this geometry the Fresnel coe�cient is close

to unity. OTR is emitted close to the axis of specular-reection, with a maximum

intensity at � = 1=. For an electron beam of �nite divergence the distribution is
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given by the convolution of equation (2.2) with the beam divergence.

By focusing a camera on the foil surface, it is possible to measure the current

density distribution, i.e. the beam pro�le. When the camera is focused at in�nity,

the OTR angular distribution is measured, from which the beam divergence is ob-

tained. Considering the beam in one of the transverse phase planes, see �gure 1.8

the beam-pro�le measurement is a measurement of
p
��, and the beam-divergence

measurement is a measurement of
p
�.

The two measurements of
p
�� and

p
� are not enough to determine the phase-

plane ellipse completely. Therefore a quadrupole, with adjustable strength P , is

located at a distance L in front of the metallic foil, see �gure 2.15. The Twiss

parameters of the phase-plane ellipse just before the quadrupole are denoted by �i,

�i, i, and �i, and at the OTR-foil by �f , �f , f , and �f . Considering the quadrupole

as a thin lens the measured quantities
q
�f�f and

p
f�f are expressed as functions

of the quadrupole strength P :

q
�f�f =

p
�i

�
(L2

�i)P
2 + (2L2

�i � 2L�i)P + (�i � 2L�i + L
2
i)
�1=2

; (2:3)

and
p
f�f =

p
�i

�
�iP

2 + 2�iP + i

�1=2
: (2:4)

As �i = �f , and � ��
2 = 1 it is easy to obtain the Twiss parameters �i, �i, i and

�i from beam-width measurements as well as beam-divergence measurements versus

quadrupole strength.

Preliminary tests, where the linac output beam has been used directly, have

shown a reproducibility in the determination of the Twiss parameters of around

10 %. This reproducibility is used as a criterion for the feed-back mechanism in

chapter 3.

2.2.5 Spectrometer magnet

The left main bending magnet of the racetrack microtron can be used as an energy

spectrometer [15]. On the one hand it can be used to measure the mean energy

of the electron beam after one passage through the cavity, and to get information

about the microtron's injection energy, cavity voltage and phase. On the other hand

rough estimations of the energy spread and phase spread of the electron bunches can

be retrieved. For these measurements the electron beam is led into the extraction

orbit after one cavity traversal, see �gure 2.16.

The kinetic beam energy Ebeam which is to be measured in the `spectrometer'

magnet is given by

Ebeam = Einj + Ecav cos(�); (2:5)
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Figure 2.15: Complete OTR-measurement set-up.
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Figure 2.16: The left microtron magnet as a spectrometer.

where Einj is the kinetic energy at injection, Ecav the cavity potential, and � the

phase of the cavity voltage at which the electron bunches enter the cavity. The

injection energy has roughly been adjusted with the beam-line dipoles. The cavity

potential and phase di�erence are adjusted with an RF attenuator and an RF-phase

shifter, respectively. By measuring the beam energy at various settings of the RF-

phase shifter the sine-like function given by equation (2.5) is retrieved. Hence, from

this complete measurement it is easy to get Einj , Ecav as well as a calibration for

the RF-phase shifter, which adjusts �.

The beam energy is measured indirectly by the beam-position monitors just

before and behind the magnet together with the excitation current of the bending

magnet. The beam energy is a function of the resonant magnetic �eld Br as it is

de�ned in equation (1.2) and the bending radius �:

E =
q
E0

2 + �2Br
2
e2c2 � E0: (2:6)
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Beam-position measurements just before and behind the bending magnet make it

possible to estimate the bending radius �. The excitation current of the left bending

magnet is a measure for Br. The value of � is in the order of 0.48 m, and for beam

energies of about 10 MeV Br is about 0.0730 T. For these values
@E
@Br

= 144 MeV/T,

and @E
@�

= 22 MeV/m. The absolute uncertainties in Br and � are about 1 % and

1 mm, respectively, and consequently the uncertainty in the measured energy is

about 0.1 MeV due to the uncertainty in magnetic �eld and 0.02 MeV due to the

uncertainty in the beam-position measurements. The relative uncertainties in Br

and � are about 10�5 and 0.2 mm, respectively, which gives a relative uncertainty in

measured energy of 0.1 keV and 4 keV, respectively. Hence, the absolute accuracy of

Einj and Ecav will be in the order of 0.1 MeV, and accordingly the absolute accuracy

of � will be about 10 degrees. The absolute accuracy is not good enough for proper

acceleration in the racetrack microtron [2], but given this accuracy it is possible

to �nd rather good starting values for the �ne-tuning procedure as described in

chapter 4.

The rather large dispersive action of the bending magnet can be used to measure

the energy spread of the electron beam. The beam width is in the order of millime-

tres, and the energy spread is in the order of a few percent. The dispersive action

of the main bending magnet is about 5 mm/%, such that a rough indication of the

energy-spread can be measured.

If the electron beam is injected into the cavity at �=90 or � = 270 degrees, the

phase spread (i.e. the bunch length) is transformed into an extra energy spread,

which can be measured with the left bending magnet. Hence, the phase spread can

be estimated as well. Operating the cavity at an amplitude of 5.06 MeV, the slope

around � =90 degrees is about -0.1 MeV/degree. As the phase spread is in the

order of 10 degrees, this gives an energy spread of about 1.0 MeV, corresponding to

10 %, which is larger than the initial energy spread of 1 %, and should therefore be

measurable.

The transfer matrixM from just before the cavity to the extraction point of the

racetrack microtron is given by the following product of �rst-order matrices:

M = DLout
�DL�

� F�3 �B2 � F�2 �B1 � F�1 �DL=2 �CÊ;�; (2:7)

where D, B, F, C represent the matrices of a drift space, a sector bending magnet,

a non-normal entrance/exit of a magnet and an accelerating cavity, respectively. Ê

and � are the amplitude and phase of the cavity voltage, L is the distance between

the main bending magnets, and Lout = 20 cm. The matrices B1 and B2 refer to the

magnetic-�eld sectors 1 and 2, respectively. The subscripts �1 � �� , �2 � (1
2
���)

and �3 � � (� and � are de�ned in section 1.3.3) denote the entrance angles for
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Figure 2.17: Beam shapes in the horizontal phase plane. The meaning of the di�erent �gures is

explained in the text.

the edge focusing. L� is the extra drift that results from the rotation of the main

bending magnets over an angle � . Figure 2.17a gives the ideal beam shape just

before the cavity. For optimal use of the spectrometer this shape should be created

by means of the beam-line quadrupoles. Transforming this beam shape, taking

Ê = 0 and disregarding energy spread, the beam shape at the extraction point is

shown in �gure 2.17b. If an energy spread of 1 % is taken into account, the beam

shape at the extraction point is as shown in �gure 2.17c. If, in addition, a phase

spread of 6 degrees, Ê = 5:06 MeV and � = 90 degrees is taken the beam shape at

extraction is shown in �gure 2.17d.

For the calculations shown above it has been assumed that there is no correlation
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Figure 2.18: Numerical calculations of the beam shapes in the horizontal phase plane. The

meaning of the di�erent �gures is similar to those in the previous �gure.

between the horizontal and the longitudinal phase plane just before the cavity, which

is not valid for the Eindhoven racetrack microtron. Therefore the same calculations

have been redone using the measured transverse emittance of the linac, see �gure 3.1,

and the calculated longitudinal emittance of the linac [16]. The emittance as shown

in �gure 2.17a is produced when the beam-line quadrupoles Q1 through Q6 are set to

�3, 6, �3, 0, 8, �8 T/m, respectively. The results of the numerical calculation are

shown in �gure 2.18. Figures 2.18c and 2.18d are less wide than would be expected

from �gures 2.17c and 2.17d. This is due to the correlation between the horizontal

and longitudinal phase plane just before the cavity, which is mainly caused by the

dispersive action of the right bending magnet when the electrons enter the microtron.
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Subsequently, the left bending magnet counteracts this dispersive action. Hence, the

energy spread cannot be measured, but a rough indication of the phase spread can

be retrieved with the spectrometer measurements.

2.3 Concluding remarks

Thirty adjustable machine parameters are used to counteract the e�ects of all pos-

sible misalignments, machine errors and magnetic-�eld imperfections. The beam-

diagnostic equipment consists of: two beam-current transformers, thirty-two beam-

position monitors, a beam-phase monitor, an OTR measurement set-up, and a spec-

trometer magnet. This diagnostic equipment has been designed, and tested (if pos-

sible). The equipment makes it possible to tune all the adjustable parameters. The

tuning strategies that are required are all straightforward, except for the tuning

of the beam-line quadrupoles and the �ne-tuning of the adjustable microtron pa-

rameters together with the tuning of the microtron correction magnets. These two

strategies will be considered in chapters 3 and 4, respectively.

The beam-current transformers have a sensitivity of (1:56 � 0:03) V/A. The

2 % inaccuracy is caused by the test electronics. Accelerator tests have shown

that the performance is mainly limited by high-frequency disturbance from outside.

Therefore the performance will be improved by shielding the electronics and making

the electronics less sensitive to these disturbances [6].

The beam-position monitors have a relative accuracy in the order of 0.1 mm

for the expected beam currents. This is su�ciently small compared to the mini-

mum aperture in the microtron, which is 16 mm. Moreover, if the beam follows

its orbit within 0.1 mm everywhere the phase error per orbit is about 2 degrees

maximum, which is su�ciently small compared to the stable-phase area, which is

about 18 degrees [2]. Although very much attention has been paid to the suppres-

sion of high-frequency disturbances from outside, these disturbances still limit the

performance of the BPMs. Better shielding of the high-voltage and high-frequency

components of the accelerators may improve the performance.

The beam-phase monitor is expected to have a phase accuracy of about 1 de-

gree [12]. The exact measurement accuracy will mainly be determined by the de-

tection electronics, which has not been built so far. Another problem that still has

to be solved is the movement of the cavity inside the microtron vacuum chamber.

Furthermore, the RF cable connecting the cavity with the detection electronics will

move too, and this may cause phase shifts.

The OTR-measurement set-up will be used to measure the horizontal and ver-

tical emittance of the electron beam. It has been tested with the linac output

beam. These tests have shown a reproducibility in the determination of the Twiss-
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parameters of around 10 %. This reproducibility has been used as a criterium

for the feed-back mechanism in chapter 3. Furthermore, in the future the OTR-

measurement set-up can be used to characterize the transverse emittance of the

75 MeV electron beam.

The left microtron magnet can be used as a spectrometer, such that the beam

energy can be measured to within 0.1 MeV. Consequently, the microtron's injection

energy and cavity voltage can be measured within 0.1 MeV and accordingly the

cavity phase within about 10 degrees. These accuracies are not enough for proper

acceleration in the microtron [2], but it is possible to adjust rather good starting

values in this way, and �ne-tuning can be done by means of the beam-position

measurements in the microtron, as described in chapter 4. Further, it has been shown

that the spectrometer cannot be used to measure the energy spread of the injected

beam, but it can be used to retrieve a rough indication of the beam-phase spread.

Nevertheless, the energy-spread and phase-spread measurements are not required

to tune the adjustable machine parameters; they only give extra information about

the beam quality.
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3 Optimization procedure for the

beam-line quadrupoles

The beam-transport line between the linac and the racetrack microtron contains six

quadrupoles to match the shape of the linac beam in the transverse phase planes

to the shape of the microtron acceptance in these phase planes. The linac beam is

led into the racetrack microtron and the beam shape in each of the transverse phase

planes is measured directly after injection at the location of the accelerating cavity.

A feed-back mechanism which makes use of these measurements is applied to �nd the

optimal settings for the beam-line quadrupoles in an iterative procedure such that the

measured transverse emittance matches the calculated microtron acceptance. The

feed-back procedure that has been designed is presented and the results of test calcu-

lations are shown.

Related publication:

� Leeuw R.W. de, Wijs M.C.J. de, Botman J.I.M., Webers G.A., Theuws W.H.C., Tim-

mermans C.J., Hagedoorn H.L., Matching the emittance of a linac to the acceptance of a

racetrack microtron, Proc. Part. Acc. Conf. Dallas (1995) 1882{1884.

3.1 Problem statement

In order to supply a maximum number of electrons to the racetrack microtron to be

accelerated successfully, the transverse emittance of the 10 MeV injector linac has

to be matched to the transverse acceptance of the racetrack microtron. For this pur-

pose the beam-transport line, which connects the linac to the racetrack microtron,

contains six quadrupoles, see �gure 1.4. Based on measurements of the transverse

emittance of the linac and on numerical calculations of the transverse acceptance

of the racetrack microtron ideal excitation currents for the beam-line quadrupoles

have been calculated. But, due to alignment errors, machine errors, magnetic-�eld

imperfections, and errors in the emittance measurements, the calculated excitation

currents for the beam-line quadrupoles will not be optimal. Consequently, the beam

51
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Figure 3.1: Measured transverse emittance of the linac beam (solid line) and the transverse

emittance according to the approximated Twiss parameters (dotted line), for the horizontal plane

(a) and the vertical plane (b).

shape in the transverse phase space has to be measured after the beam has tra-

versed the beam-transport line. These measurements can be done in several ways,

e.g. with an OTR-measurement set-up, as described in section 2.2.4, or with a slit

system that scans the transverse phase planes. These measurements have to be fed

back to the beam-line quadrupoles such that the measured beam shape will �t to

the calculated acceptance of the racetrack microtron. In this chapter the design of

the feedback procedure is presented.

The shape of the linac output beam has been measured directly behind the

linac for each of the two transverse phase planes. These measurements have been

carried out with two slit systems separated by a drift space [1][2]. Both slits can

be moved such that a scan through one of the transverse phase planes is made.

The beam current that passes both slits has been measured as a function of the

position in the transverse phase plane, which is de�ned by the position of the �rst

slit (x or z) and the position of the second slit with respect to the position of

the �rst slit (x0 or z
0), and accordingly the emittance has been retrieved. The

measured 70% emittances are shown in �gure 3.1 together with their approximated

ellipses. Here, horizontal or x refers to the bending plane of the racetrack microtron,

and vertical or z to the transverse plane perpendicular to the horizontal one. The

horizontal emittance is about 13� mm�mrad, and the vertical emittance is about

18� mm�mrad. These emittance values belong to the total linac output beam over its
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full energy spread of 3 % FWHM. The Twiss parameters belonging to these measured

emittances have been estimated: �x;linac = (0:00 � 0:01), �x;linac = (1:23 � 0:01) m,

x;linac = (0:81 � 0:01) m�1, �z;linac = (0:00 � 0:01), �z;linac = (0:78 � 0:01) m, and

z;linac = (1:28 � 0:01) m�1.

The transverse acceptance of the racetrack microtron has been determined by

means of a numerical simulation program of the linac { racetrack microtron combi-

nation. For these calculations the measured magnetic-�eld maps of the main bend-

ing magnets [3] and the twelve correction magnets [4] of the microtron have been

used. The transverse dynamics of the microtron cavity have been described by the

theory of Rosenzweig and Sera�ni [5][6]. A fourth-order Runge-Kutta integration

algorithm [7] has been used to solve the equations of motion in the magnetic �elds.

The microtron settings have been optimized with the simulation program using the

procedure as described by Webers [3]. For each of the two transverse phase planes

many di�erent particles with di�erent initial positions in these phase planes, (x; x0)

or (z; z0), have been tracked numerically and if a certain particle does not deviate

more than 5 mm from the reference orbit anywhere, the particle is being considered

as `accepted'. These transverse acceptances have been determined just before the

beam traverses the cavity for the �rst time, which is the same place as the place

where the measurements of the beam shapes in the transverse phase planes will

have to be performed. The acceptances are shown in �gure 3.2. The horizontal

acceptance is 14� mm�mrad, and the vertical acceptance is 44� mm�mrad.

For an ideal beam-transport line [8] and for a linac emittance as shown in �g-

ure 3.1 a solution for the quadrupole settings, Q1 through Q6, has been found to

be -2.1, 4.2, -2.1, 1.8, -8.4, 8.4 T/m, respectively [9]. With these quadrupole set-

tings the transport of the approximated ellipses as shown in �gure 3.1 have been

calculated through the beam-transport line, and the beam shapes coming out of

this beam-transport line are shown in �gure 3.2 as well. One can see that the �t

in the vertical plane is not optimal. Although small changes in the quadrupole set-

tings would improve this �t, it would also make the �t in the horizontal direction

worse simultaneously. Hence, the quadrupoles are set as a compromise between the

horizontal and the vertical plane.

3.2 Feed-back procedure

The e�ects of all kind of errors in the beam-transport line can be counteracted by a

slightly di�erent choice of the beam-line quadrupole settings. Because these errors

are unknown, their e�ects cannot be predicted and consequently the required settings

for the beam-line quadrupoles cannot be calculated accurately enough beforehand.

Therefore, at the location of the microtron accelerating cavity the shape of the
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Figure 3.2: Calculated horizontal and vertical acceptance of the Eindhoven racetrack microtron

just before the �rst cavity traversal (area formed by the small squares), and the approximated

ellipses from the measured linac emittance transported through the ideal beam-transport line with

optimized quadrupole settings (area formed by the ellipses), for the horizontal plane (a) and the

vertical plane (b).

injected beam in the transverse phase planes has to be measured [10]. The di�erence

between the measured shape and the desired shape of the beam in the transverse

phase planes has to be fed back to the quadrupole settings.

As it is assumed that the Twiss parameters that describe the beam shape in the

transverse phase planes can be measured within about 10 % (see section 2.2.4), it

has been chosen to use a �tting method to �nd the optimal settings for the beam-line

quadrupoles. In this way the e�ects of the stochastic errors in the measurements

are averaged out.

In order to quantify the match of the measured and desired transverse beam

shapes, an error function, �, which expresses the match by a real value (the better

the match the lower the value) is de�ned in section 3.2.1. This error function has

been evaluated as a function of the beam-line quadrupole strengths, and a transfer-

function model, describing the relation between quadrupole strengths and the error

function, has been determined, see section 3.2.2. This transfer-function model has

not been based on the electron-optical behaviour of the beam-transport line, but

purely on polynomials that describe the e�ects.

The principle of the feed-back procedure is that the error function will be evalu-

ated experimentally for several slightly-di�erent settings of the beam-line quadrupole
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strengths. The transfer-function model will be �tted through these measured points,

and accordingly the minimum value of the error function can be calculated. As the

transfer-function model and the measurements will certainly not be perfect several

iteration steps may be necessary to complete the optimization.

As the minimum number of measurements that have to be performed is equal

to the number of �t parameters that are present in the transfer-function model

a transfer-function model containing as few parameters as reasonably possible has

been created. The relation between the value of the error function and the mismatch

of the transverse emittance to the transverse acceptance is presented in section 3.2.3

such that a threshold is de�ned which makes a distinction between values of the error

function that are acceptable and those that are not. Finally, the whole method has

been tested with the numerical simulation program, see section 3.3.

3.2.1 Error function

The result of the measurement of the beam shape in the transverse phase planes is

expressed in the Twiss parameters [11][12], �x, �x, and x for the beam shape in

the horizontal plane, and �z, �z, and z for the beam shape in the vertical plane,

and in the emittances �x and �z for the horizontal and vertical plane, respectively.

As the beam-transport line does not contain any active elements, the values of

�x and �z should not decrease with other settings of the beam-line quadrupoles [9].

However, if these values do decrease, this indicates that the beam hits the beam pipe

somewhere in the beam-transport line, and the choice of the beam-line quadrupole

settings is certainly not optimal in that case. The microtron acceptances as shown

in �gure 3.2 are: ��x = 14� mm�mrad for the horizontal plane and ��z = 44� mm�mrad
for the vertical plane. The Twiss parameters of the acceptance plots are: ��x = 0:00,
��x = 2:17 m, �x = 0:46 m�1, ��z = �23:87, ��z = 3:96 m, and �z = 6:28 m�1. The

feed-back mechanism must minimize the di�erence between the measured Twiss

parameters and the Twiss parameters of the acceptance. The error function that

has to be minimized has been chosen as:

� = Cx
2
�
(�x � ��x)

2 + (x � �x)
2
�
+ Cz

2
�
(�z � ��z)

2 + (z � �z)
2
�
; (3:1)

where Cx and Cz are factors that express the relative importance of the horizontal

and vertical phase plane, respectively.

From �gure 3.2 it can be seen that the horizontal emittance has to be matched

more precisely to the horizontal acceptance than the vertical emittance to the verti-

cal acceptance, because the emittance �ts easier into the acceptance for the vertical

direction than for the horizontal direction. Hence, Cx and Cz can be chosen as the

ratio of the emittance and the acceptance �x=��x and �z=��z, respectively (the easier the
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beam �ts in the acceptance, the less important it is to match the Twiss parameters

exactly). Consequently, the factors Cx and Cz have been chosen as:

Cx =
�x

��x
=

13�mm�mrad

14�mm�mrad
= 0:93; and Cz =

�z

��z
=

18�mm�mrad

44�mm�mrad
= 0:41: (3:2)

The error function only contains `�-terms' and `-terms'. The `�-terms' have

been omitted as �, � and  are connected by the relation � � �
2 = 1.

The projection of the phase-plane ellipse on the y-axis is equal to
p
�� and the

projection on the y0-axis is equal to
p
�, see �gure 1.8. As matching along the y-axis

is equally important as matching along the y0-axis, the `�-terms' and the `-terms'

are weighted equally.

3.2.2 The transfer-function model

The transfer-function model has been determined by evaluating the error function as

a function of the beam-line quadrupole strengths. In order to decrease the number of

measurements needed, a model has been created with as few parameters as possible.

There are two principles to achieve this:

� Reducing the number of tuning parameters. Six quadrupoles are present in

the beam-transport line. A few of these can be set to �xed values, or they can

be grouped. This reduces the number of tuning parameters and makes the

transfer-function model more simple. On the other hand this also reduces the

number of the degrees of freedom.

� Approximating the error function by a mathematical function with as few

parameters as reasonably possible. In fact, this is a trade-o� between the

reduction of the number of model parameters and the optimization of the

accuracy of the transfer-function model.

These principles have been implemented such that the usability of the transfer-

function model is still acceptable.

The number of tuning parameters has been reduced to three. The �rst three

quadrupoles, Q1, Q2 and Q3, have been designed as a standard triplet con�guration,

and therefore these are treated as one tuning parameter with strength u1 (KQ1 =

�1
2
u1, KQ2 = u1, KQ3 = �1

2
u1)

1. Quadrupole Q4 is considered as a singlet with

strength u2 (KQ4 = u2). Quadrupoles Q5 and Q6 have been designed as a standard

doublet con�guration, and therefore these are treated as one tuning parameter with

strength u3 (KQ5 = �u3, KQ6 = u3).

1KQi stands for the strength of quadrupole i.
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Figure 3.3: The error function � for variations of the triplet strength (a), the singlet strength (b)

and the doublet strength (c). The dotted lines give third-order polynomial �ts.

Using the numerical beam-tracing program as described in appendix A the error

function, �, has been evaluated for variations of the tuning parameters, see �gure 3.3.

It can be seen that these functions can be described by third-order polynomials quite

well. Also all cross terms up to the third order have been investigated and those

which appeared to have a negligible inuence on the error function have been left out

of the transfer-function model in order to minimize the number of model parameters.

Consequently, the transfer-function model becomes:

� = a0 + a1u1 + a2u2 + a3u3 + a4u
2
1 + a5u1u2 + a6u1u3 + a7u

2
2 + a8u2u3 +
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+a9u
2
3 + a10u

3
1 + a11u

2
1u2 + a12u1u

2
2 + a13u2u

2
3 + a14u1u2u3; (3.3)

where ai (i = 0::14) are the �t coe�cients. This model contains 15 coe�cients,

so more than 15 measurements have to be performed in order to be able to �t the

coe�cients ai.

3.2.3 Interpretation of the error function

The error function, �, has been established and the tuning parameters that are used

to minimize � have been identi�ed. Now, it is important to de�ne a threshold that

makes a distinction between values of � which are acceptable and those which are

not. Therefore the meaning of � in terms of the beam shape in the transverse phase

planes has to be studied.

The ideal beam-transport line and the idealized settings for the quadrupoles of

the beam-transport line have been used as a starting point. The tuning parameters,

u1 through u3, all have been given a di�erent random Gaussian error, all with the

same standard deviation of �u. Then, the error function has been calculated. This

has been done 300 times for each value of �u, and the 300 calculated values of the

error function have been averaged. The mean value of the error function, �, as a

function of the standard deviation, �u, is shown in �gure 3.4a.

Furthermore, for each of the 300 calculations the part of the area of the phase

plane ellipse that is outside the area of the acceptance ellipse has been calculated.

This has also been averaged and is shown in �gures 3.4b and 3.4c as a function of �

for the horizontal and vertical plane, respectively. The percentages in �gures 3.4b

and 3.4c can be interpreted as beam losses. The `negative beam loss' as shown in

�gure 3.4c is due to the fact that the match as shown in �gure 3.2b is not perfect.

Furthermore, from the comparison between �gures 3.4b and 3.4c it can be concluded

that the value of Cz in equation 3.1 can be chosen smaller with respect to Cx. This

will not be done here, but it can be an option in practice.

Now, a threshold can be de�ned. Say that a loss percentage of 5 % in each trans-

verse phase plane is acceptable. Then � should become smaller than 0.5 according

to �gure 3.4b. One can see that for the vertical plane the match generally becomes

a bit better for small values of �. This is due to the fact that the match as shown

in �gure 3.2 is not perfect.

In the test calculations as presented in the next section a threshold for � of 0.5

has been used.
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Figure 3.4: The mean error function � as a function of the standard deviation in u1 through u3,

�u (a), the part of the emittance that is outside the desired emittance, for the horizontal plane

(b), and for the vertical plane (c).

3.3 Tests of the optimization procedure

In this section several tests with a numerical simulation program of the linac {

racetrack microtron combination with the optimization procedure as proposed in

the previous section are presented. It is assumed that the Twiss parameters of the

beam in the transverse phase planes can be measured within 10 %. In order to

simulate this, all Twiss parameters that have to be measured have been given a

Gaussian error with a standard deviation of 10 %.

At least 15 measurements have to be performed in order to be able to �t the error

function. The more measurements the better stochastical errors, like the 10 % mea-
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Figure 3.5: The average of the needed number of iteration steps as a function of �u (a), and the

probability on a failing control as a function of �u (b).

surement accuracy, are averaged out. It has been chosen to perform 3 measurements

for each knob, thus ui � �u, ui, ui + �u (with �u = 2 T/m), and all combinations.

Consequently, this gives 3� 3� 3 = 27 measurements for each iteration step.

For the �rst test the ideal beam-transport line has been used as a starting point. A

random Gaussian error with a standard deviation of �u has been added to all three

tuning parameters u1 through u3. The average over 300 calculations with di�erent

errors of the needed number of iterations as a function of �u is shown in �gure 3.5a.

If the optimization procedure does not succeed in 100 iteration steps, then we say

that the procedure fails. The probability that the control fails is shown as a function

of �u in �gure 3.5b.

Hence, errors in all quadrupole strengths up to about 2 to 3 T/m can be corrected

with a reasonably small probability on failure (5 %). A maximum in the order of

5 to 10 iteration steps are needed. In practice it is expected that the maximum

deviations are in the order of 0.5 T/m. Hence, regarding these errors it is expected

that the optimization procedure will work without problems.

For one of the successful simulations with �u = 4 T/m the values of (�x � ��x),

(�x � ��x), (x � �x), (�z � ��z), (�z � ��z) and (z � �z) are shown in �gure 3.6 as a

function of the iteration step.

With the second test it is the counteraction of mechanical errors in the beam-

transport line that is tested. Hence, all drift lengths in the beam-transport line
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Figure 3.6: The quantities (�x� ��x), (�x� ��x) [in m] and (x � �x) [in m�1] (a), and (�z � ��z),

(�z � ��z) [in m] and (z � �z) [in m�1] (b) as a function of the iteration step. The straight lines

refer to the `(� � ��)-terms', the dashed lines to the `(� �
��)-terms', and the dotted lines to the

`( � �)-terms'.
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Figure 3.7: The average of the needed number of iteration steps as a function of �L.

have been given a di�erent random Gaussian error with a standard deviation of �L.

The number of iteration steps that were needed (also averaged over 300 calculations

for each value of �L) to counteract the errors in the drifts are shown as a function

of �L in �gure 3.7. The probability on failure has also been calculated but it was

less than 1 % over the whole range of �L up to 50 mm, which is much larger than

the maximum expected alignment errors.

This test also shows that the errors are counteracted in about 5 iteration steps

at maximum. In practice it is expected that �L will be lower than 1 mm, such that

no problems are expected for the counteraction of these errors.

With the third test it is the counteraction of errors of the input beam shape that is

tested. Therefore the Twiss-parameters of the input beam have been changed with

di�erent random fractions fx and fz for the horizontal and vertical beam shape:

�x = �x;linac; �x = �x;linac(1 + fx); x = x;linac=(1 + fx); �x = �x;linac;

�z = �z;linac; �z = �z;linac(1 + fz); z = z;linac=(1 + fz); �z = �z;linac; (3.4)

where �x;linac, �x;linac, x;linac, �x;linac, �z;linac, �z;linac, z;linac and �x;linac are the
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Figure 3.8: The average of the needed number of iteration steps as a function of �f (a), and the

probability on a failing control as a function of �f (b).

Twiss-parameter values of the approximated ellipses in �gure 3.1. Both fx and fz

are given a di�erent random value with a standard deviation of �f . For each value

of �f this calculation has been performed 300 times and the number of iterations

that are needed as well as the probability on failure of the feed-back mechanism

have been averaged analogously to the previous test calculations. The results are

shown in �gure 3.8.

From �gure 3.8 it can be seen that beam shape errors up to 20 % are corrected

without problems.

3.4 Concluding remarks

In this chapter an optimization procedure has been presented for the quadrupoles

of the beam-transport line between the linac and the racetrack microtron. For this

purpose a criterion (which has been called an error function) for the quality of the

match between the measured transverse emittance and the desired emittance has

been de�ned. The dependence of the criterion value on the beam-line quadrupole

settings has been studied, and a transfer-function model that describes this depen-

dence has been derived. In this model as few parameters as reasonably possible, i.e.

�fteen, have been incorporated.

In the feed-back procedure the error function will be evaluated experimentally for

several di�erent settings of the beam-line quadrupoles. The transfer-function model

is �tted to the measurement, and the minimum is retrieved from this model. As the
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model is based on �fteen parameters, at least �fteen measurements are needed to

perform one iteration step. By using a relatively large number of measurements for

each iteration step (twenty-seven in the test calculations), the 10 % measurement

error in the Twiss parameters can be handled.

The proposed optimization procedure has been tested for the counteraction of

several possible errors by simulating the behaviour of the beam-transport line. In

these tests for each iteration step we have used twenty-seven measurements for

di�erent settings of the beam-line quadrupoles in order to demonstrate the usability

of the method. For the test calculations it has been shown that a maximumof about

�ve iteration steps are needed to correct quadrupole errors up to about 2 to 3 T/m

successfully, whereas a maximum error of 0.5 T/m is expected. Furthermore, drift-

length errors up to 50 mm can be counteracted, whereas a maximum error of 1 mm

is expected. Di�erences in the transverse beam shape of the input beam as delivered

by the linac up to several tens of per cent can be counteracted with a reasonably

small probability on failure of the feed-back procedure. As the expected maximum

values of the di�erent errors are much smaller than the maximum values that can

be handled by the feed-back procedure, it is also expected that the combination of

the di�erent errors can be handled as well.
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4 A tuning procedure for the racetrack

microtron

In contrast to other racetrack microtrons the Eindhoven racetrack microtron has

been designed with inexpensive requirements on machining and alignment. In real-

ity, the present misalignments and machine errors may have disastrous e�ects on

the closed-orbit conditions and the isochronism conditions, but these e�ects can be

counteracted by appropriate settings of the adjustable microtron parameters. As the

misalignments and machine errors and consequently their e�ects are unknown quan-

titatively, the adjustable parameter values cannot be calculated su�ciently accurately

beforehand. Therefore the e�ects of the misalignments and the machine errors on

the beam are measured by means of beam-position monitors, which are located at dif-

ferent places in the racetrack microtron. On the basis of the measured beam positions

the adjustable microtron parameters are tuned. The possibility for a tuning proce-

dure for the seventeen adjustable parameters of the Eindhoven racetrack microtron

has been studied. The proposed tuning procedure has been studied using a numerical

simulation program of the racetrack microtron.

Related publications:

� Theuws W.H.C., Leeuw R.W. de, Webers G.A., Botman J.I.M., Timmermans C.J., Hage-

doorn H.L., Beam positioning and monitoring in the racetrack microtron Eindhoven, Proc.

Part. Acc. Conf. Dallas (1995) 2738{2740.

� Theuws W.H.C., Wit F.F. de, Weijers S.R., Weiss M., Botman J.I.M., An automated tuning

mechanism for the Eindhoven racetrack microtron, Proc. Eur. Part. Acc. Conf. Stockholm

(1998) 1744{1746.

� Theuws W.H.C., Wit F.F. de, Weijers S.R., Weiss M., Botman J.I.M., A tuning procedure

for a racetrack microtron, Proc. Part. Acc. Conf. New-York (1999) 759{761.

4.1 General consideration of errors in racetrack microtrons

A general consideration of the e�ects of errors on the electron beam in racetrack

microtrons is given in this section. Furthermore, the commonly-applied methods for

dealing with these errors are discussed as well.

67
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The operation of racetrack microtrons relies on two conditions. First, the closed-

orbit condition, which means that the electron beam has to return to the entrance

of the same accelerating cavity (N � 1) times, where N equals the total number

of cavity traversals. Second, the isochronism condition, which means that the elec-

tron bunches have to be injected into the cavity at the same stable phase of the

accelerating voltage each time they enter the cavity. Hence, the path lengths of all

(N �1) orbits in the microtron have to be an integer multiple of the RF wavelength

� (the orbit length for the nth orbit equals (� + (n � 1)�)�, where � is the initial

harmonic number and � is the incremental harmonic number (� and � are both

integer numbers), see section 1.3.3).

All kinds of errors, e.g. alignment errors, machine errors and magnetic-�eld im-

perfections, cause deviations to both of these two conditions, and if these deviations

become too large the beam will be lost. There is an important di�erence between

the two kinds of deviations. Closed-orbit deviations have a linear response as a

function of the parameter that causes this deviation. Isochronism deviations have a

strong non-linear behaviour. This will now be shown by means of an example.

A `standard' racetrack microtron with homogenous bending magnets and similar

main design parameters as the Eindhoven racetrack microtron is shown in �gure 4.1.

The drift length L is 1 m; the kinetic energy at injection is 10 MeV; the nominal

cavity voltage is 5 MV at a stable phase of 9 degrees; the operating frequency is

2998.3 MHz; the total number of cavity traversals N is 13. Furthermore, the initial

harmonic number, �, is 26, and the incremental harmonic number, �, is 2. The

main bending magnets both have an alignment error, which is denoted by the angle

�� . The beam-position monitors (BPMs) measure the beam-position deviation in

the median plane in the fourth orbit and at the extraction point, respectively.

A variation in the drift length L (with �� = 0) obviously does not inuence the

closed-orbit conditions, but does inuence the isochronism conditions (each orbit

length increases by 2�L, and thus the entrance phase at the cavity shifts over
2�L
�
2� radians for one turn). The beam position in the fourth orbit as well as the

beam position at the extraction point is shown as a function of �L in �gure 4.2a

and 4.2b, respectively. Small deviations in L do not have an inuence on the beam

position, but if j�Lj becomes larger than about 1 mm the beam-position deviation

increases non-linearly and the beam will be lost. This can be understood from the

principle of the phase stability in a racetrack microtron [1][2]. As � equals 2 the total

stable phase area is 18 degrees [3]. With an RF wavelength, �, of 100 mm this gives

a length of 5 mm. As the orbit increase equals 2�L, this means that �L = 2:5 mm,

which roughly corresponds to the total width of the stable areas in �gures 4.2a

and 4.2b. Hence, the e�ects of values of �L between -1.25 mm and 1.25 mm are

corrected by the inherent phase stability of a racetrack microtron. Larger values of
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Figure 4.1: A `standard' racetrack microtron with homogeneous magnets, which is used to show

the characteristics of isochronism deviations and closed-orbit deviations.

�L cannot be handled by this stability principle anymore, and the beam will be

lost.

A variation in the angle �� (with �L = 0) only slightly inuences the isochro-

nism conditions as the orbit lengths are hardly inuenced for values of �� between

-1 and 1 mrad. More dominantly, �� inuences the closed-orbit conditions, as the

electron beam gets a `kick' of �� two times per orbit with respect to the reference

orbit at �� = 0. The beam position in the fourth orbit as well as the beam posi-

tion at the extraction point are shown as a function of �� in �gures 4.2c and 4.2d,

respectively. The beam-position variation is nearly linear with �� .

Hence, for the control of the beam position in a racetrack microtron it is favourable

to keep isochronism deviations su�ciently small, such that the non-linearities do not

occur. There are several ways to take care of this in the design phase of a racetrack

microtron. It can be done by decreasing the number of orbits, such that the acceler-

ation of the cavity voltage is applied less often and the non-linearities become a little

less severe (compare for instance �gures 4.2a and 4.2b). However, it can be done

even better by increasing the stable phase area. The stable phase area is equal to

arctan
�

2
��

�
[1][2]. Consequently, the stable phase area, expressed in units of length,
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Figure 4.2: The beam-position variation in the fourth orbit, (a) and (c), and the beam-position

variation at the extraction point of the racetrack microtron, (b) and (d), as a function of a variation

in the drift length �L, (a) and (b), and as a function of a variation in the angle of both bending

magnets in the median plane �� , (c) and (d). In (b) at the left and right of the stable area

instabilities are visible, which are not of any practical interest.
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is equal to �
2�
arctan

�
2
��

�
, where � equals the RF wavelength. Hence, a large RF

wavelength � and a small incremental harmonic number � are pro�table for the con-

trol of the beam position in a racetrack microtron. Furthermore, the requirements

on machine and alignment tolerances, magnetic-�eld homogeneity, magnetic-�eld

and RF stability, have to be chosen such that the orbit-length deviations they cause

are small compared to the stable phase area in all cases [4][5].

Of course, for the closed-orbit deviations it is also possible to apply strict re-

quirements on the tolerances of the responsible machine parameters. However, for

the closed-orbit deviations a simple linear control procedure will be su�cient.

If it is not possible or not desired to realize such stringent tolerances (e.g. for

reasons of costs) that both the isochronism as well as closed-orbit deviations remain

small, a correction system is needed. Therefore, it is preferred to measure the beam

position and beam phase1 for all orbits near the cavity [6][7]. However, it is not

trivial to measure the beam positions and beam phases of all orbits near the central

axis of the cavity. In principle all orbits share this central axis as part of their orbit.

In order to measure individual orbits, the macro pulses of the electron beam should

be shorter than the transit time of the �rst orbit in the racetrack microtron, which

is generally in the order of 10 ns. Another possibility is that one just has macro

pulses that are much longer than the total transit time of the whole microtron (say

a few microseconds or more), and produces interruptions that are smaller than the

transit time of the �rst orbit in the racetrack microtron, e.g. by kicking out a certain

amount of successive electron bunches [6]. Furthermore, the detection electronics of

the beam-position monitor and the beam-phase monitor needs to be fast, such that

the beam position and beam phase can be resolved for each individual orbit.

The measured beam-position deviations of all orbits can be minimized by means

of correction dipoles, which are generally placed in the drift space between the main

bending magnets, where the orbits are spatially separated and the beam can be

corrected for each orbit individually. The beam-phase deviations can for instance

be minimized by varying the settings of the main bending �eld, the cavity voltage

and/or injection energy and phase. It is also possible to place two correction coils

for each orbit in the main bending magnets together with at least one correction

dipole for each orbit in the drift space, see �gure 4.3. The two correction coils

have to be excited symmetrically to increase or decrease the orbit length of this

particular orbit. The correction dipole in the drift space is necessary to correct the

non-normal exit/entrance of the beam from/into the main bending magnets. Such

a correction system for isochronism deviations can also correct the phase shifts due

1The beam phase is de�ned as the phase of the accelerating voltage of the cavity at which the

electron bunches enter the cavity.
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Figure 4.3: A racetrack microtron with correction coils (grey circles) to compensate isochronism

deviations. A local change of the bending �eld by means of the correction coils changes the length

of the regarding orbit. The correction dipoles in the drift space (grey rectangles) are needed to

correct the errors in de bending angles caused by the correction coils in the main bending magnets.

These correction dipoles can also be used for the correction of closed-orbit deviations.

to particle-velocity deviations from the speed of light, see section 5.2.1.

4.2 Errors in the Eindhoven racetrack microtron

For the Eindhoven racetrack microtron the accelerating frequency has been chosen

at 2998.3 MHz, which is a European RF standard, and which is also the accelerating

frequency of the microtron's injector linac. As the incremental harmonic number �

equals 2 [3], the stable phase area (expressed in units of length) is only 5 mm [3][8].

In order to make sure that the isochronism deviations and the closed-orbit deviations

are negligible at all times, the alignment and machining tolerances, the magnetic-

�eld homogeneity and the absolute excitation accuracy of the bending magnets

should be very strict [3].

For the Eindhoven racetrack microtron all alignment and machining tolerances

have been chosen such that these can be achieved with ordinary measures. The

main bending magnets have been produced of ordinary steel with a constant gap

for each sector, such that the �eld inhomogeneity is in the order of 1 % [3]. In

other racetrack microtrons extensive measures have been taken to decrease this
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Table 4.1: The seventeen adjustable parameters of the Eindhoven racetrack microtron (The

variable �B is de�ned as the half of the magnetic-�eld di�erence between the right and the left

main bending magnet).

Adjustable parameter Notation Unit

kinetic energy at injection Einj MeV

amplitude of the cavity potential Ecav MeV

injection phase � degrees

mean �eld of the main bending magnet B T

�eld di�erence between the bending magnets �B T

excitation of the nth correction magnet Bc;n (n = 1::12) Gauss

�eld inhomogeneity [4][9]. For the Eindhoven racetrack microtron the �elds of the

magnets have been mapped very precisely, and operation of the machine will be

based upon trajectory calculations. Due to the magnetic-�eld inhomogeneity and

the beam-phase deviations and due to the fact that the velocity of the electron is

not exactly equal to the speed of light, see section 5.2.1, the inherent orbit-to-orbit

beam-path length errors of the Eindhoven racetrack microtron are up to 5 mm, such

that the stable-phase area becomes even smaller. Furthermore, the number of cavity

traversals, N , equals 13. A tuning procedure for the Eindhoven racetrack microtron

is required.

The seventeen adjustable parameters that can be used for tuning are listed in

table 4.1. From the basic microtron equations, equations (1.1) and (1.2), it can be

seen that either Einj , Er, or Br can be �xed, and the others should be adapted to it.

For the Eindhoven racetrack microtron it has been chosen to �x the injection energy

of the beam Einj . Hence, sixteen adjustable parameters are left to counteract all the

errors. If the machining errors and the misalignments are within their tolerances

there is always a solution for the sixteen adjustable machine parameters such that the

isochronism deviations as well as the closed-orbit deviations are su�ciently small [3].

The twenty-�ve beam-position monitors as shown in �gure 2.3 are used to �nd

the optimal settings of the seventeen adjustable parameters.

4.3 A tuning procedure for the Eindhoven racetrack mi-

crotron

As soon as the Eindhoven racetrack microtron will be assembled, and the machine

will be turned on with all its adjustable parameters at nominal settings, the electron

beam will most probably not be accelerated properly up to the exit of the microtron.
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This is due to three kinds of errors:

� Errors in alignment of the magnets and the cavity with respect to each other.

� Errors in machining of components of the machine.

� Errors in the magnetic �eld.

Webers has shown that it is possible to calculate other settings for the adjustable

input parameters numerically in case that the errors are known and within their

tolerances [3]. In practice the errors will not be known, and consequently it is not

possible to calculate new settings from the values of the errors.

However, the e�ects of the errors are translated into beam displacements in the

median plane, and consequently into deviations in beam paths. Then the beam

enters the cavity at a phase that may be too far o� from the stable phase. Then the

beam displacements in the median plane become even worse, and so on. Finally,

the beam is lost.

The approach that will be followed, is that the e�ects on the electron beam

will be measured on several locations, and the e�ects will be counteracted with the

variable settings of the input parameters. As the electron beam nearly moves with

the speed of light it will not be possible to correct an individual beam. Further-

more, an electron beam that is lost during acceleration will cause radiation damage.

Therefore, the procedure will be:

1. Choose initial settings for the adjustable input parameters: Ecav, �, BL, BR,

B(c;n) (n = 1; 2; :::; 12).

2. Observe the location of the beam at several measurement locations with a

minimum amount of beam current (note that the beam may not be detected

at all measurement locations as the beam can get lost).

3. Compute new settings for the adjustable input parameters.

4. Update the settings and go on with the second step again.

This loop needs to be repeated until no more adjustments are needed. The whole

procedure should be performed in a minimal amount of iteration steps (because of

the radiation damage) and in a few hours at maximum.

The objective is to �nd a mechanism to calculate new settings from one mea-

surement, such that an optimum is found within a reasonable number of iteration

steps (order of thousands) and a reasonable amount of time (order of hours).

4.3.1 The electron beam in the racetrack microtron

The state of an electron in a racetrack microtron at a certain time, t, is given by

its spatial coordinates, ~x(t), and its velocity ~v(t). The equations of motion of an
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electron in a racetrack microtron are in general given by:

d(m~v(t))

dt
= e~v � ~B(~x; t) + e ~E(~x; t); (4:1)

and
d~x(t)

dt
= ~v(t): (4:2)

Hence, the motion of an electron is driven by time- and position-dependent electric

and magnetic �elds. The space in which electrons move in a racetrack microtron

can be distinguished in three di�erent areas:

1. Drift areas. This means that ~B(~x; t) as well as ~E(~x; t) are equal to ~0.

2. Static magnetic-�elds areas. This means that ~E(~x; t) = ~0 and ~B(~x; t) is time

independent2.

3. Dynamic electro-magnetic �eld area. These �elds are present in the accelerat-

ing cavity. The dynamics of electrons in these �elds have been treated by De

Leeuw [19].

The areas in the xy-plane are denoted in �gure 4.4.

The state of an electron bunch (i.e. a cloud of electrons with dimensions much

smaller than c=f , where f is the frequency of the time-varying ~E-�eld) can also be

described by the spatial coordinates and the velocity of the centre-of-mass of this

bunch.

4.3.2 The knobs, disturbances and measurements

The strength of the fourteen magnetic-�eld areas as shown in �gure 4.4 can be

adjusted independently. The dynamic electromagnetic �eld in the 2998.3 MHz cavity

is determined by two parameters: i.e. the amplitude and the phase.

The disturbances are given by:

� misalignments (both in position and rotation) of all magnets and the cavity

with respect to each other;

� uncertainties in the excitation currents;

� uncertainties in the cavity potential;

� uncertainties in the phase o�-set.

2The static magnetic �elds are generated by electro-magnets and can be time-dependent, how-

ever during the acceleration of the electrons the excitation current of the electro-magnets is kept

constant, see procedure in section 4.3.
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Figure 4.4: The de�nition of the distinct areas in the median plane of the Eindhoven racetrack

microtron. The numbers refer to the list in the text.

The measurements are de�ned as the y-coordinate of the state of the electron

beam, y, minus the y-coordinate of the reference orbit [3], yref , when passing lines

x = �300 mm and x = +300 mm if vx > 0 in each turn. This means that there

are 25 measurements at maximum if the beam will not be lost. The beam will not

be measured when the actual j y � yref j> 10 mm. In this case the beam can be

considered as being lost between the last beam-position monitor where the beam

has been measured properly and the beam-position monitor where the beam has

not been measured.

4.4 The tuning procedure

The tuning possibilities of the Eindhoven racetrack microtron have been studied

intensively [10][11][12][13][14][15]. Three kinds of approaches have been studied.

The �rst approach that has been investigated is in fact a least-mean square

method [11][12]. For a unit step of each adjustable parameter the response on all

twenty-�ve beam-position monitors has been calculated with a numerical beam-

tracing program of the racetrack microtron, see appendix A. In the practical situa-

tion, where the microtron contains all kinds of errors, the measured beam-positions
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are �tted with these response functions by means of a least-square method. The

multiplication factor of each response function gives the multiplication factor of each

unit steps that have to be subtracted from the adjustable parameter concerned. It

is true that this approach works, but the attraction zones3 for many microtron

parameters appeared to be much smaller than the tolerances of these particular pa-

rameters, and therefore the studied method has not been useful. This is mainly due

to the strong non-linear behaviour of the beam-position deviations as a function of

microtron parameters.

In the second approach the closed-orbit deviations and isochronism deviations

are estimated from the measured beam positions. The tuning of the adjustable

microtron parameters using the estimated closed-orbit deviations and isochronism

deviations is then straightforward [13][14][15]. A model, i.e. a relatively simple

mathematical description, of the racetrack microtron, in which several parameters

are used as �t parameters (e.g. the tilt angle of the main bending magnets in

their median planes, the drift length, the excitation current of the main bending

magnets, etcetera) has been created. Then in reality the measured beam-position

deviations have to be �tted to the model. Further, the closed-orbit deviations and

isochronism deviations have to be retrieved from the model using the estimated

values of the �t parameters. And consequently the new adjustable-parameters values

are calculated[3].

The beam-position response at the monitor at the extraction point, BPM25, as

a function of several microtron parameters has been calculated using the numerical

simulation program of the Eindhoven racetrack microtron, see �gure 4.5. In this

�gure one can recognize those parameters that cause isochronism deviations, like

B, Ecav, and �. The �eld di�erence �B does not harm the isochronism conditions

as the increase in radius in one of the main bending magnet is counteracted by a

decrease in radius in the other main bending magnet. The correction magnets, of

which only the response as a function of Bc;1 is shown in �gure 4.5, as well as the

tilt angle of the main bending magnets, � , cause closed-orbit deviations.

In order to approximate the responses as shown in �gure 4.5, much e�ort has

been put in a model based on geometrical considerations [14], where the orbit of the

electron beam was built up from straight lines and arcs. However, this has not led

to a good description of the beam behaviour in the Eindhoven racetrack microtron.

This is also due to the non-linear behaviour of the machine, which has been shown

in section 4.1 and which is also illustrated in chapter 5. Furthermore, this is due

to the relatively-large tolerances for alignment of the racetrack microtron as well

3The attraction zone for a certain machine parameter is de�ned as the maximumdeviation of this

particular machine parameter for which the control scheme works successfully.
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Figure 4.5: The responses on the beam-position monitor at the extraction point of the Eindhoven

racetrack microtron, BPM25, as a function of variations in B (a), �B (b), Ecav (c), � (d), Bc;1

(e), and � (f), respectively. The variation in B and �B are given as a percentage of the nominal

magnetic �eld of the main bending magnets; the variation in Ecav is given as a percentage of the

nominal cavity potential.
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as for the magnetic-�eld inhomogeneity. Of course, the model has to describe the

orbit errors accurately inside the stability intervals of all machine parameters, but

the model must also give a good approximation slightly outside these intervals, such

that the reason for the loss of the beam in a real situation will be understood. The

latter appeared to be very di�cult to achieve as it depends strongly on the speci�c

errors of the racetrack microtron.

The third approach that has been studied and that has actually been chosen for

the tuning of the Eindhoven racetrack microtron makes a distinction between two

classes of input parameters. The electron beam deals with the cavity and with

the two main magnetic �elds each orbit, and it deals only once with the correction

dipoles. In this way two classes of input parameters are distinguished. In the �rst

class we have those parameters that have an inuence on the electron beam in each

orbit, i.e. Ecav, �, B, and �B. In the second class we have those parameters that

inuence the electron beam only once, i.e. Bc;n with (n = 1::12). The parameters

in the �rst class will be tuned using a trial-and-error approach. The parameters

in the second class will be tuned using a linear feed-back procedure that can be

incorporated in the software of the control system.

From �gure 4.5, where B, �B, Ecav, and � are varied over typical initial errors,

it has been decided that B will be varied over 5 steps from {1 % to +1 %, �B over

3 steps from {1 % to +1 %, Ecav over 5 steps from {1 % to +1 %, and � over 5 steps

from {10 to +10 degrees. In total this gives 5 � 3 � 5 � 5 = 375 grid points in

the four-dimensional B{�B{Ecav{� space. These grid points can automatically be

addressed with the control system. At each grid point it is tried to guide the beam

through the racetrack microtron by means of the twelve correction magnets.

For the tuning of the correction magnets a linear feed-back procedure is applied.

For this purpose the beam-position monitors BPM3, BPM5, BPM7, ..., BPM25

are used. The linear responses of the correction dipoles on the beam positions at

these twelve monitors have been determined by means of the numerical simulation

program of the racetrack microtron. Obviously, if the beam-position monitor is

located more upstream than the correction magnet, there will be no inuence of the

correction magnet on the beam-position monitor. Hence, @BPM2i+1

@Bc;j

= 0 if i < j.

In reality the �rst BPM (out of BPM3, BPM5, etcetera) for which the mea-

sured beam-position deviation is not equal to 0 within the measurement accuracy is

determined (This BPM is in the N th orbit). It has been chosen to use the BPM's

in the N th, (N + 1)th, and (N + 2)th orbit to control the correction dipoles in the

(N � 1)th, N th, and (N + 1)th orbit. Hence, a 3� 3 moving window is applied from

Bc;N�1 to Bc;N+1 and from BPMN to BPMN+2 The choice for a 3� 3 moving win-
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Table 4.2: The standard deviations for the microtron parameter errors as have been used for the

test calculations.

Microtron parameter Standard deviation

magnetic �elds of the main bending magnets 0.3 %

cavity potential 0.3 %

beam phase at injection 3 degrees

kick of the correction magnets 0.3 mrad

magnet positions 0.1 mm

magnet angles 0.3 mrad

dow has been established by a sensitivity analysis of the matrix elements @BPMi+1

@Bc;j

.

The sensitivity of these matrix elements for disturbances increases with (i� j). For

several typical values of the disturbances the matrix elements have been determined

using the numerical beam-tracing program. From this analysis it appeared that the

spread in the values of the matrix elements remains su�ciently small compared to

the mean values for (i� j) � 2.

Most of the 375 grid points will not result in proper acceleration of the electron

beam up to the extraction point. Consequently, in many cases the beam positions

will be corrected well up to a certain orbit (this means that the beam-position

deviations will be small up to this orbit), and in the next orbit the beam will not

arrive at all. This is due to too high isochronism deviations. The control procedure

at this grid point has to be stopped.

4.5 Tests of the tuning procedure

The tuning procedure as described in the previous section has been tested using

the numerical simulation program of the Eindhoven racetrack microtron. Many

parameters of the racetrack microtron have been given all kinds of typical random

Gaussian errors. The standard deviations of the microtron parameters are listed

in table 4.2. Then, the tuning procedure has been applied. For each individual

grid point in the four-dimensional B{�B{Ecav{� space the maximum number of

iteration steps has been set to 50 (it has appeared from a numerous amount of test

calculations that if convergence can be achieved this will be achieved in several tens

of steps at maximum). The result of one typical case is shown in �gure 4.6. In

this �gure the last orbit where the beam is still measurable after the optimization

procedure of the correction magnets is shown as a function of B, �B, Ecav and �

(these four parameters have been varied with regular steps over the intervals shown
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Figure 4.6: The last orbit where the beam is still present after optimization of the correction

magnets as a function of B (-1.0, -0.5, 0.0, 0.5, 1.0 %) and �B (-1.0, 0.0, 1.0 %) as shown in the

small graphs, Ecav (-1.0, -0.5, 0.0, 0.5, 1.0 %) and � (-10, -5, 0, 5, 10 degrees) as shown in the

overall graph. The optimal situations are denoted by A and B. C denotes a situation very near to

the optimum.
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in �gure 4.5). There are two cases where the beam reaches the extraction orbit,

which are denoted by A and B in �gure 4.6. The beam-current e�ciency4 has been

estimated by tracking many random particles through the racetrack microtron. The

beam shapes at injection in the two transverse phase planes and the longitudinal

phase plane have been estimated from the measurements and calculations as have

been performed by Hammen [17]. For the two cases, A and B, the beam-current

e�ciency has been calculated to be 0.66 and 0.64, respectively, which both are

acceptable and about equal to the maximumthat can be reached with the Eindhoven

racetrack microtron. For the optimumA the response on BPM25 has been calculated

as a function of parameters B, �B, Ecav, and � (similar as in �gure 4.5), and the

results are shown in �gure 4.7. The response plots are similar as those shown in

�gure 4.5.

This test has been applied many times for di�erent values of the alignment errors,

machine errors, and initial parameter deviations. In all cases the problem has been

solved. This means that there has always been at least one grid point for which

a solution has been found such that the beam reaches the extraction point with

a reasonable amount of beam current. The mean number of total iteration steps

appeared to be (2710 � 90). The average of the total e�ciency of the Eindhoven

racetrack microtron, i.e. the percentage of the injected beam current that will be

extracted eventually, appeared to be (68�2)%, which is equal to the maximum that

can be achieved with the Eindhoven racetrack microtron [3].

Assume that about 3 seconds are needed between two iteration steps, mainly

used for the re-adjustment of the correction magnets. In total, this means that

about 2.3 hours are needed for the whole procedure, which is certainly acceptable.

This time can be made shorter (if necessary) by making the tuning procedure more

e�cient in terms of the stopping criteria. In some cases it must be possible to

terminate the control e�orts for a certain grid point in an earlier stage. Furthermore,

once the microtron has been operated several times, the starting values for the tuning

procedure can be chosen better, and consequently the tuning procedure can become

much quicker.

4.6 Concluding remarks

The e�ects of errors in a racetrack microtron become less severe if the number

of orbits N , the incremental harmonic number �, and/or the operating frequency

becomes smaller. Furthermore, the magnitude of possible e�ects is determined by

the tolerances on alignment and machining. For the counteraction of the e�ects it is

4The beam current e�ciency is de�ned as the ratio between the extracted beam and the injected

beam current of the racetrack microtron.
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Figure 4.7: The responses on the beam-position monitor at the extraction point of the Eindhoven

racetrack microtron, BPM25, as a function of variations in B (a), �B (b), Ecav (c), and � (d),

respectively. These calculations have been performed for the optimal setting as it has been found

in the example. The locations of situations A, B, and C are pointed out in the �gure.
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preferred to measure the beam position as well as the beam phase at the end of each

individual orbit. The beam-position deviations can be counteracted with correction

magnets in the drift space between the main bending magnets. The beam-phase

deviations can be minimized by varying the settings of the main bending �eld, the

cavity potential and/or injection energy and phase. It is also possible to place

correction coils for each orbit in each of the main bending magnets.

The Eindhoven racetrack microtron has been designed with standard require-

ments on machining and alignment. It is not possible to measure the beam-position

deviations at the end of each orbit, but they are measured in the drift space between

the two main bending magnets. Therefore, a tuning procedure has been designed

which optimizes the adjustable parameters that inuence the electron beam in each

orbit by means of a trial-and-error method. The adjustable parameters that inu-

ence the beam only once are optimized by means of a linear feed-back procedure

that uses the measured beam positions in the drift space. This method has been

tested using a simulation program. The method �nds an optimum in all tested cases

with an average beam-transport e�ciency of (68 � 2) % and an average number of

iteration steps of (2710 � 90).
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5 Tuning possibilities of the microtron's

longitudinal beam properties

The beam shape in the longitudinal phase plane at the extraction point of the race-

track microtron strongly depends on the choice of the stable phase of the acceler-

ating cavity. As an example, the stable phase can be used to compress the bunch

length, which is an interesting feature for possible future purposes of accelerating

short bunches by the racetrack microtron. Furthermore, the mean energy of the mi-

crotron's output beam can be varied continuously between about 45 and 75 MeV by

scaling all adjustable microtron parameters.

Related publications:

� Theuws W.H.C., Botman J.I.M., Hagedoorn H.L., Continuous electron-energy variation of

the Eindhoven racetrack microtron, Proc. Part. Acc. Conf. Vancouver (1997) 1036{1038.

� Theuws W.H.C., Botman J.I.M., Hagedoorn H.L., Tuning possibilities of the longitudinal

beam shape of a racetrack microtron, Proc. Part. Acc. Conf. New-York (1999) 2825{2827.

5.1 Bunch-length compression

The shape of the microtron's output beam in the longitudinal phase plane can be

modi�ed. This can be done by changing the amplitude and phase of the microtron

cavity. The possibility to modify this beam shape makes it possible to either min-

imize the bunch length or the energy spread of the output beam [1]. In particular,

the possibility to compress the bunch length may be interesting in relation to the

new project that deals with the generation of short bunches, see section 1.2.2.

The energy gain per turn of the racetrack microtron, see equation (1.1), is de-

noted by Er, which has been chosen 5 MeV for the Eindhoven racetrack microtron.

As RF acceleration is being used this Er is set as

Er = Êcos�s; (5:1)

87
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Figure 5.1: The beam shape in the longitudinal phase plane just before the �rst cavity traversal.

where Ê is the amplitude and �s the stable phase of the cavity voltage. The slope

of the RF voltage at the stable phase provides the longitudinal focusing force. For

that reason it is obvious that the choice of the combination of Ê and �s has an

inuence on the longitudinal beam shape of the microtron's output beam. As this

focusing force is applied 13 times to the electron beam it can be expected that a

slightly di�erent choice of Ê and �s may have a great impact. First, this impact

has been studied, utilizing linear motion only, in section 5.1.1. Second, the validity

of the linear theory in the racetrack microtron is discussed in section 5.1.2, where

the linearity of the longitudinal phase plane is studied by means of a numerical

simulation program of the racetrack microtron.

All calculations, which are presented in this section, start just before the �rst

cavity traversal. The beam shape in the longitudinal phase plane just before the

�rst cavity traversal, shown in �gure 5.1, has been estimated from the measured

transverse emittance of the linac, see �gure 3.1 and the calculated longitudinal

emittance of the linac [2] exciting the beam-line quadrupoles at their ideal values,

see chapter 3. This beam shape can be approximated by an ellipse with Twiss-

parameters: � = 0, � = 0:185 m,  = 5:41 m�1, and � = 2 � 10�6� m. This ellipse

is used as input for the �rst-order calculations in section 5.1.1 and also for some of

the numerical calculations in section 5.1.2.
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Figure 5.2: The transport described by the matrices for the linear approximation.

5.1.1 First-order calculations

The e�ect of the stable phase of the cavity, �s, on the beam shape in the longitudinal

phase plane has been studied in linear approximation. The transfer matrix, Mn,

describing the transport of the n
th orbit in the racetrack microtron starting just

before the cavity is given by the product of �rst-order matrices:

Mn = D 1
2
(L�Lcav) � F�1 �B1;n � F�2 �B2;n � F�3 �DL+2L�;n

�
F�3 �B2;n � F�2 �B1;n � F�1 �D 1

2
(L�Lcav)

�CÊ;�s
: (5.2)

The transport that is described by all the matrices in this equation is pointed out

in �gure 5.2. The matrices D, B, F, C in equation (5.2) describe the e�ect of a

drift space, a sector bending magnet, a non-normal entrance/exit of a magnet and

an accelerating cavity, respectively. The subscripts 1 and 2 in B1;n and B2;n refer

to the sectors 1 and 2 of the main bending magnets, respectively. The subscripts

�1 � �� , �2 � (1
2
� � �) and �3 � � denote the entrance/exit angles for the edge-

focusing (� and � have been de�ned in section 1.3.3). The parameters Ê and �s
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are the amplitude and stable phase of the cavity voltage, respectively. Lcav is the

length of the cavity, L the distance between the bending magnets at the central axis

of the cavity, and L� is the extra drift that results from the rotation of the main

bending magnet over � . The subscript n indicates that the concerned matrix is orbit

dependent. The matrix that describes the transport of all twelve orbits, denoted by

M is given by the product of matrices M12 through M1.

The longitudinal sub-matrix of M together with the longitudinal input beam as

shown in �gure 5.1 have been used to calculate the longitudinal output beam of the

racetrack microtron for di�erent values of �s. The results are shown in �gure 5.3.

From this �gure it appears that variations in �s that are much smaller than the

stable phase area of about 18 degrees have a large inuence on the beam shape in

longitudinal phase space. This implies that it is possible to use �s to inuence the

longitudinal beam shape, such that this beam shape matches the acceptance of the

following electron-optical system better than it might have done with the nominal

settings for Ê and �s.

5.1.2 Validity of the linear theory

In order to assess the validity of the linear theory, two straight line segments in

the longitudinal phase plane, which are a little larger than the main axes of the

longitudinal input beam as shown in �gure 5.1, have been used as input for numerical

tracking through the Eindhoven racetrack microtron, see �gure 5.4. From this �gure

it can be seen that the longitudinal emittance of the linac beam is much larger than

the linear regime. Therefore, the transport of the longitudinal linac beam, as shown

in �gure 5.1, has also been calculated through the Eindhoven racetrack microtron by

means of the numerical simulation program for di�erent values of �s, see �gure 5.5.

Of course, the longitudinal beam shape still depends on �s, but making the bunch

length shorter by means of �s is less e�ective. On the other hand, if the microtron

will be used for the acceleration of short bunches, another pre-accelerator, which

will already produce much shorter bunches, will become necessary. In that case the

linear approximation may become valid and useful.

As an example a beam with the same longitudinal beam shape as shown in

�gure 5.1 but with a much smaller longitudinal emittance of � = 1 � 10�7� m has

been tracked through the racetrack microtron numerically, with �s = 9:0 degrees.

The longitudinal output beam is shown in �gure 5.6. This longitudinal beam shape

is similar to the beam shape obtained in linear matrix theory as shown in �gure 5.3

for �s = 8:3 degrees. Now, say that it is tried to minimize the energy-spread of the

beam. Then it can be seen from �gure 5.3 that this is achieved for �s = 8:7 degrees,

which is 0:4 degrees above the 8:3 degrees representing the situation we have in our

numerical simulation for 9:0 degrees. So, adding 0:4 degrees to the 9:0 degrees gives
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Figure 5.3: The beam shape in the longitudinal phase space at the extraction point of the

microtron for di�erent values of �s. These plots have been calculated using the linear matrix

theory.
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Figure 5.4: Two straight lines in the longitudinal phase plane AB and CD are injected just before

the �rst cavity traversal (orbit 0). The stable phase of the cavity has been set to 9 degrees. These

lines have been tracked numerically and the lines are given after each full orbit.
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Figure 5.5: The beam shape in the longitudinal phase space at the extraction point of the

microtron for di�erent values of �s. These plots have been calculated using the numerical simulation

program.
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Figure 5.6: The longitudinal output beam shape for a beam that is injected with a small longi-

tudinal emittance (� = 1 � 10�7� m) for �s = 9:0 degrees and �s = 9:4 degrees.

the output beam which is also shown in �gure 5.6. In this �gure the energy spread

is minimized quite well. The origin of the latter �gure is related to the other �gure.

As the nominal revolution time of each orbit is not exactly equal to an integer times

the inverse of the accelerating frequency, the beam shape is not exactly centred on

the origin.

5.2 Continuous energy variation

With the change of the project goal another �nal beam energy may become desir-

able. For the Eindhoven racetrack microtron, which has been designed as a �xed-

energy accelerator at 75 MeV, continuous electron-energy variation between 45 and

75 MeV can be obtained by taking the microtron's orbit pattern as constant and

varying certain parameters [3]. The microtron injector linac can produce electron

energies continuously variable between 6 and 12 MeV by changing the beam load-

ing. The microtron cavity potential and the magnetic guide �elds must be adapted

to the injection energy in order to ful�l the synchronism conditions. The racetrack

microtron's transverse and longitudinal acceptances are a�ected by electron-velocity

deviations from the speed of light. These deviations are more important for lower

extraction energies. An account of these e�ects is presented.
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5.2.1 Energy variation versus isochronism

The microtron design is dictated by the two basic relations given by equations (1.1)

and (1.2). The racetrack microtron has been designed as a �xed energy machine as

a consequence of the initial project goal, and the parameters as given in table 1.2

have been established in that way. However the microtron's �nal energy can also

be set at another value, as di�erent combinations of Einj, Ecav and Br can ful�l the

basic microtron relations as well. These three parameters can be changed without

changes in hardware. The injection energy is provided by the linac, which can be

varied continuously between 6 and 12 MeV by changing its beam loading. The

cavity potential and resonant magnetic �eld can be adapted to the injection energy.

The other parameters appearing in equations (1.1) and (1.2) can be left unchanged.

The microtron's extraction energy is given by

Eextract = Einj + 13Ecav; (5:3)

in which Ecav � 1
2
Einj according to equation (1.1). As the linac can produce beam

energies between 6 and 12 MeV and the microtron's accelerating cavity can be used

up to about 5 MeV the microtron extraction energy can be varied continuously

between about 45 and 75 MeV.

Higher extraction energies are possible but certain technical constraints need to

be overcome. For higher extraction energies the magnetic �elds of the microtron's

main bending magnets need to be increased, and the magnetic-�eld in their return

yokes is already high for the 75 MeV setting. Furthermore, it is not known whether

or not the microtron cavity can be used beyond an accelerating potential of 5 MeV.

Finally, the upper limit for the injector linac is 12 MeV. In this study these technical

limitations of the main bending magnets and the accelerating cavity have not been

taken into account, and extraction energies ranging from 45 to 90 MeV have been

considered.

However for lower extraction energies the isochronism condition is slightly vio-

lated as the particle velocity deviations from the speed of light become larger in the

lower-energy orbits. This implies that it takes a particle a little longer to complete

an orbit. For the 75 MeV settings of the racetrack microtron the extra time needed

for the �rst orbit is 4.7 ps, which corresponds to 5.1 degrees of the RF period. For

the next orbits this phase-di�erence becomes less as the particle velocity increases,

viz. 3.1, 2.2, 1.6 degrees, etcetera. Isochronism is not a�ected seriously by these

phase-di�erences, as the stable phase-interval, given by [4]:

�� = arctan

�
2

��

�
; (5:4)
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equals 18 degrees for the Eindhoven racetrack microtron. However for lower mi-

crotron energies this becomes a problem as the velocity deviations in the low-energy

orbits become larger. For example, for the 45 MeV settings the phase-di�erences

for the �rst few orbits are 14.5, 8.4, 5.9 degrees, etcetera. These velocity deviations

a�ect the longitudinal acceptance of the racetrack microtron.

5.2.2 Transverse acceptance

By varying the microtron's output energy in the way as described in the previous

section, the orbit pattern of the microtron remains constant. This means that all

`obstacles' that limit the transverse acceptance are at the same positions relative to

the beam. Consequently to �rst order the transverse acceptance is not inuenced

by energy variation.

However, this is not exactly true as the orbit pattern does not remain exactly

constant. The bending radius, �, is linear with �. So for high energies � is linear

with , which is linear with energy. But, for lower energies � plays a role as � is

not linear with energy. This inuences the orbit pattern and consequently this may

inuence the transverse acceptance.

Consider the worst-case situation: Einj = 6 MeV, and consequently Ecav �
3 MeV. This means that the energy in the �rst orbit is about 9 MeV, which means

� = 0:999. The relative inuence for the bending radius � is 1 � �, which is 0.1 %.

As � � 0:1 m for the �rst orbit, this means that �� � 0:1 mm. This is negligible

with respect to the 10 mm space the beam has. Hence, the e�ect of (1 � �) on the

transverse phase space is negligible.

In the vertical direction there is no dependency on �, see equation 1.4. Conse-

quently, there is no e�ect on the transverse acceptance.

In conclusion, the transverse acceptance is not essentially inuenced by the en-

ergy variation.

5.2.3 Longitudinal acceptance

The longitudinal acceptance is calculated by means of equations (1.6) and (1.7)

describing the dynamics of the synchrotron motion. However, in these equations

perfect isochronism is assumed. The violation of isochronism as a result of the fact

that the electrons do not exactly have the speed of light can be incorporated by

adding an extra term ��n, which accounts for this e�ect, to the right-hand side of

equation (1.6).

For a regular grid of combinations of initial deviations ��1 and ��1 equa-

tions (1.6) and (1.7) are applied 13 times. If ��n remains bounded during these

calculations the position in longitudinal phase-space is considered as accepted. The

size of the longitudinal acceptance is linear with the extraction energy from 1.0 deg-
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Figure 5.7: The longitudinal acceptance for four di�erent output-beam energies: (a) 45 MeV

(� = 1:0 degMeV), (b) 60 MeV (� = 1:5 degMeV), (c) 75 MeV (� = 1:9 degMeV), and (d) 90 MeV

(� = 2:4 degMeV).

MeV for Eextract = 45 MeV to 2.4 degMeV for Eextract = 90 MeV. However, an

initial phase o�-set and injection-energy o�-set have to be applied in all cases in

order to partly counteract the e�ects of the electron-velocity deviations from the

speed of light. For extremely high energies the longitudinal acceptance stabilizes

at about 11 degMeV, but this is for extraction energies of about 1 GeV or higher,

which is practically impossible to achieve with the Eindhoven racetrack microtron.

The longitudinal acceptance plots for the microtron output-beam energies of 45, 60,

75 and 90 MeV, respectively, are shown in �gure 5.7.



98 Tuning possibilities of the microtron's longitudinal beam properties

5.3 Concluding remarks

The microtron's output-beam shape in the longitudinal phase plane is very sensi-

tive to small variations of the stable phase of the microtron's accelerating cavity.

Therefore, the choice of this stable phase can be used to minimize either the bunch

length or the energy spread of the output beam. The principle has been studied

in linear approximation, but it has been shown that the linear approximation is

only valid for longitudinal emittances that are much smaller than the longitudinal

emittance that is delivered by the injector linac to the racetrack microtron. The

non-linear behaviour of the racetrack microtron makes this minimization less e�ec-

tive, but still useful, as has been shown. Furthermore, if short bunches will have

to be accelerated with the racetrack microtron, another injector will be used for

the microtron. This injector will most probably produce beams with smaller longi-

tudinal emittances, such that the linear approximation might become valid, which

makes the minimization of the bunch lengths more e�ective.

If short bunches are to be accelerated in the racetrack microtron other prob-

lems, which have not been considered in this chapter at all, may play an important

role. For instance Coherent Synchrotron Radiation, which is important when short

bunches are bent by a magnetic �eld, may destroy the short bunch length and

therefore the racetrack microtron may not be useful as an accelerator for ultra-short

bunches at all [6].

Continuous electron-energy variation is very well possible with the Eindhoven

linac { racetrack microtron combination without any changes in its hardware con-

�guration. The extraction energy can be varied between about 45 and 75 MeV.

For lower extraction energies the longitudinal acceptance of the racetrack microtron

decreases as the isochronism conditions are slightly violated by particle-velocity de-

viations from the speed of light in the �rst few orbits in the racetrack microtron.

At 45 MeV the longitudinal acceptance is about 1.0 degMeV, so even slightly lower

extraction energies are allowed theoretically, but the linear accelerator cannot pro-

duce beam energies below 6 MeV. Extraction energies above 75 MeV are possible

theoretically, but a few technical limitations have to be overcome. The return yokes

of the main microtron bending magnets are relatively small, such that saturation is

very near already for the 75 MeV mode. The cavity potential has been tested up

to 5 MeV, and it is not sure if higher potentials are possible. And �nally, the linac

cannot produces beam energies above 12 MeV.
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6 Concluding remarks

In this thesis the beam control of racetrack microtrons in general, and of the Eind-

hoven racetrack microtron in particular has been considered. Racetrack microtrons

with extraction energies in the order of 100 MeV have remained in the centre of

attention since the introduction of the original concept. These types of machines

are compact and economic sources of high-quality electron beams. They are fre-

quently used as injectors for boosters of synchrotron-radiation storage rings, and

as high-intensity sources for free-electron lasers. Therefore, beam-dynamics studies

and control studies for these types of electron accelerators are of importance.

The Eindhoven racetrack microtron di�ers from other racetrack microtrons in its

injection system and in the fact that end magnets are employed with an azimuthally-

varying �eld pattern. The injection system is composed of an existing commercial

linac and a special beam-transport system which is capable of matching the trans-

verse and longitudinal emittance of the electron beam to the microtron acceptance.

The injection method allows a great exibility in providing the electron-beam char-

acteristics as required by the particular application of the racetrack microtron, e.g.

regarding intensity and shape of the electron bunches, the de�nition of the electron-

pulse train and the macro duty cycle. The azimuthally-varying magnetic-�eld pat-

tern provides adequate axial focusing, which makes sure that the microtron operates

su�ciently far from dangerous resonances and makes it less sensitive to alignment

errors, and which allows for the acceleration of high-intensity electron beams.

A beam-diagnostic system for the complete linac { racetrack microtron combina-

tion has been designed with speci�c emphasis on its application in the beam-control

system. The two main optimization procedures that are required for a proper func-

tioning of the microtron have been developed, viz. an optimization procedure for

the quadrupoles of the injection system, and an optimization procedure for all ad-

justable parameters of the racetrack microtron. Furthermore, the tuning possibilities

of output-beam properties have been studied, showing the possibility to minimize

either bunch length or energy spread in the emerging electron beam. Continuous

electron-energy variation is very well possible with the Eindhoven linac { racetrack

101
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microtron combination without any changes in the hardware con�guration. The

extraction energy can be varied between about 45 and 75 MeV.

The studies as presented in this thesis have pointed out that the non-linear be-

haviour of the electron-beam dynamics in the racetrack microtron is more dominant

than originally anticipated. Therefore one has to call upon numerical simulations

for a proper understanding of the beam behaviour and the beam properties. As

a consequence of the non-linearities, the design of the optimization procedures be-

comes complex. The non-linearities become less important if the number of orbits,

the accelerating frequency and the incremental harmonic number, �, are decreased.

All these factors are more favourable for the 25 MeV Twente FEL-injector race-

track microtron, which has been designed in parallel with the Eindhoven racetrack

microtron, with similar design features.



Addendum:

Application of project management

A project-management approach has been applied for the completion of the Eindhoven

linac { racetrack microtron combination as well as the development, construction and

commissioning of the beam-diagnostic system for this accelerator combination. The

project plan that has been written at the beginning of the linac { racetrack microtron

project, containing the implementation of certain project-management techniques1, is

outlined. Furthermore, the execution of the project plan is evaluated, and the value of

project-management techniques in relation to the linac { racetrack microtron project

is discussed.

1 The project plan

The project has been called `The completion of the linac { racetrack microtron

combination' [2][3]. This project name contains the word `completion' as the 10 MeV

linear accelerator had already been put into operation, and several parts of the 10-

75 MeV racetrack microtron (e.g. the main bending magnets, the vacuum system,

and the correction magnets) had already been �nished at the beginning of the linac {

racetrack microtron project, in February 1995. For short, in this addendum we will

refer to this project as the `linac { racetrack microtron project'.

First, the problem that has to be solved by the execution of the project plan is

stated in section 1.1. Second, the project result is de�ned in section 1.2. After these

global de�nitions about the linac { racetrack microtron project, the project is being

divided in four project phases2 and many project activities3, which are outlined

1The project plan has been based on the project-management techniques as have been published

by Wijnen et al. [1].
2The linac { racetrack microtron project has been subdivided into four phases: i.e. the de�nition-,

design-, preparation-, and realization-phase. The initiation phase has happened before the project

plan has been written, and is therefore not discussed explicitly here. The product-support phase

has been left out of the project result.
3A project activity is an activity that is directly essential for the completion of the project result.
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in section 1.3. Besides the project phases and large number of project activities

there are �ve control activities4, which are discussed in section 1.4. The project is

evaluated in section 2.

1.1 Problem statement

In the beginning of 1995 several parts of the linac { racetrack microtron combina-

tion had been completed, but there was still a large amount of components to be

developed and constructed. As a result of the large amount of components to be de-

veloped the overall view of the project, in terms of time, costs, quality, information,

organization and activities to do, was di�cult to maintain. Therefore, a strategy to

put the overall view of the project in order was needed, and project-management

techniques have been applied.

When the project was started in the beginning of 1995 it was still intended to

build the electron-storage ring as has been explained in chapter 1. The construction

of this storage ring had been divided in two stages. In the �rst stage, the injector for

this ring, i.e. the linac { racetrack microtron combination, was to be built and put

into operation. In the second stage, the ring itself would be built. In the beginning

of 1995 the execution of the �rst stage was in progress. The 10 MeV linac had been

put into operation already. The electron-optical design of the beam-transport line

had been �nished. Also, some of the main components of the racetrack microtron

(e.g. the two-sector bending magnets and the vacuum system) were present. Hence,

all the remaining components had to be de�ned, designed, constructed by ourselves,

or at the Central Design and Engineering Facilities of the Eindhoven University, or

put out to contract, and �nally, all components were to be assembled.

1.2 Project result

At the beginning of the project the project result5 had been de�ned in global terms

(details had to be worked out during the project), but as unambiguous as possible.

Therefore, the things that had to be ready at the end of the project are de�ned. For

the linac { racetrack microtron project the project result contains:

� All remaining hardware and software for the linac { racetrack microtron combi-

nation that is necessary for the acceleration of an electron beam up to 75 MeV

and for safe operation of both accelerators.

� The diagnostic equipment, together with the detection electronics, detection

software and feed-back software, that is required for the optimization of the

4A control activity is an activity that is not directly essential for the completion of the project

result, but an activity that is necessary to control the project activities.
5The project result is de�ned as those things that are ready when the project is �nished.
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machine settings of the linac { racetrack microtron combination.

� Complete documentation for this accelerator combination.

If only the contents of the project result are written down it is easy to get misun-

derstandings about this contents. Discussions can come up about whether or not

certain things are part of the project result. So, those things of which people might

think that they are part of the project result, but which are not intended to be part

of it, have been written down explicitly in order to prevent the misunderstandings

and the discussions about the project result. For the linac { racetrack microtron

project the project result does not contain:

� Measurements of beam-dynamical properties of the accelerators or their con-

necting beam-transport line.

� Optimization of the accelerators.

� Optimization of the beam parameters.

� Synchronization of the magnetrons that power the accelerators.

� The beam transport behind the racetrack microtron.

� Product support.

This does not mean that these activities are not important and should not be carried

out. They just have not been incorporated in the project as it is de�ned here.

1.3 Project phases and project activities

In this section a concrete but certainly incomplete description of the project phases

and project activities, which have been de�ned in the project plan, is given. From

the project result, as given in the previous section, a list of all sub-systems of

the accelerator combination, that had not been completed yet, has been made.

This list of sub-systems contains 67 items [2][3], including for instance the design

and construction of the beam-position monitors, the detection electronics for these

monitors, etcetera. As a starting point each of the 67 items has been divided over

the four project phases that are used for the linac { racetrack microtron project,

i.e. the de�nition-, design-, preparation-, and realization-phase, and the phases have

been linked in this order. From that point all cross links between the activities of the

so-de�ned sub-projects have been identi�ed. Certain activities have been combined

or added (if this seemed more natural).

Generally, the project activities are represented in GANTT charts6 and PERT

6A GANTT chart represents all activities by bars. The bars are plotted on a time scale showing

start and �nish dates.



106 Addendum: Application of project management

charts7[4]. For the linac { racetrack microtron project the project activities have

been represented in a chart that is some sort of combination of a GANTT chart

and a PERT chart: the project activities have been represented by bars, the ow

of activities have been indicated by arrows, and the lengths of the bars do indicate

the lead-times of the activities, but they have not been plotted on a time scale.

Hence, this chart is quite close to a GANTT chart, but without the time scale. This

is due to the fact that the exact timing of the project has not been considered as

extremely important. The entire project chart (containing 254 activity bars in total)

is much too large to present completely in this addendum. Therefore, only a part of

this chart is shown in �gure 1, presenting those activities that are necessary for the

completion of all beam-position monitors (BPMs) and the detection electronics for

these monitors. The project activities shown in this �gure will be explained, and

some links to other activities of the project will be indicated.

In the de�nition phase it starts with the requirements on the BPMs in the race-

track microtron's vacuum chamber (A1), see chapter 1, and the requirements on the

other BPMs (A2), i.e. two BPMs directly behind the linac, four BPMs near the

microtron cavity, and two BPMs at the extraction point8.

Many sub-systems of the accelerator combination have to do with electronics.

The electronic system must also be considered as a whole. Therefore, all de�nition

activities of sub-systems that have to do with electronics will be followed by a

de�nition activity that looks at the integration of the electronics (A3). Furthermore,

grand totals (like the total amount of 16 bits DACs that is required, or whatever)

can be calculated.

All electronic systems either belong to the control system or to the safeguarding

system. These systems must not be mixed for safety reasons, see chapter 1. The

control system and the safeguarding system are regarded in the de�nition activities

A4 and A5, respectively.

When the control system as well as the safeguarding system have been de�ned,

many design tasks (obviously not only concerning the BPMs) can start in parallel.

For the BPMs these are the design of the BPMs themselves, the design of the

detection electronics, the choice of the vacuum feed-throughs, and the design of the

beam-positioning software.

The design of the electronics of the BPMs in the microtron's vacuum chamber

and of the other BPMs is represented by B1 and B3, respectively. As the electronics

for the detection of the BPM signal is certainly not standard [5], prototypes of both

7A PERT chart represents the ow of all activities. Hence, it is in fact a ow chart of project

activities.
8At the time the project plan has been written, it had already been decided to apply di�erent

BPMs in the vacuum chamber (rectangular) than at the other places (circular).
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Figure 1: Part of the linac { racetrack microtron chart. The bars represent project activities.

The de�nition-phase activities are denoted by A, design-phase activities by B, preparation-phase

activities by C, and realization-phase activities by D, followed by a serial number. The activities

are explained in the text.
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types of detection electronics have to be built (B2 and B4, respectively). When the

prototypes have been built and found to ful�l the requirements as have been de�ned

in the activities A1 and A2, the materials for the detection circuits for all BPMs can

be ordered (C1 and C2, respectively). Consequently, the construction of the entire

electronic system for the beam-position detection can be put out to contract (D1)

followed by system tests (D2). When all the electronics that has to be installed in

the same rack (this has been de�ned in A3) is ready, then the rack can be assembled

(D3).

Besides the electronics there are the BPMs themselves. The design of the BPMs

in the microtron's vacuum chamber is represented by B7. Consequently, all required

materials can be ordered (C5) and the construction can be started (C6). When

certain other components of the racetrack microtron have been �nished and installed,

then the BPMs can be installed in the microtron (D4). Similar activities are needed

for the other BPMs which are not located inside the microtron's vacuum chamber

(activities B8, C7, C8, and D5).

The BPMs in the microtron's vacuum chamber will have to be connected to the

electronic system, which is outside the vacuum. Therefore vacuum feed-throughs are

needed. The choice for these feed-throughs is made in B5. Besides the feed-throughs

for the BPMs there are also feed-throughs for the correction magnets in the vacuum

chamber. In another part of the project a choice has been made for these vacuum

feed-throughs. All these choices have to be combined and a design has to be made

for a vacuum ange (B6). Then all the feed-throughs can be ordered and the ange

can be constructed (C3), and consequently the feed-throughs and the ange can be

installed (C4).

As soon as the BPMs are installed, the detection electronics is installed, and

the vacuum feed-throughs are installed, as well as many other things have been

completed, then the entire electronic system can be cabled up (D6).

Completely apart from all this, the requirements for the beam-positioning soft-

ware can be de�ned (A6), and the software can be designed (B9) and �nally imple-

mented (D7).

Most components of the accelerator combination have to do with the electronic

system. Hence, most paths of the components go through A3 and either A4 or A5.

A few mechanical parts (such as supports for the linac and the microtron cavity) and

documentation of the entire machine have more or less completely separate branches

in the chart, but these are not shown in �gure 1.

1.4 Control activities

In this section the control activities for the linac { racetrack microtron project, i.e.

time, costs, quality, information, and organization, are discussed.
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Time

For each of the project activities as de�ned in the previous section the required

amount of man-hours have been estimated with an expected error of 20 %. Further-

more, the expertise of the person or persons who have to do the activity has been

de�ned. With the assumption of in�nite availability of resources and an unlimited

yearly budget the lead-time of the activities have been determined.

From the estimated lead-times together with the chart as presented in the pre-

vious section the critical chain9 has been determined. This chain goes from the

de�nition of the requirements on the cooling system (not shown in �gure 1) through

the activities A3, A4/A5, B1/B3, B2/B4, C1/C2, D1, D2, D3, and D6. The dura-

tion of this chain is about one year. Nevertheless, the total duration of the project

has been set at 2.5 years, due to a shortage in budget and man power.

For the linac { racetrack microtron project the total amount of required man-

hours is 10,700 man-hours (nearly 6 man-years). This amount includes the required

man-hours in the accelerator-physics group (7,800 man-hours) as well as the re-

quired man-hours in the Central Design and Engineering Facilities of the Eindhoven

University (2,900 man-hours). It does not include those man-hours that are made

by sub-contractors. From this estimation and taking the 2.5-years duration of the

project into account it has become clear that there was a shortage in our group of

at least 2 man-years in electronic engineering. A solution for this problem had to

be found very soon after the start of the project.

Costs

The costs of the project only includes those costs which are chargeable to the budget

of the accelerator-physics group. This includes all costs for the project, except for

the personnel costs of the accelerator-physics group. Moreover, the personnel costs

for the Central Design and Engineering Facilities are only chargeable to the budget

for 5 guilders10 per hour. This results in 14,500 guilders in total.

Hence, the costs for the linac { racetrack microtron project have been estimated

to be 343,500 guilders with an error of about 20 %. The yearly group budget at

the time the project started was around 150,000 guilders. The budget for the years

to come had not been established by that time. Assuming that the yearly budget

would remain constant, the duration of the project is at least about 2.5 years for

this reason only.

9The critical chain is the longest sequence of activities one can �nd in the GANTT chart. This

chain gives the shortest possible duration of the project.
10The currency used in this addendum is the Dutch guilder (1 guilder = 0.45378 euros).
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Quality

In order to guarantee that the project result will be formally acceptable it is nec-

essary to control the quality of each individual project activity. For the linac {

racetrack microtron project we have de�ned that the result of each activity will

have to be discussed in the monthly meetings (see information), or, if necessary, in

an intermediate meeting with the project leader.

The demands on all sub-systems are to be de�ned in the de�nition phase. These

demands have to be formulated as the minimum quality that is needed for the sub-

system to work properly. Hence, there is no way of changing the demands later. If

the required quality may lead to an increase in the total project costs, then the total

duration of the project has to be increased, such that the costs can be spread over

a longer period of time.

The quality has to be guaranteed by tests of all sub-systems separately and all

together, which is foreseen in the project activities. The demands that have to be

ful�lled are to be de�ned in the de�nition-phase as well.

Information

As the project is carried out by only a few persons, it has been chosen to have

one `central person' (i.e. the project leader) who gathers all the information that is

relevant for other participants in the project. All participants of the linac { racetrack

microtron project will have a monthly meeting. During these meetings minutes have

to be taken, and they have to be sent to all participants, such that all participants

have direct access to all information concerning the project. Changes in the project

or changes in demands that already had been de�ned can only be accredited during

one of these meetings. In the meantime all information that is important for more

than one participant has to ow via the project leader, such that he can maintain

the overall view of the project.

Organization

All participants (the project leader, the physicists, the mechanical and electronic

engineers and technicians) of the linac { racetrack microtron project have been

de�ned in the project plan [2][3] as well as their responsibilities. Furthermore, at

the beginning of the project it had already been identi�ed that the duration of

the project of around 2.5 years is critical in relation to the costs and certainly to

the available amount of man-power. It had also been identi�ed that their was still

a shortage of more than two man-years in electronics. It had been stated that a

solution for this was necessary if the project had to be �nished within 2.5 years.
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2 Evaluation

It can be concluded that project-management techniques can be applied successfully.

It is very helpful to determine the project costs in terms of money and resources be-

forehand. It is also helpful to detect certain problems (e.g. about costs or resources)

in a very early stage. Unexpected things that have an inuence on the project can

happen. The overview of the project that is retrieved from the project-management

approach can be helpful to cope with such unexpected problems (e.g. if the avail-

able amount of man-power is decreased, then this can be overcome by increasing

the costs (buying man-power from elsewhere) or by increasing the duration of the

project (if this is allowed)).
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Appendix A

Numerical particle-tracking code

The numerical particle tracking code that has been developed at the accelerator-

physics group of the Eindhoven University is described. The code has been set up as

a software toolbox such that several di�erent aspects of charged particles moving in

a magnetic-�eld can be studied.

A.1 Basics of the code

Generally, in accelerators the central orbit is con�ned to a plane, called the median

plane. Consequently, the guiding magnetic �elds are designed such that there is

only a non-zero �eld component perpendicular to this plane. The code makes use

of a 2-dimensional xy-plane in which up to twenty di�erent magnetic-�eld maps

can be de�ned, see �gure A. For each magnetic-�eld map the z-component of the

magnetic �eld is given at a regular grid. This �eld map can either be retrieved from

calculations or from measurements.

For an electron close to the median plane the z-component of the magnetic �eld

at (x; y) is calculated by means of an interpolation routine. The x- and y-components

are calculated from rot ~B = ~0:

Bx = z
@Bz

@x
; (A:1)

and

By = z
@Bz

@y
; (A:2)

where z denotes the displacement of the electron with respect to the median plane.

The trajectory of a certain electron is obtained from numerical integration of the

equations of motion:
d(m~v)

dt
= e~v � ~B; (A:3)
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Figure A: Magnetic-�eld maps in the xy-plane.

and

~v =
d~x

dt
; (A:4)

where ~x denotes the spatial coordinates and ~v denotes the velocity. A fourth-order

Runge-Kutta integration algorithm [1] is used in combination with a bilinear or a

bicubic interpolation1 [1].

A.2 Toolbox

In fact the code only consists of a library of VMS Pascal Routines. The user has to

write a main program with a prescribed initialization line in order to run the particle-

tracking code. In this way the code becomes more exible than most commercial

codes. The code facilitates several kinds of basic routines:

� Fieldblock routines. Several routines are available in order to read magnetic-

�eld blocks from �les, or to generate standard magnetic-�eld con�gurations,

e.g. dipoles and quadrupoles.

� Kernel routines. Magnetic-�eld interpolation, and numerical integration of the

equations of motion.

1The code facilitates both interpolation routines, which can be chosen by the user: bilinear is

quicker, and bi-cubic is more accurate.
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� Accelerator Models. In fact the code only facilitates the calculation of moving

charged particles in a magnetic �eld. Therefore, several models for standing-

wave accelerators are available [2]. Hence, the transfer is not calculated nu-

merically.

� General Routines. Several general routines, like the generation of lists of �le-

names.

� Mathematical Routines. Mathematical routines, like transformation of degrees

to radians and vice versa, truncation of real numbers, a random generator for

the calculation of clouds of particles are presents.

Also routines of a higher level are facilitated:

� Particle Tracking. Several routines are present for easy calculation of a charged

particle from a certain user-de�ned position and direction until is has passed

a user-de�ned `�nish line'.

� First-order Matrix Calculations. First-order matrices can be calculated from

a certain start position to a certain �nish line. Furthermore, matrix multipli-

cation and transformations of Twiss parameters can also be calculated.

� Emittance/acceptance calculations. Numerical calculation of emittance and

acceptance �gures are facilitated.

� Routines for the Eindhoven racetrack microtron. A lot of routines have been

written dedicated for the racetrack microtron, e.g. a routine to read and

de�ne all the �eldmaps at once, a routine to calculate the beam positions

at the locations of all the BPMs, microtron-speci�c acceptance and emittance

calculations, etcetera. With these routines many kinds of di�erent calculations

can be carried out very easy.

A.3 Concluding remarks

The numerical particle-tracking code has been written for two reasons. The �rst

reason is that existing commercial codes are often very useful for a certain kind of

calculations, e.g. matrix-calculations, but they often cannot be used for all calcu-

lations one has to do. The second reason is that the source code of commercial

codes is not given, and manuals do not completely cover the physical contents of the

code. Therefore, it often takes a very long time to �nd out what is exactly being

calculated, and what kind of e�ects are incorporated.

With the numerical particle-tracking code we have overcome these problems. In

order to limit the e�ort that must be put in setting up the code, the calculation
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time has not been optimized. With the code it has been possible to perform all

calculations we wanted to perform. However, sometimes it took up to several days

to perform a certain calculation.

The code has been adapted to calculations for the Eindhoven racetrack mi-

crotron. However, the code has been built up of small general modules which are

independent of the layout of a racetrack microtron. Hence, it is very easy to use the

code for other ion-optic systems in which magnetic �elds play an important role. It

is necessary that the motion of the particles is con�ned to a certain plane.
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Summary

This thesis deals with beam-control studies of the Eindhoven racetrack microtron.

The e�ects of machine-parameter deviations on the electron beam have been stud-

ied. Beam-diagnostic devices and control strategies, which use the measurements

of the beam-diagnostic devices to control the adjustable machine parameters, have

been developed such that undesired e�ects of non-adjustable parameters can be

counteracted.

The developments in accelerator physics that have led to the racetrack microtron

are described in chapter 1. The special design of the Eindhoven racetrack microtron

is shown. Certain general de�nitions related to the motion of electrons in an electro-

magnetic �eld, which are relevant for the work described in this thesis, are given.

The beam-diagnostic system that has been developed is described in chapter 2.

As alignment errors, machine errors and magnetic-�eld imperfections are unknown,

the e�ects on the electron beam have to be measured and fed back to thirty ad-

justable machine parameters that counteract the e�ects of the errors. For this pur-

pose several beam-diagnostic devices have been designed, built and tested, viz. two

beam-current monitors, thirty-two beam-position monitors, a beam-phase monitor,

an optical-transition-radiation measurement set-up for transverse-emittance mea-

surements, and a spectrometer magnet for beam-energy measurements.

An optimization procedure for the beam-line quadrupoles is presented in chap-

ter 3. The beam-transport line between the linac and the racetrack microtron con-

tains six quadrupoles to match the shape of the linac beam in the transverse phase

planes to the shape of the microtron acceptance in these phase planes. A feed-

back procedure, which makes use of transverse emittance measurement just after

injection in the microtron, is applied to �nd the optimal settings for the beam-line

quadrupoles in an iterative procedure such that the measured transverse emittance

matches the calculated microtron acceptance. Test calculations of this optimization

procedure have shown that it is useful under all expected situations.

A tuning procedure for the adjustable parameters of the racetrack microtron

is presented in chapter 4. The adjustable parameters that inuence the electron

beam in each orbit are tuned by means of a trial-and-error method. The adjustable
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parameters that inuence the beam only once are optimized by means of a linear

feed-back procedure that uses the measured beam positions in the drift space. This

method has been tested using a numerical simulation program. The method has

found an optimum in all test cases with an average e�ciency of (68 � 2)% and an

average number of iteration steps of (2710 � 90).

The tuning possibilities of the microtron's longitudinal beam properties are de-

scribed in chapter 5. The beam shape in the longitudinal phase plane at the extrac-

tion point of the racetrack microtron can be changed with the stable phase of the

accelerating cavity. This principle can for instance be used to compress the bunch

length of the output beam. Furthermore, the mean energy of the microtron's output

beam can be varied continuously between 45 and 75 MeV by scaling all adjustable

microtron parameters.



Samenvatting

Dit proefschrift beschrijft de studie naar de beheersing van de elektronenbundel in

het Eindhovense racetrack microtron. De e�ecten op de elektronenbundel ten ge-

volge van afwijkingen van machineparameters zijn bestudeerd. Bundeldiagnostische

middelen en bundelbeheersingsstrategie�en welke gebruik maken van de metingen die

gedaan worden met de bundeldiagnostische middelen om de instelbare machinepa-

rameters bij te kunnen sturen, zijn zodanig ontwikkeld dat ongewenste e�ecten van

niet-instelbare parameters kunnen worden tegengewerkt.

De ontwikkelingen in de versnellertechnologie die hebben geleid tot het racetrack

microtron, worden beschreven in hoofdstuk 1. Het speciale ontwerp van het Eindho-

vense microtron wordt uiteengezet. Enkele algemene de�nities die gerelateerd zijn

aan de beweging van elektronen in een elektromagnetisch veld en die relevant zijn

voor het werk dat in dit proefschrift beschreven wordt, worden gegeven.

Het bundeldiagnostisch systeem dat is ontwikkeld, wordt beschreven in hoofd-

stuk 2. Omdat uitlijnfouten, fabricagefouten en imperfecties van het magnetische

veld onbekend zijn, moeten de e�ecten ten gevolge van deze fouten worden ge-

meten en worden teruggekoppeld naar de dertig instelbare machineparameters die

deze e�ecten tegengaan. Hiervoor zijn verscheidene bundeldiagnostische middelen

ontworpen, gebouwd en getest, nl. twee bundelstroommonitoren, twee�endertig bun-

delpositiemonitoren, een fasemonitor, een meetopstelling waarmee met behulp van

optische transitiestraling transversale emittantie gemeten kan worden, en een spec-

trometermagneet voor bundelenergiemetingen.

Een optimalisatieprocedure voor de quadrupolen in de bundeltransportlijn tussen

de lineaire versneller en het racetrack microtron wordt beschreven in hoofdstuk 3.

De bundeltransportlijn bevat zes quadrupolen om de vorm van de linacbundel in de

transversale faseruimte te passen in de vorm van de acceptantie van het racetrack

microtron in deze faseruimte. Een feedback-procedure die gebruik maakt van trans-

versale emittantiemetingen direct na injectie in het microtron, wordt toegepast om

de optimale instellingen te vinden voor de quadrupolen in de bundeltransportlijn.

Dit gebeurt door middel van een iteratieve procedure totdat de gemeten transversale

emittantie past in de berekende acceptantie van het microtron. Testberekeningen
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van deze optimalisatieprocedure hebben laten zien dat de procedure bruikbaar is

onder alle te verwachten omstandigheden.

Een procedure om de instelbare parameters van het racetrack microtron te rege-

len wordt beschreven in hoofdstuk 4. De instelbare parameters die de elektronenbun-

del in elke baan be��nvloeden, worden geoptimaliseerd met behulp van een trial-and-

error-methode. De instelbare parameters die de bundel slechts �e�en keer be��nvloeden,

worden geoptimaliseerd met behulp van een lineaire feedback-procedure die gebruik

maakt van bundelpositiemetingen in de driftruimte. Deze methode is getest met

behulp van een numeriek simulatieprogramma van het racetrack microtron. Met

de methode werd in alle testgevallen een optimum gevonden met een gemiddelde

e�ci�entie van (68 � 2)% en een gemiddeld aantal iteratieslagen van (2710 � 90).

De instelmogelijkheden van de longitudinale bundeleigenschappen van het micro-

tron worden beschreven in hoofdstuk 5. De vorm van de bundel in de longitudinale

faseruimte op het extractiepunt van het racetrack microtron kan worden gevari�eerd

door middel van de stabiele fase van de versnelcavity. Dit principe kan bijvoorbeeld

worden gebruikt om de bunchlengte te comprimeren. Verder kan de gemiddelde

energie van de ge�extraheerde bundel van het microtron continu worden gevari�eerd

tussen 45 en 75 MeV door alle instelbare parameters te schalen.
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Stellingen

behorende bij het proefschrift

Design of the Beam-Control System

of the

Eindhoven Racetrack Microtron

door Wilhelmus Henrica Cornelis Theuws

Eindhoven, 27 januari 2000



{I{

De systeemcomplexiteit van het racetrack-microtron is een belangrijk na-

deel in het gebruik van deze machine ten opzichte van de lineaire versneller.

{II{
De beheersing van de elektronenbundel in een racetrack-microtron wordt
eenvoudiger naarmate het aantal banen, het incrementele harmonische getal
�, en de versnelfrequentie kleiner zijn.

� Dit proefschrift, hoofdstuk 4.

{III{

Het diagnostisch systeem van een versneller dient integraal met de andere

systemen van de versneller in het ontwerp te worden beschouwd.

{IV{
De gangbare notie dat isochrone ionenoptische systemen ook automatisch
dubbel-achromatisch zijn, is niet direct van toepassing bij het isochrone
cyclotron.

� D.C. Carey, The optics of charged particles, Harwood Academic Publishers (1987).

{V{
Het Kilpatrick-criterium voor de maximale doorslagspanning als functie
van de frequentie wordt veelvuldig overschreden. De factor waarmee dit
gebeurt heeft een belangrijke betekenis.

� W.D. Kilpatrick, Criterion for vacuum sparking designed to include both RF and

d.c., Rev. Sci. Instr. 28 (1957).



{VI{

Het moment waarop kathodestraalbuizen van de markt zullen verdwijnen,

wordt nauwelijks bepaald door de ontwikkelingen in de technologie van deze

producten.

{VII{

Bij een ontwerp van een ionenoptisch systeem dienen altijd de gevoeligheden

voor mechanische onnauwkeurigheden beschouwd te worden.

{VIII{

Voor de integratie van het internet in de maatschappij is het van belang een

beeldbuis te ontwikkelen waarin eigenschappen van de huidige televisie- en

monitor-beeldbuizen gecombineerd worden.

{IX{

Het ontstaan van �les op autosnelwegen door `kijkers' naar een ongeval op

de tegengestelde rijbaan is een manifestatie van de gevoeligheid van ons

verkeerssysteem voor kleine onregelmatigheden.
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