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Abstract

The operation of a free electron laser working in the Self Amplified Spontaneous
Emission mode (SASE FEL) requires the electron trajectory to be aligned with
very high precision in overlap with the photon beam. In order to ensure this
overlap, one module of the SASE FEL undulator at the TESLA Test Facility
(TTF) is equipped with a new type of waveguide beam position monitor (BPM).
Four waveguides are arranged symmetrically around the beam pipe, each slot
couples through a small slot to the electromagnetic beam field. The induced sig-
nal depends on the beam intensity and on the transverse beam position in terms
of beam—to-slot distance. With four slot—-waveguide combinations a linear posi-
tion sensitive signal can be achieved, which is independent of the beam intensity.
The signals transduced by the slots are transferred by ridged waveguides through
an impedance matching stage into a narrowband receiver tuned to 12 GHz. The

present thesis describes design, tests, and implementation of this new type of
BPM.

Zusammenfassung

Der Betrieb eines Freie Elektronen Lasers (FEL), bei dem sich die spontan emit-
tierte Undulatorstrahlung iiber Wechselwirkung mit dem Elektronenstrahl selbst
verstirkt wird, setzt eine priizise Ausrichtung des Elektronenstrahls mit dem
Photonenstrahl voraus. Um den Uberlapp von Elektronen-und Photonenstrahl
zu gewihrleisten, wurde ein neuartiger Typ von Wellenleiter-Strahllagemonitor
entwickelt, der in eine Vakuumkammer des Undulators des FELs der TESLA Test
Facility (TTF) integriert ist. Vier um das Strahlrohr verteilte Wellenleiter kop-
peln iiber schmale Schlitze einen Bruchteil jenes elektromagnetischen Feldes aus,
welches den Strahl begleitet. Die induzierten Signale hingen von der transver-
salen Strahlposition und der Strahlintensitidt ab. Mit vier Schlitz-Wellenleiter
Paaren 138t sich ein lineares Signal ableiten, anhand dessen die Position des
Elektronenstrahls bestimmt werden kann Die induzierten Signale werden mittels
eines stegbelasteten Wellenleiters in die erste Stufe eines bei 12 GHz arbeiten-
den Empfingers zugefiihrt. Die vorliegende Arbeit beschreibt Design, Tests und
Implementierung dieses neuartigen Typs von Strahllagemonitor.
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Chapter 1

Introduction

Particle accelerators play a vital role in modern research. The fundamental con-
stituents of matter and their interactions are studied with high energy colliders.
Synchrotron light sources utilizing the radiation emitted by accelerated particles
cover a wide range of applications from solid state physics, life sciences, medicine,
to materials research.

The international TESLA! collaboration proposes the construction of a super-
conducting linear collider with an integrated X-ray Free Electron Laser (FEL)
facility. The high quality of the electron beam delivered by the TESLA linac is
well suited to drive a. FEL based on the principle of Self Amplified Spontaneous
Emission (SASE). To study the feasibility of the TESLA concept, the TESLA
Test Facility (TTF) has been planned, set up, and is now in operation. This
facility comprises not only an electron linear accelerator, but also the complete
infrastructure for cavity treatment. In order to include the FEL option in an
early stage, a SASE FEL for the VUV? wavelength regime is also integrated into
the design and is now in the phase of commissioning.

Coherent light emission in 2 SASE FEL is achieved by the interaction between
the density-modulated electron beam inside an undulator and the spontaneous
undulator radiation.

The overlap between the photon field and the electron beam over the complete
length of the undulator region is essential for the operation of the SASE FEL. To
ensure this overlap several position—sensitive diagnostics devices are mandatory
along the FEL beamline. In the present work, a new type of waveguide beam
position monitor (BPM) has been developed providing high resolution position

1TeV Energy Superconducting Linear Accelerator
?Vacuum Ultra Violet



measurements with negligible influence on the electron beam. The position of
the electron beam is reconstructed by comparing signals induced into four waveg-
uides arranged symmetrically around the beam pipe. Each waveguide couples
to the electromagnetic field co-propagating with the electron beam by a small
aperture in the beam pipe wall. Transduced signals are then transported through
matching stages into the first element of a narrowband receiver tuned to 12 GHz.

Outline

The TTF FEL is introduced in chapter 2, together with a brief review of the
SASE operation principle. The need for a high precision beam orbit observation
and correction system is motivated by performance considerations of the SASE
FEL. This chapter also includes a presentation of the electron beam diagnostics
and the general strategy for the alignment of the electron beam is presented.

Chapter 3 deals with a more detailed analysis of the operation principle of the
waveguide BPM derived from microwave principles. Beside that, numerical cal-
culations and an analytical model are used to study the reactions of the BPM
on the electron beam.

Measurements performed with prototypes of the waveguide BPM are presented
in chapter 4. A testbench for laboratory measurements is described together
with measurements of intrinsic monitor parameters. Tests and results obtained
under beam conditions at the CLIC Test Facility 2 (CTF2) and at the S-Band
Test Facility (SBTF) are reported.

Chapter 5 is devoted to calibration techniques. In addition to that, estimates
concerning the resolution and accuracy of the waveguide BPM are presented.

This thesis closes with a summary and an outlook on future development issues
of the waveguide BPM.



Chapter 2

TESLA Test Facility
Free Electron Laser

In this chapter the TTF FEL is introduced together with a brief review of the
SASE operation principle. Furthermore, the electron beam diagnostics compo-
nents of the FEL undulator are presented together with a report of the beam
based alignment procedure.

2.1 TESLA Test Facility

The SASE FEL proposed by the TESLA collaboration {1,2] and currently under
commissioning is driven by the TTF linear accelerator [3]. The TTF linac is based
on superconducting cavities made of Niobium working with an accelerating mode
at f = 1.3 GHz. The complete facility not only includes a linear accelerator,
but also the required infrastructure for cavity processing. The research and
development effort is carried out within an international collaboration with the
aim to build a linear collider with integrated X-ray laser facility [4].

In Fig. 2.1 the layout of the two phases of the TTF FEL project is illustrated.
Electrons generated in a 4 MeV laser driven photoinjector, are captured by a
superconducting nine—cell cavity providing an energy gain of 13 MeV. The elec-
tron bunches with the desired time structure are accelerated further in the first
cryomodule by eight nine-cell cavities with an average gradient of more than
15 MV/m. Since FEL operation requires a short bunch length, the electron
bunches have to pass a magnetic chicane which reduces the root-mean-square
bunch length from 1 mm to 250 pm. Additional modules accelerate the elec-

3
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Figure 2.1: Development stages of the TTF FEL project.

tron bunches up to an energy of 500 MeV. In Tab. 2.1 design electron beam
parameters of the TTF linac phase I are listed.

Beam energy 200 up to 500 MeV
Normalized emittance 2 # mm mrad
Charge per bunch 0.1 up to 1.0 nC
RMS beam radius 80 pum

RMS bunch length 250 pm
Bunch repetition rate 1 MHz
Macropulse rep. rate up to 10 Hz
Macropulse length up to 800 us

Table 2.1: TTF FEL phase I in numbers [2].

In phase II of the TTF FEL project the linac will be equipped with additional
cryomodules, a second magnetic chicane for further bunch compre'ssion,‘ and a
two times longer undulator. The electron energy delivered by the linac is then
upgraded to E = 1.5 GeV and the root-mean-square bunch length is compressed
by a factor of five to 50 um. The completion of a VUV FEL user facility is
planned for the fall of 2001 [2].

2.2 SASE FEL at the TTF

The operation of the FEL at the TTF is based on the SASE principle [5]. In the
SASE process the spontaneous undulator radiation is amplified in the single pass
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of an electron beam through an undulator. Because no optical cavity is needed
for the operation, wavelength from VUV to hard X-rays are in reach for such a
device.

The wavelength of the radiation is tunable by varying the electron beam energy.
In phase I of the TTF FEL project the radiation band will cover wavelength
from 120 to 40 nm for electron beam energies between 230 and 390 MeV, while
in phase II, with a beam energy of 1 GeV and a longer undulator, wavelengths
down to 6.4 nm can be reached.

2.2.1 SASE FEL Process

The SASE FEL process is based on the interaction between the electron beam
and the radiation field emitted by the electron itself [6,7]. The key element
of the SASE FEL is an undulator which forces the electrons to move along
a curved periodical trajectory. The undulator of the TTF FEL is formed by
a sequence of dipole magnets with opposite polarity and produces a transverse
magnetic field forcing the electrons to move along sinusoidal trajectories. Because
a transverse velocity component exists the longitudinal velocity component of
the electrons changes periodically. In consequence the electrons emit radiation
with wavelength A, and higher harmonics, called undulator radiation, which is
sharply peaked and confined in cone with small opening angle in the longitudinal
direction of the electron motion. The radiation field is a plane electromagnetic
wave with only transverse field components and a wavelength much shorter than
the undulator wavelength. Now this radiation field and the undulator field Hy
act in tandem on the electrons. Energy is exchanged due to the transverse
component of the electron velocity 3, = vz /¢ with a rate

. e(B:-Ey)

Y= —RE—’ (21)
where e and m, are the charge and mass of the electron, respectively; v the
relativistic factor of the electron, E; = E,sin(k,z — wyt) the horizontal field of
the electromagnetic wave with k, and w, are the wave number and frequency
respectively; and ¢ the speed of light in vacuum. Both, the electron beam and
the wave are propagating in z-direction. To achieve effective energy exchange
between the electron and the wave, the scalar product (3; - E;) should be main-
tained to be constant during the undulator passage. This is given, when the wave
slips against the electron with the relative velocity (c~v;) = ¢(1 — B;) by one
wavelength per undulator period as illustrated in Fig. 2.2, where the longitudinal
electron velocity is 8;. This synchronism condition can be written like
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Figure 2.2: Illustration of the synchronism condition. The horizontal
velocity component of the electron trajectory v, is always continuously
in phase with the radiation amplitude as experienced by the electron [8].

wyfc

ﬁz=kr+kv7

(2.2)

i.e., the electron velocity equals the phase velocity of the ponderomotive wave,
a wave with frequency w, but with a wavenumber %, + ky. The absolute value
of the phase determines whether the electron gains or looses energy from the
radiation field. This can be described in the longitudinal phase space of the
electrons inside the undulator by two variables

Y— YR
YR

8=(ky+k)z—kct and 7g= (2.3)

where g is the relativistic factor for the synchronized electron and @ describing
the phase difference between the electron trajectory and the ponderomotive wave.
The dynamics of the electrons in the ponderomotive potential of the undulator
and radiation field is illustrated in Fig. 2.3. The separatrix region in Fig. 2.3a is
the phase space surface which separates the bound and unbound motion. Any
electron within the separatrix is trapped in the sinusoidal potential and oscillates
around 8 = 0.

An analogous example is the motion of charged particles in the longitudinal phase
space of the accelerating voltage in a RF cavity. Particles are either accelerated
or decelerated depending on their phase with respect to the nominal phase.

Since the radiation field wavelength is much shorter than the electron bunch
length, the initial phases of the electrons are almost uniformly distributed over
2m. Particles in the region —7v < & < 0 gain energy from the radiation field
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Figure 2.3: Longitudinal phase space representation of the electron
motion in the radiation field potential. Injected particles are represented
by empty circles, location of these particles after certain undulator length
by filled circles. :

while particles in 0 < 8 < +x are decelerated and loose energy to the field (see
Fig. 2.3a). Electrons captured in the separatrix execute less than one oscillation
in the ponderomotive potential during one pass through the undulator while
performing hundreds of transverse oscillations. The amplitude of the radiation
field depends on a number of FEL parameters including the period length and
field strength of the undulator and the electron energy. The movement of the
electrons in the potential well is illustrated in Fig. 2.3b. The energy released by
the electrons increases the radiation field and consequently lowers the minimum
further. Conversely, electrons moving away from the potential minimum up the
potential well decrease the radiation field.

In consequence the electrons start to bunch at a certain radiation phase as illus-
trated in Fig. 2.4. For a bunched beam the radiation emitted is in phase and the
total intensity can be strongly enhanced. The stronger radiation field pushes the
electrons to bunch even faster and the coherent emission is enhanced even further.
The change of the electron energy and the emission of coherent radiation is the
source of a collective instability resulting in a collective bunching on a resonant
frequency and a strong amplification of the radiation field. In the last picture of
Fig. 2.4 this process is saturated, the electron beam is completely bunched and
the field amplitude is at maximum. After this maximum the electrons start to
debunch and the field amplitude decreases.
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Figure 2.4: Longitudinal phase space representation of the bunching
process in a high gain FEL amplifier.

2.2.2 Electron Beam Requirements

The SASE process imposes strong conditions on the quality of the electron beam
delivered by the linac such as a small transverse emittance and a low energy
spread. Essential for the operation is the overlap between the electron beam and
the radiation field over the entire length of the undulator. If the electron tra-
jectory deviates from the radiation field, an additional SASE field may be build
up, while the output power of the former field would decrease. In consequence,
the electron position has to be observed and corrected at several positions along
the beamline. In Fig. 2.5 results from numerical calculations [9] are depicted
for the decrease in output power caused by missing overlap. In order to keep
the degradation due to missing overlap below 10%, the root-mean-square orbit
deviation has to be kept under a level of Az, < 10 um [10]. Thus electron
beam position monitors with a resolution of a few pm and correctors together
with electron beam alignment techniques are required to guarantee the operation
of the SASE FEL at high power.

2.2.3 Undulator

The undulator is the most prominent FEL specific component. It provides the al-
ternating magnetic field so that the FEL process can take place. In order to keep
the transverse beam size small, the undulator has a superimposed quadrupole
FODQ! lattice [11]. The undulator is a planar hybrid type with soft iron pole

1Each half cell of such a lattice period is composed of a focusing {F) and a defocusing (D)
quadrupole with a drift space (O) in between.
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Figure 2.5: FEL output power close to saturation versus root-mean-
square orbit deviation from a straight line. The output power is normal-
ized to output power P, from a perfect aligned beam [9].

pieces in conjunction with permanent magnets. For the quadrupoles, the main
magnets are retracted by 2 mm from the pole tips to get space for four addi-
tional focusing magnets per halfperiod. To simplify production and installation,
the 15 m (30 m for phase II) long undulator is divided into 4.5 m long modules.

The complete undulator is illustrated in Fig 2.6. The entire setup consists of
three modules separated by drift regions where diagnostic blocks and vacuum
pumps are placed. In Tab. 2.2 undulator parameters are listed.

DIAGNOSTIC BLOCK
MODULE #

Figure 2.6: Three undulator modules with four diagnostic stations.
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Complete length phase I 15 m
Complete length phase II 30 m

Module length 4.5 m
Inner chamber diameter 9.6 mm
Gap height 12 mm
Dipole period length 27.3 mm
Quadrupole gradient 125 T/m
Quadrupole length 136.5 mm
FODO period 955.5 mm

Table 2.2: TTF FEL undulators in numbers [2].

2.3 Electron Beam Diagnostics

In this section the general strategy is outlined for the alignment of the electron
beam inside the undulator of the TTF FEL. In particular, position sensitive diag-
nostic devices in use and under development for this purpose a briefly described.

2.3.1 Strategy

Ten strong focusing quadrupoles are integrated per undulator module. Misalign-
ments of these quadrupoles represent a source of beam trajectory distortions.
Furthermore, orbit deviations are introduced by unknown, random dipole kicks,
due to errors in the undulator structure.

Since the overlap between the electron beam and the radiation field determines
the gain length and the spectral properties of the laser field, the beam has to
be guided along a straight line through the entire undulator. The task of the
diagnostic components and actuators is therefore to straighten the electron tra-
jectory and to keep the root-mean-square deviation to this line within a limit of
AZpms = 10 pm.

For the alignment of the electron beam along the undulator, different stages can
be distinguished [12}:
Startup

At the beginning it is just needed to get the electron beam through the undulator.
All BPMs can be used with a very rough calibration. The mean initial resolution,
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determined by mechanical and electrical tolerances, of all components of a few
hundred micro meter is sufficient for this. In order to protect the undulator
against radiation, the steering will be done with a reduced bunch charge of
g = 0.1---0.5 nC. Beam loss monitors provide useful information on losses
along the beamline during this stage.

Absolute Orbit Measurement at Fix Points

By using the wire scanners mounted together with the cavity monitors, the beam
position can be fixed at the locations of the diagnostic blocks. The wire scanners
define a reference axis through the entire undulator with an accuracy of better
than 15 gm. In a second step the cavity monitors can be calibrated with the
wire scanners.

Beam Based Alignment

High resolution BPMs inside the undulator beam chamber are foreseen for rela-
tive orbit measurements at different energy levels. From dispersion measurements
corrector settings may calculated in order to keep the electron on a straight line.

2.3.2 Requirements for the Undulator BPM System

The requirements for a BPM system for the undulator gap of the TTF FEL can
be summarized as following:

¢ Resolution around 100 um for the startup phase and less than a few micro
meter for the beam based alignment procedure.

¢ Compact size: the monitors must fit inside the undulator gap of 12 mm
taking into account the inner beam pipe diameter of 9.6 mm.

e Must be compatible with the vacuum chamber built in one piece.

e The monitor stations should not waste to much of the total impedance
budget.

¢ The monitor must operate in a high radiation environment with a beam
of 0.1---1.0 nC (FEL operation) up to 8 nC (TTF linac operation) bunch
charge and short bunch length.
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2.3.3 Components

The backbone of the electron beam diagnostics at the TTF FEL is the wire scan-
ner system. With four wire scanners equidistantly positioned along the beamline,
the system provides high accuracy position measurements and spans out a ref-
erence axis for all further procedures. One drawback of the wire scanners is the
fact that they disturb the electron beam. In consequence, these devices will only
be used infrequently to calibrate the cavity monitors, which yield high resolution
non—destructive beam position measurements.

In order to keep the electron trajectory straight inside the undulator one BPM
and a corrector is required per FODO quadrupole magnet. In total, ten beam
position monitors together with five horizontal and five vertical steerers are in-
stalled per undulator module. Two kinds of BPMs exist: Pickup-type BPMs
were build for the first two undulator modules while the last module is equipped
with a new waveguide-type BPM.

In addition, it is planned to supply a beam trajectory monitor for imaging a
higher harmonic spontaneous undulator radiation.

Wire Scanner

Wire scanners for absolute beam position measurements were installed inside
each diagnostic block within the undulator beamline [13]. These scanners are
mounted horizontally and vertically to the diagnostic blocks, which also host
the cavity monitors. The working principle is illustrated in Fig. 2.7. A carbon
or tungsten wire with diameter small compared to the transverse bunch size is
moved by a precision DC motor through the beam profile. As the electron bunch
traverses the wire, bremsstrahiung photons are produced, while the scattered
electrons will in many cases hit the inner beam pipe surface and create a shower.
The bremsstrahlung photons emitted with small opening angle are detected some
meters downstream by a lead glass detector. The intensity of the shower from
the scattered electrons can be detected by a plastic scintillator paddle plus pho-
tomultiplier readout close to the diagnostic block in front of the downstream
undulator module. If this signal plotted versus the wire position, beam position
relevant information can be obtained. Another technique relies on secondary
emission of wire material. The current in the wire, as a result of this process,
can be measured versus the wire position. It is expected that the resolution of
the wire scanner beam position measurement is in the order of 1 um [14]. The
wire scanners will be further used to calibrate the cavity—type BPMs, which are
located inside the diagnostic block,too.
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SCINTILLATOR PADDLE

WIRE SCANNER UNDULATOR MODULE
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Figure 2.7: One wire scanner assembly with scintillator paddle to detect
photons from shower electrons.

Cavity Type Monitor

Circular cavities excited in the first dipole mode by an off-axis beam (see Fig. 2.8)
were chosen for the diagnostic stations because of the desired resolution of a about
5 pm and the available transverse space [15].

) BEAM EXCITATION 1) TM 444 FIELD PATTERN

ELECTRIC FIELD

MAGNETIC FIELD

ELECTRIC FIELD \ ™.

Figure 2.8: a) Beam excited TMjjp—mode in a circular cavity. b} Field
pattern of the horizontal polarization.

In resonant cavities the beam excites special field configurations resonating at
defined frequencies. An electron beam moving on or parallel to the longitudinal
beam axis excites Transverse Magnetic (TM)-modes in the cavity. The ampli-
tudes of these modes depend on the cavity geometry, the bunch charge, the beam
position, and the bunch spectrum [16]. Dipole modes TMyyo (see Fig. 2.8) are
used for position detection, since their amplitudes depend in first order linearly
on the beam position and is zero for a beam in the electrical center of the cavity.
The signals excited in the cavity are out—coupled by probe or loop antennae,
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or by apertures in the cavity wall. These coupling ports span out a reference
frame in which the beam position is measured. In Fig. 2.9b a cavity-type mon-
itor with two opposite slot~waveguide pairs is depicted. For the detection of

a) b} -
~=>*] WAVEGUIDE #1

BEAM

ORBIT

™, E-FIELD _Eia_WAVEGwDE "
Figure 2.9: a) Excitation of the TMgo and the TMy;o by an offset
beam. b} Aperture coupling to the magnetic field with two waveguides.

both polarizations of the dipole mode, four slots have to be integrated into the
cavity, or two cavities with two slots in each may be used. For the cavity-type
BPM:s inside the diagnostic stations, a solution with two cavities with a dipole
mode at fi10 = 12 GHz was favored. The choice of this frequency was driven by
commercially available electronics components and by the fact, that the position
resolution of a cavity—type BPM improves with f),p increasing [17]. By using two
cavities separated in beam direction the isolation between the two polarizations
of the dipole mode is significantly improved. The zero detection capability of
a cavity-type BPM is limited because of the presence of the dominant TMg
common mode, which is excited by an on or off axis beam. In any case, because
of the high sensitivity resonant monitors offer, they are the device of choice
for high resolution position measurements. Calibrated with wire scanners, the
cavity-type BPMs become also a high accuracy position measurement device.

Beam Trajectory Monitor

Behind the last undulator module it is planned to install a beam trajectory
monitor (BTM) [18] to reconstruct the electron beam trajectory at several points
inside the last undulator module. The setup for the BTM consists of a set of
pinholes and a high resolution silicon position sensor. The operation principle
is illustrated in Fig. 2.10. Electrons traversing the undulator emit synchrotron
radiation. This radiation is imaged through small pinholes, one for the horizontal
and one for the vertical direction, on an array of silicon pixel detectors with two
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Figure 2.10: Operation principle of the beam trajectory monitor with
a pinhole-type camera and position sensitive silicon pixel detectors.

columns of 12 pixels each. One passaging bunch results thus in a streak onto
the pixel array. The streak image for an offset beam is an angle, while that from
a centered beam is parallel with respect to the pinhole axis. Thus, an image is
created from the horizontal and vertical projections of the electron trajectory on
a plane normal to the beam axis. At present, the silicon pixel detector has been
successfully tested with a diode laser [19].

Problematic for the operation of the BTM is the high radiation environment of
the accelerator. Electrons from dark current as well as mis—steered beams can
lead to severe damage of the silicon detector.

Pickup Beam Position Monitor

The first and second undulator modules of the TTF FEL are each equipped with
ten broadband electrostatic pickup BPMs [15]. These BPMs are designed to
be in operation primarily in phase I of the TTF FEL project. Fig. 2.11 shows
the cross—section of one plane of the electro—static pickup BPM. Each electrode

BEAM

FEEDTHROUGH BEAM CHAMBER

..........

ELECTRODE

Figure 2.11: Cross-section of one detection plane of the electrostatic
pickup.

consists of an open 50 £} coaxial line. The extended vacuum feedthrough couples
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to the electromagnetic field of the electron beam. The amplitude of the beam
induced pulse signal depends on the bunch charge and the transverse beam po-
sition in terms of the beam-to-electrode distance. Four symmetrically arranged
electrodes are needed to achieve a linear and beam intensity independent position
measurement. Due to the size of the electrodes the arrangement for one BPM
was split into two symmetric pairs, separated by 3/2 of the undulator wavelength.
Each pair consists of two opposing electrodes rotated by +30° with respect to
the horizontal plane. The vacuum feedthroughs used are commercially avail-
able SMA type from KAMAN Corporation with modifications of the center pin
and flange-mounting. Each pin-end is spherical to reduce the local electric field
strength preventing possible sparks by very short bunches. The pulsed signals
are transfered via cables to the read—out electronics, where signals are processed
by a squew difference over sum technique [20]. The beam-to—electrode transfer
characteristics were measured using frequency domain S;; measurements. These
measurements show the expected high—pass characteristics with a roll-off fre-
quency of 4 GHz.

For the ¢, = 250 um long bunches of phase I of the TTF FEL project the pickup
BPMs are believed to be safe and reliable. For shorter bunches, as envisaged in
phase II with o, = 50 um, these monitors may cause problems to the vacuum
system, since the high electric potential difference between the chamber and the
pickup might cause sparks, which would destroy the electrode.

Waveguide Beam Position Monitor

In the vacuum chamber of the third undulator module a new type of BPM has
been installed and is presently in the testing stage. In contrast to the electro-
static pickups it uses coupling slots between the beam region and a waveguide to
measure the electron beam position. Fig. 2.12 shows schematically one waveg-
uide BPM with its four waveguides. A fractional part of the electromagnetic
beam field is out—coupled by four slots arranged symmetrically around the beam
pipe. Special ridge waveguides were designed to reduce their size and optimize
the coupling. Each waveguide pair {(S1/53 and S4/S2 resp. in Fig. 2.12) is posi-
tioned at +34° with respect to the horizontal axis. The cut-off frequency of the
waveguide is at 8.99 GHz and the working frequency for the first read—out elec-
tronics element is f,, = 12 GHz being identical with that of the cavity monitors
in the diagnostic blocks. At the end of each waveguide, a coaxial adapter with a
vacuum feedthrough is flange—mounted to the beam chamber.

The waveguide BPM has large potential for its use in phase II of the TTF FEL
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Figure 2.12: Schematics of one BPM head with four waveguides and
four coupling slots (profile and top view).

project, when the bunch length will be reduced to o, = 50 pm. Tests under beam
conditions as well as measurements in laboratory have proven the capability of
this monitor type.

The detailed description of this new type of BPM, its operation principle, a
discussion of experimental results obtained so far, and the development of a
calibration scheme are the main objectives of this thesis.
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Chapter 3

Microwave Characterization

Since the operation of the waveguide BPM is related to microwave concepts, a
precise characterization of its microwave behavior is necessary to describe and
optimize the system performance [21]. Analytical calculations and numerical
simulations are presented for the coupling into the ridged waveguide as well as
for the design of the matching transition. Finally, interactions with the electron
beam in terms of wake fields are estimated by numerical simulations and by an
analytical model.

3.1 Overview

One BPM unit consists of four four slot-waveguide pairs, which are spread uni-
formly around the beam chamber. Due to the vertical space limit of the undulator
gap, these four elements are split into two groups in beam direction. ...

In Fig. 3.1 the basic constituents of one BPM channel are shown. A beam
position related signal is coupled via a small aperture in the beam pipe into a
waveguide. In order to match the impedance of the waveguide to a 50 (2 coaxial
system, a matching section is necessary. A ultra-high vacuum feedthrough serves
as connection to the outer world.

For the design, the whole structure was divided into two parts: The one which
determines the coupling to the beam - and, hence, the induced signal strength -
and the matching section to the 50  vacuum feedthrough. Technological aspects
were taken into account in all design steps.

19
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Figure 3.1: Schematic structure of one BPM channel.

3.2 Waveguide Design

Together with the slot, the shape and position of the waveguide behind the
slot determines the induced signal amplitude. The operation frequency of the
waveguide also fixes the working frequency of the first element of the signal
processing electronics.

The aim of the waveguide design was to conceive an appropriate guiding of the
waveguide fields to be parallel to the beam. magnetic field. The connection port
between waveguide and beam field is the coupling slot. The field pattern filling
this aperture is a boundary condition for the orientation of the field lines in the
waveguide at the location of the coupling aperture.

Since the electric field lines point transversely on the aperture, a coupling to
the magnetic field lines, which run in parallel with the pipe circumference, was
intended. For the waveguide design the coupling slot of the BPM can be regarded
as a radiating magnetic dipole oriented parallel to the magnetic field lines of the
beam co-propagating field.

To enable a sufficient coupling to the magnetic field inside the waveguide, the
waveguide fields must be guided in a way that it has maximum overlap with
the dipole field. Furthermore the waveguide structure must fit into the vac-
uum chamber, whereas some space around the waveguide is reserved for vacuum
seals. The operation frequency of the waveguide f,, is in principle only limited by
the cutoff frequency of the beam pipe treating it like a circular waveguide with
fripe = 17.94 GHz (according to Eq. B.13). For f,, > fpip, fields generated by
the interaction between the electron beam and its surroundings can couple into
the waveguide and lead to interferences with the signal from an offset beam. The
working frequency regime was determined to X-band (8.2---12.5 GHz), because
of commercially available signal processing components like filters, amplifiers,
and mixers from satellite technology. In Fig. 3.3 the evolution history from stan-
dard a X-band waveguide to the T-ridge waveguide is illustrated. To enhance
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field overlap between beam and waveguide magnetic field, a ridge with a T-bar
is shaped out of the ridge end. With this procedure, the outer waveguide dimen-
sions are reduced while keeping the working frequency constant. The dimensions
of the T-ridge waveguide and slot are optimized for a coupling to the beam field
of about 1% and for small size in order to fit inside the vacuum chamber. Because
the working frequency of the waveguide is set to 12 GHz, the cutoff frequency
of the fundamental mode should be around 8- - -9 GHz, because waveguides are
used for a frequency range of 1.2 - f, < fy < 1.8 - f. where attenuation in the
dominant mode is at minimum [22]. The cutoff frequency of the next higher
mode should be well above the working frequency to avoid interferences.

By MAFIA! [24] 2D simulations the first two cutoff frequencies have been esti-
mated to 8.99 GHz for the fundamental and 13.24 GHz for the next higher mode.
In Fig. 3.2 field patterns for these modes as well as the waveguide dimensions are
illustrated. The waveguide structure can be fabricated using Electrical (or elec-
tro) Discharge Machining (EDM) (see Appendix D for details). Fig. 3.4 shows
the second prototype after the EDM process.

IMAFIA is an interactive program package for the computation of electromagnetic field
problems in user-defined geometries. The program is modular; divided in preprocessor, post-
processor, and problem specific modules for different cases of the Maxwell equations. Solving
modules exist for problems like static electromagnetic fields, solutions in time- or frequency-
domain, and wake fields [23).
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Figure 3.2: Field patterns for the first two modes of the T-ridge waveg-
uide. The arrows indicate the direction of the electric and magnetic field
at the center location of each arrow. In the bottom part of the figure the
waveguide dimensions are given. All sizes are in units of [mm].
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Figure 3.3: Evolution history of the T-ridge waveguide starting with a
rectangular waveguide. Also the field pattern of the fundamental mode
is sketched. The dark grey rectangle shows possible locations for the
coupling slot enabling the coupling to the beam field.
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Figure 3.4: Photo of Prototype II. Top: Total view, bottom: view onto

sidefront with two waveguide ports and round screwholes for mounting
the vacuum feedthroughs.
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3.3 Slot Coupling

Electromagnetic power transfer between two regions containing electromagnetic
waves can be realized by different coupling methods, as there are

e probe antenna to couple capacitively to the electric field,
e loop antenna to extract inductively energy via the magnetic field, or

e aperture coupling for both fields.

Connections between coaxial transmission lines and waveguides are usually real-
ized by the first two methods or by combinations of both. Waveguides are often
coupled by small apertures of defined geometry in the common wall.

In case of the waveguide BPM, the waveguide is coupled by a small aperture to
the beam region.

3.3.1 Introduction to the Problem

An aperture in a common wall between two waveguides can be regarded as a
source of energy fed by fields on the incident side of the wall. With hole dimen-
sions small compared to the wavelength of the regarded fields, it is possible to
approximate the source by its lowest multipole moments. In most cases elec-
tric and magnetic dipole moments are sufficient. These moments can often be
calculated from static fields [25].

To evaluate the coupling impedance analytically it is necessary to calculate the
fields induced in a vacuum chamber for a given current distribution. First,
one finds the fields produced by the current distribution without the slot (see
Fig. 3.5a). Then, these fields are considered as an electromagnetic wave on the
slot. In the next step it is obvious to find the fields diffracted by the slot into
the waveguide (see Fig. 3.5b). These diffracted fields bear a resemblance with
fields radiated by equivalent electric or magnetic dipoles, whose moments are
proportional to the normal electric field and the tangential magnetic field of the
incident wave (see Fig. 3.5c). The field radiated by this source into the two re-
gions, together with the incident field and the scattered field represent a solution
to the coupling problem. After comparing these fields one obtains the coupling
impedance.

This approach, originally developed by Bethe [25] lacks in form of power conver-
sation, since it relates the dipole moment only to the field of incident wave on the
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Figure 3.5: Route to compute an analytical expression for electrical
and magnetic slot coupling.

aperture. Collin [26] modified Bethe’s theory such that power conversation holds
by introducing radiation reaction fields. By following this procedure allows one
to use the static polarizibilities. The radiation reaction fields are the dominant
mode fields produced by the magnetic and electric dipcles on both sides of the
aperture evaluated at its center.

3.3.2 Coupling between Beam Field
and Rectangular Waveguide

To illustrate the modified Bethe theory and to obtain simple scaling laws for the
dependence of the coupling amplitude on the slot parameters a simple structure,
where a rectangular waveguide is positioned with its longitudinal axis normal
to a cylindrical beampipe surface (see Fig. 3.6a) was investigated [27]. If a
beam current I, is moving in a circular, conducting beam pipe, then there is an
electromagnetic field accompanying the beam. In the limit of a relativistic beam
the field inside the beam pipe looks like a transverse-electric-magnetic (TEM)
wave propagating down the beam pipe at the beam velocity. For a beam current
I, in the center of a circular beam pipe of radius b, the azimuthal magnetic field
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Figure 3.6: Geometry used for analytical calculations of the coupling
impedance between a beam pipe and a rectangular waveguide. The
waveguide is connected to the beam pipe with a small rectangular slot.

at the chamber surface is (see Appendix A for details):

H,= . (3.1)

where R describes the beam pipe radius. The electric field E, is connected to
the magnetic field H, according to E, = Z,H,. The fundamental TE;, mode in
the waveguide has transverse field commponents (see Appendix B)

H, = \/%\/% oS (%w) exp(—i(kz — wt)) (3.2)
4P [wu T .
E, = \/%\/k:z cos (E:ﬂ) exp(—i(kz — wt)) (3.3)

for a wave propagating in z—direction in a reference frame with its origin in the
aperture center as illustrated in Fig. 3.6b. The electric field inside the beam
pipe is tangent to the beam pipe surface while the field of the TE;p mode inside
the waveguide is parallel. Consequently F, is perpendicular to E; and can not
couple. The magnetic field components in both regions H, and H,, are parallel.
Hence the two regions can only exchange energy via the magnetic field.

The magnetic field on the beam pipe wall will induce a magnetic current and a
magnetic charge on the surface if the aperture is replaced by a magnetic wall.
These sources produce a scattered field that can be expressed as the fields ra-
diated by the dipole moments of the source distribution. In the first step the
scattered fields may be expanded in terms of normal modal functions of the
waveguide. In this case only the first order, the fundamental mode, has to be
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taken into account, if the scattered field is only evaluated at the aperture center
A. The scattered field H, reads thus

Hs - C]_O " hm (3.4)

where b is the normalized magnetic field of the fundamental mode at the aper-
ture center and ¢ the expansion coefficient. The normalization P = 1 is nec-
essary, because the amplitude of the scattered field is already given by ¢jg. It is
thus the modal function of the fundamental waveguide mode

4 |k,
hmsz":‘/EBMw_p' (3.5)

The expansion coefficient ¢y of the fundamental mode can be calculated accord-
ing to [26]. For a small aperture, and with only magnetic fields involved, ¢;9
represents the coupling to a magnetic dipole and a magnetic quadrupole. The
quadrupole term can be neglected, since it represents a small quantity depending
on the fourth power or the aperture dimension. It turns out, that ¢ is propor-
tional to the magnetic dipole moment M, times the modal function h; of the
waveguide mode
w

Cip = T‘uhm . Mx (36)
The scattered field is the field of the propagating mode of the waveguide. Com-
bining Eq. 3.4 and Eq. 3.6 leads to an expression for the magnetic field inside
the waveguide excited by the magnetic dipole
Wi
5 ha M (3.7)
The magnetic dipole moment M, parallel to the incident field H, and the waveg-

on =

uide field H,, can be expressed according to Collin’s modification of Bethe’s
theory. For the sake of power conservation the scattered field has to be added to
the incident field giving

M, = ap(Ho — Hio) (3.8)

at the aperture. The magnetic polarizibility a,, depends on the aperture size
and geometry. From Eq. 3.7 and Eq. 3.8 the magnitude of the magnetic field
ratio can be derived to

2(1,,,E

= el M (3.9)

1+ (2anks)’

Hzo

H,
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To find the electric field ratio observe that in the beam pipe region the electric
field is £, = Z,H, while in the waveguide E, = ZrH,, where Zr is the modal
impedance of the TM,; mode. The effect of the coupling aperture thickness
is.included with ‘the thick wall polarizibility [28].- The thick wall polarizibility
is obtained from the normal polarizibility multiplying by an exponential factor
proportional to the wall width T' that models the attenuation effect on the field
transmitted through the aperture under cutoff. For an incident magnetic field
normal to the aperture length the polarizibility is

& = 0.67 - Cim XD (-—%T) . (3.10)

This value é&,, replaces a,, in Eq. 3.9. The normal magnetic polarizibility of a
rectangular slot is o, = (7/16)lw? [29]. If one expands the right-hand-term for
the field ratio Eq. 3.9 in a series keeping the waveguide dimensions constant and
with taking only the first order into account the field ratio is linearly proportional
to Gy

For a configuration of a standard X-band waveguide (@ = 2b = 22 mm) cou-
pled to a beam pipe by a small siot {{ = w = 4 mm) in a thin pipe wall
(T = 0.5 mm) the analytical result was compared with results from numerical
simulation with MAFIA. In Fig. 3.7 the field ratio according to Eq. 3.9 is plot-
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Figure 3.7: Coupling amplitude (or magnetic field ratio) according to
Eq. 3.9. For comparison MAFIA simulated points are also plotted.
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ted together with MAFIA results for frequencies above the cutoff of the X-band
waveguide fundamental mode. The deviation between MAFIA simulation and
analytical computation is less than 5% for frequencies close to cutoff and less
than 1% for frequencies around 12 GHz. For the analytical formulation, only
the magnetic coupling was taken into account, neglecting the effect caused by
the electric coupling. In MAFIA, the coupling is determined with both types
of fields. In the usable frequency range of the waveguide fundamental mode
(11-.-13 GHz), the modified Bethe theory is an adequate description for the
coupling between a rectangular waveguide and the beam induced field.
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3.3.3 Simulation of the BPM Coupling

Because an analytical description for the field distribution of the BPM waveg-
uide was not available, parameter studies were performed with MAFIA. Since the
coupling parameter is the ratio of the waveguide field to the beam field, power
transmission can be studied in terms of Scattering parameters (for example [30]).
Scattering parameters (or S-parameters) are the reflection and transmission co-
efficients between incident and reflected waves of a microwave network. The
S, parameter relates the amplitude of the incident wave at the input port with
the scattered wave at the output port. Adopted for one BPM channel 5y is
equal to the coupling parameter. Fig. 3.8 shows the MAFIA preprocessor mate-
rial distribution for a model BPM with two slot-waveguide combinations. The
electromagnetic field distribution of an electron beam was simulated by a thin
cylindrical conductor placed inside the BPM chamber forming a coaxial system
together with the inner beam pipe surface serving as TEM input port. Into
this setup a TEM wave was launched and Sy -parameters were calculated over

Figure 3.8: Material distribution used for MAFIA simulations. Mod-
elled are two slot-waveguide combinations as well as a cylindrical inner
conductor. Highlighted are the profile of the waveguide and one coupling
aperture in the beam pipe. ’

a broad band around f,, = 12 GHz. Fig. 3.9 shows a result for the transmission
parameter Sy; as a function of frequency of the incident field reflecting the high-
pass characteristics of the waveguide. The transmission at fw is 0.01, thus the
amplitude of the mode inside the waveguide is 1% of the amplitude of the beam
accompanying field, or in logarithmic scale —40 dB.

The analytical calculation presented in the previous section delivered some scal-
ing laws for the coupling amplitude k, depending in first order linearly on the
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Figure 3.9: MAFIA result for the computation of S -parameter for
frequencies above the cutoff frequency of the waveguide at 8.99 GHz.

polarizibility of the aperture:
. s
ky o G = 0.13 - lw? exp (ET) (3.11)

To check this the dependencies on slot length [, width w, and depth T MAFIA
simulations were performed. In Fig. 3.10 results from this simulations are gath-
ered. The dependency of the slot length !/ can be modelled linearly reflecting the
expectation from the analytical model. The behavior of the coupling amplitude
regarding the slot width w is more complex. It turned out, that the coupling
amplitude rises quadratically with strong damping caused by the exponential
term in Eq. 3.11. As expected the effect of the coupling slot depth T can be
described with the effect of waveguide damping below cutoff.

Furthermore mechanical tolerances were derived with these simulations. To keep
the root-mean-square spread of the coupling amplitude among all channels under
a level of 2% the tolerances are for slot width and height £50 um and for the
slot depth £100 pm.

In addition to the slot parameters, the effect of varying waveguide dimensions
were also studied with MAFTA simulations. In Fig. 3.11 results from this sim-
ulations are illustrated. Both effects can be modelled linearly in a small region
around the design values. The impact of the waveguide height is stronger, be-
cause the effect on the cutoff frequency is dominant compared to the effect of
the waveguide width.
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Figure 3.10:

based on the results from the analytical calculations (Eq. 3.11).

2.6

Evaluation of the coupling amplitude depending on slot
width, length, and depth. Design values are 3.2 mm for slot width and
length, and 0.3 mm for the slot depth. The points in each graph repre-
sent results from MAFIA simulations, the curves indicate approximations
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Figure 3.11: Tolerances for the outer waveguide dimensions. Design
values are 9.5 mm for the waveguide width and 4.6 mm for the waveguide
height.
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3.4 Transition Step

The last element of one waveguide BPM channel is the impedance matching to
50 2 and the vacuum transition. For the vacuum transition an ultra-high vac-
uum microwave feedthrough? was foreseen. This ultra-high vacuum feedthrough
is small and is matched up to 20 GHz. For the design of prototype I, this

a) PROTOTYPE| b) PROTOTYPE il
& FINAL DESIGN
FEEDTHROUGH
WAVEGUIDE WAVEGUDE

imﬂ FEEDTHROUGH

TO BEAM PIPE Ty TOBEAM FIPE [Eooinss

ELECTRIC FIELD

TRIDGE SMORT PIECE OF EXTENDED INNER

WAVEGUIDE RECTANGULAR CONDUCTOR OF
COAX WAVEGUIDE VACUUM FEEDTHROQUGH

Figure 3.12: Transition steps between T-ridge waveguide and outer
world coaxial system in development stages. Top left shows system used
for prototype I, top right for prototype II. Below profile cuts for the three
stages in prototype II are depicted .

feedthrough was equipped with an extended inner conductor and positioned A, /4
away from the closed wall of the waveguide to serve as an antenna coupling to the
electric field of the fundamental mode (see Fig. 3.12a). To enhance the coupling
to the electric field inside the waveguide, a pill was modelled around the tip of
the extended inner conductor of the feedthrough. The resulting adapter was very
narrowband, difficult to be tuned to f,, = 12 GHz, and the welding into special
flanges caused problems. In a new design (prototype II) a smooth transition
from the waveguide into the feedthrough has been realized by a A/4-transformer,
formed by a rectangular coaxial line (see Fig. 3.12b). This new design resulted in
a closer spacing of both planes in beam direction, because all elements are now
perpendicular with respect to the beam axis. Furthermore, the second design

2by KAMAN Corp.
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has larger bandwidth (no tuning problems), and is better for fabrication and in-

stallation. In Fig. 3.13 results from MAFIA simulations for reflection parameter
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Figure 3.13: Results from MAFIA simulations for reflection parameter

studies of both types of vacuum and field transition.

studies of both types of vacuum and field transition are shown.



3.5. Wake Field Estimation 37

3.5 Wake Field Estimation

Interferences in terms of wake fields can lead to a degradation of the FEL perfor-
‘mance. For the TTF-FEL an electron beam with small energy spread of less than
0.1% is required to drive the SASE process. During the passage of the electrons
through the undulator beamline wake fields are generated, which introduce an
additional energy spread in the beam. The longitudinal wake fields due to the
resistivity and roughness of the inner beam pipe surface are estimated in [31].
The effect of these wake fields on the FEL performance is investigated in [9].
These simulations show that the impact of wake fields for TTF-FEL Phase I
with an electron bunch length of 250 zm is negligible, while for TTF-FEL Phase
TI a reduction of the saturation power of 30% was simulated including wake field
effects. The saturation length remains the same. Compared to simulations of the
undisturbed amplification, where wake fields are not applied, the degradation is
up to 50%, which is tolerable regarding the overall gain of more than 107 [32].

3.5.1 Wake Field Quota

For the wake field budget of all components of the TTF-FEL beamline (cavities,
pumping slots, BPMs, wire scanners, and beam pipe surface) numerical and
analytical studies have been performed [31]. The impact of the waveguide BPMs
was studied with MAFIA simulations and with the diffraction model. Fig. 3.14
shows the wake potentials for the two bunch length for TTF-FEL Phase I and I
caused by one BPM slot and waveguide combination as simulated with MAFIA.
As it can be seen in Fig. 3.14, the wake field generated by the waveguide BPM
will lead to an energy loss of those particles following the head particles inside
the bunch. For the MAFIA computation, numericaily reliable results can only
be obtained, if the structure is modelled with high precision on a 3D grid with
grid spacing in the direction of propagation of o, /10. For bunch length down
to o, = 50 um and a complete structure length of several mm this causes an
undesirable long computation time. To limit the computing time, the peak wake
potential was calculated for few bunch length values between 500 pm and 50 pm
and the systematic between both is investigated. Since the bunch length is much
shorter than the beam pipe radius, the diffraction wake field model [33] can be
applied to estimate the peak wake potential for the waveguide BPM units. Inside
the model every discontinuity is regarded as a pill-box cavity with a radius larger
than the beam pipe radius. In the region upstream the cavity-like discontinuity
the beam accompanying field is given by a plane wave with the same time-
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Figure 3.14: Normalized peak wake potential for two bunch lengths:
250 pm (Phase I} and 50 pm (Phase II). The head of the bunch passing
the BPM structure is to the left of the horizontal axis, the tail to the
right. Different scaling of the two vertical axis is applied. .

dependency as the beam current. As the beam enters the cavity, this plane wave
is diffracted by the entrance edge as sketched in Fig. 3.15. The energy loss and
thus the longitudinal wake field effect is given by the energy contained in the
diffracted field. The depth of the cavity d is assumed to be larger than the

FIELD LINES BEAM

Ip

(=2

Figure 3.15: Diffraction model for the wake field of a cavity-like discon-
tinuity in a beam pipe. The region between the dashed curves indicate
the region where the fields are pertubated by diffraction.

penetration depth p of the diffracted field like

1 /Ag
d = —qf—= .
>p -V 2 (3.12)
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for wavelength A >> o,. As the wave is diffracted, half of the diffracted field
energy goes into the shadow region, while the other half is diffracted toward the
pipe region and propagates down the pipe with the beam. The diffraction model
applies for the longitudinal peak wake field WP« [34]

F(l / 4) ZoC 4q
peak __ “o- f 4
Wret = w57 b Vo (3.13)
with T'(1/4) = 3.63. The root-mean-square wake field is then W™ = 0.4 WPk,
The peak wake field amplitude scales with W, ~ o7 %, If the MAFIA results

for different bunch length reflects this scaling, the diffraction model is useful
to estimate the wake field effect of a BPM channel. Fig. 3.16 shows MAFIA

PEAK WAKE vs. BUNCH LENGTH
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Figure 3.16: Peak wake field amplitudes computed by MAFIA fitted
to the diffraction model.

simulation results together with the W(o;) ot—1 /2) model. As can be seen in
Fig. 3.16 the diffraction model describes sufficiently the wake field dependency
for different bunch length and can hence be used to calculate the effect of the
waveguide BPMs. In Tab. 3.1 the effect of the waveguide BPMs and the other
objects is summarized. Including all objects, the effect of the waveguide BPMs
is small (20% for Phase I and 10% for Phase IT where the number of BPMs is
doubled). The overall energy spread due to wake field effects is rather tolerable
for Phase I, while for Phase II special care must be taken in order to decrease
the total wake field. Since also for Phase II the impact of waveguide BPMs is
small compared to the other elements in the undulator beamline, the design of
the coupling slot can be kept for this phase of the project.
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Object Phase I Phase 11
Peak Wake [kV/nC]

Undulator pipe:

Resistive wall 64 778
Oxide Layers 0.4 16.8
Surface roughness 24 1620
Inside modules:

BPMs 45 309
Diagnostic stations:

Cavities, wire scanners 85 380
Pumping slots 12 234
Sum (all objects) 231 3337
Sum (w/o surface roughness) 207 1716
Energy spread:

All objects 0.06 0.33
w/o surface roughness 0.054 0.17

Table 3.1: Summary of the peak wake potential for several objects in
the TTF-FEL undulator beamline for Phase I and II [31].



Chapter 4

Measurements

In this chapter different measurements on the two prototypes of the waveguide
BPMs are discussed. In the first part, a laboratory setup is described enabling
measurements of specific BPM parameters. Furthermore measurements under
real beam conditions at the CLIC Test Facility 2 (CTF2) and S-Band Test Fa-
cility (SBTF) are reported. These measurements also served as tests for possible
signal processing electronics.

4.1 Measurements in Laboratory

Laboratory measurements are useful to confirm predictions by simulations and
to study specific monitor parameters under idealized conditions. Furthermore
calibration methods can be tested. To check matching stages, observe cut off
frequencies, and to look for trapped resonances in the waveguides, broadband
measurements were performed. Once the transfer characteristics of the waveguide
BPM was clear, mapping scans at the working frequency were carried out.

One of the main difficulties is to conceive an appropriate method to simulate the
electromagnetic field distribution of an offset beam.

4.1.1 Simulating an Electron Beam

The electromagnetic field propagating with a relativistic electron beam is similar
to the TEM-mode of a coaxial system (see Fig. 4.1a and Appendix A for more
details). Such a system can be created by placing a cylindrical conductor like
a wire or an antenna inside the BPM beam pipe. In Fig. 4.1b an assembly of

41
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such a coaxial system consisting of the inner vacuum chamber and a rigid cable
is sketched. At the end of the extended inner conductor the field radiates out

a) BEAM FIELD BEAM CHAMBER

r L e
HlHI

b) ANTENNA METHOD

ELECTRICFIELD _

MAGNETIC FIELD

...............

INPUT
——

ENDCAP AND SEMI RIDGED
CABLE SUPPCRT CABLE
¢) WIRE METHOD

ABSORBER

INPUT

IMPEDANCE 25
TRANSFORMER WEIGHT

Figure 4.1: a) With beam co-propagating electric field; b) Field dis-
tribution simulated using an antenna; ¢) Field distribution created by a
coaxial system of wire and inner surface of vacuum chamber.

of the coaxial cable and bends until it reaches the inner vacuum surface. Two
electromagnetic waves are excited, one propagates to the left building up the
TEM characteristic field distribution, and one going to the right side in tube
direction (see Fig. 4.1b). The wave going to the right will be damped because
the driving frequency is below the cut off frequency of the vacuum pipe. The
wave going to the left builds up the characteristic TEM—mode with the metallic
tube for the inner conductor and the beam pipe as the outer conductor. If the
coupling window of the BPM is located sufficiently away from the tip of the
antenna, the signals of this device should match those of a relativistic electron
beam. The back plate with integrated absorber prevents the electromagnetic
wave from being emitted out into the environment.

In Fig. 4.1c an alternative setup is depicted. The beam field will be simulated
by a coaxial system consisting of a wire stretched through the BPM structure
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and the inner surface of the vacuum chamber. At the input side, an impedance
transformer has to be inserted, because otherwise electric power will be reflected
at the transition step between the coax cable coming from the signal source
and the pipe~wire system. At the end of the path, the electric power has to be
dumped inside an absorber to prevent reflected power to travel back and produce
standing waves inside the BPM chamber.

The antenna method has the advantage to be mechanically simple and only one
support stage is needed. Major drawbacks are the finite size and the straightness
of the ridged cable. A straight line is easier achieved with a stretched wire.
Furthermore wires made from good conductors are available in sizes which meet
the root-mean-square transverse bunch size of the TTF FEL electron beam. Thus
a test bench with a stretched wire was planned for prototype tests.

The generation of a sharply peaked signal simulating the pulsed signal from
a 1 ps long bunch with 1 nC charge with a pulse generator is a demanding
task and not realizable with the wire setup envisaged for prototype tests. In
consequence frequency domain measurements are confined to frequencies up to
20 GHz, realizable with a vector network analyzer (NWA). For monitor parame-
ter measurements, a signal generator delivering a continuous wave with 12 GHz
is sufficient, because any other unwanted frequencies will be filtered by the first
stage of the signal processing electronics.

4.1.2 Testbench Description

For test measurements a setup as sketched in Fig. 4.2 was constructed and built.
In order to avoid high frequency oscillations from a moving wire and because
of the low weight of the prototype the BPM itself is moved with respect to the
wire. For this, the prototype is sandwiched between two steel plates fixed to an
assembly of two positioning stages!. In unidirectional mode, the manufacturer
specifies the repeatability to 0.3 um. The frame supporting the stretched wire
consists of two pairs of support rests, one pair at each end of the BPM. On the
input side, the rest pair is housing an N—connector with inserted wire fixing. The
end of a 250 pm diameter copper—berrylium wire is soldered to the extended inner
conductor of the N-connector, then the wire is guided through a Teflon cylinder
impedance matching. The flange housing the impedance transformer is not fixed
to the BPM flange. To provide electrical contact, a RF-spring is mounted to
the flange. On the other side of the BPM a flange containing an absorber is

1 Aerotech ATS0300
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Y-STEP BPM FEED-

-MOTOR THROUGH
B8PM

RF-SPRING FLANGE WITH
ABSORBER

. DAMPEDTABLE ©'

STEEL TABLE

Figure 4.2: Schematics of the mechanical facet of the BPM prototype
testbench.

screwjoint to the second flange. The wire is guided to a role fixed and stretched
with an attached weight. The whole setup, the supporting rests constructed
from aluminum elements? as well as positioning stage assembly is mounted onto
a damped table3.

For narrowband measurements the test signal is created by a signal generator?
set at 12 GHz delivering a continuous wave signal with 14.8 dBm power feeding
the wire-BPM coaxial system (see Fig. 4.3). Signals excited in the waveguides
are transferred via lowloss microwave cables (damping 1 dB/m at 12 GHz) to a
an electronics box, were signals are first filtered at 12 GHz with a bandwidth of
730 MHz and then amplified by 20 dB. Because the signal detecting powermeter®
has only two input ports, the filtered and amplified signals have to pass a relay
cascade. Via an IEEE 488 interface, the powermeter is read out by a PC running
a data acquisition application®. This application also controls the stepping mo-
tor control box” and reads out two step sensors monitoring the stepping motor
movements.

%from MicroTec Corp.

3from Newport Corp.
4Rhode and Schwarz SMP 02
5Gigatronics 8542 C
Srealized with Labview
TUnidex 11
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Figure 4.3: Schematics of the electrical facet of the BPM prototype
testbench.

Impedance Matching

Due to the low coupling of a BPM channel to the input signal, special care
is necessary to avoid reflections and standing waves in the experimental setup,
here in the microwave transmission line from input port to absorber. For this a
two-stage A/4-transformer was placed at the input side of the BPM as sketched
in Fig. 4.4a. Task of this transformer is to match the impedance of the N-
connector {Zy = 50 Q) to that of the inner beam pipe surface wire coaxial
system, which has an impedance of Z¢ = 263 2. A transformation impedance of
Zr = +/Zn - Zc = 115  was split up in two stages with Zr; = 76 Q and Z72 =
174 2. The first stage can easily be created by extending the inner conductor

w) AF INPUT TRANSITION b} RF QUTPUT DUMP
TWO STAGE BPM CHAMBER
A4 TRAFO FLANGE FLANGE

N-CONNECTOR

pammeny

BPM CHAMBER ABSORBER
FLANGE (ERPOXY RESIN-
RF SPRING IRON-GRAPHITE)

Figure 4.4: Detail sketch of RF input and output ports of the testbench.
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of the N~connector into the beam pipe. For the second stage, a modification of
the space between wire and inner beam pipe is obvious by means of inserting a
dielectric medium. To create an impedance of Zy, = 174 Q with the wire and
the inner beam pipe surface, PTFE (Polytetrafluoroethylene) with a dielectric
constant of £, = 1.6 serves this purpose. At the output side an absorber was
placed to avoid reflections from the incoming wave and thus different amplitudes
of the input signal at the two detection planes. Absorber for microwaves can be
mixed® by adding a mixture of graphite and iron powder to epoxy resin.

Wire Adjustment

Before starting with measurements of specific monitor parameters the wire has
to be centered inside the BPM with respect to the mechanical center of the beam
pipe.

After an initial empirical alignment with a survey tool it is possible to increase
the alignment accuracy with measurements of the transmission characteristics of

the coaxial system of wire and beam pipe [35]. Moving the wire out of the center
of the beam pipe will change the impedance according to [36]

Zo
2m\/e,

with dimensions as in Fig. 4.5a and Z; = 377 2 for the vacuum impedance.

Z = (4.1)

arcosh D*+d - 462)
2Dd

The variation of the characteristic impedance can be measured with a network
analyzer as the S;; reflection parameter of a two-port network, with S;; defined
as

Zc—ZL

Sy ==L_"L
W= zZo+ 2,

(4.2)
and Zg = 263 Q the impedance of the system with centered inner conductor.
This method only works if the end of the coaxial system is matched in the sense
of the impedance, because otherwise reflections at the end of the signal line will
cause perturbations of the reflection parameter. For a testbench as described
in the previous section this is no problem, because all power will go into the
absorber placed at the end of the setup. With such a testbench measurements
with both prototypes were performed to estimate BPM parameters like coupling
amplitudes, gain factors, angle of the sensitive slot center, and the sensitivity.

$The recipe for the absorber used here reads: 1 part graphite powder, 2 parts iron powder
mixed with even parts of resin and hardening additive
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Figure 4.5: a) Profile of a coaxial system with eccentric inner conductor,

b) Reflection parameter for an eccentric inner wire with d = 125 pym in
a beam chamber with D = 9.5 mm.

4.1.3 Transfer Characteristics

The transfer characteristic of each BPM channel was measured with the wire test
bench by measuring the S,; transmission parameter for a broadband frequency
up to 16 GHz with a Network Analyzer (NWA). In Fig. 4.6 the experimental
setup is shown. The device under test, in this case the BPM, is connected to

PROTOTYPE |

FEEDTHROUGH

Figure 4.6: Experimental setup for measurements of the transfer char-
acteristics of the BPM channels.

the ports of the NWA. For a broadband spectrum from 50 MHz to 16 GHz the
transmission coefficient is measured and displayed. With this setup, the cut
off frequency of the waveguide and interferences in this frequency range were
analyzed.
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Prototype 1

A result for the transfer characteristics of one channel of prototype I is shown
in Fig. 4.7. As expected from MAFIA simulations the transmission is rather
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Figure 4.7: S, parameter measured for one channel of prototype L
Above cut off transmission rises to —42 dB at 12 GHz with respect to
—94 dB reference. This corresponds to 0.8 % coupling amplitude at
12 GHze.

low until the cut off frequency of the waveguide is reached. From there on, the
transmission coefficient rises as a function of the frequency until 9.5 GHz with
the high—pass characteristics of the waveguide. Beginning with this frequency
trapped resonances are visible as peaks at defined frequencies. Waveguides of
length I, which are not perfectly matched at both ends in direction of wave
propagation, have ¢ longitudinal resonances above cut off f, according to

2

p=p+5 () (@3

The length of the waveguide is here ! = 98.4 mm with tolerances. So each
waveguide will exhibit a different resonance pattern. This may be turned into
a measurement technique to evaluate the length of each waveguide inside the
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BPM chamber. Regarding the coupling, these resonances cause coupling ampli-
tude differences among the four channels as visible in Tab. 4.1, where coupling
amplitude measurements at 12 GHz for all four channels are listed. The ampli-

Coupling {%)]

CH1 0.44
CH2 0.57
CH3 1.51
CH4 0.64

Table 4.1: Coupling at 12 GHz for prototype L

tude varies by a factor of three among all channels. Shifting any resonance by
length variation to 12 GHz will alter the coupling amplitude by around 6 dB.
Another reason for the strong distinctions are tolerances in the position of the
antenna, which realizes the coupling to the electric field inside the waveguide.
This antenna had to be welded very precisely perpendicular to the waveguide at
a distance of \,/4 = 6.25 mm away from the shorted end of the waveguide. A
shift of £200 um for the feedthrough position along the waveguide longitudinal
axis causes a variation of the coupling frequency of £0.5 GHz. Tuning stubs for
the waveguide were not foreseen, since stubs or screws can cause problems on the
vacuum compability of the device. The left photo in Fig. 4.8 shows the mechani-

i

Figure 4.8: Prototype I before (left) and after (right) welding of
feedthroughs and vacuum cleaning.

cal parts of prototype I. The waveguide ridge is integrated into the flange, which
is put into the extruded rectangular waveguide structure in the BPM chamber.
If the length of the inner ridge deviates from the length of the structure inside
the beam pipe, contact between the end of the ridge and the vacuum chamber is
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not guaranteed. A shorter ridge results then in a poorer electrical contact, which
in turn will decrease the coupling amplitude.

Prototype I1

Since for prototype II a more broadband transition between waveguide and vac-
uum feedthrough was designed, variations of the coupling amplitude among chan-
nels should be quiet lower than at prototype I. Another advantage of the broad-
band transition to the vacuum feedthrough is the fact, that resonances will obey
a smaller quality factor and in consequence will not spoil the coupling amplitude.

For prototype II, the inner conductor of the rectangular coaxial conductor was
brazed to the inner conductor of the vacuum feedthrough. Problematic was the
electrical contact between waveguide ridge and the rectangular block. For the
final design of the waveguide transition for the BPMs in the undulator module,
the transformer was fabricated in one step together with waveguide ridge struc-
ture by EDM. After that, a hole with the size of the extended inner conductor
of the feedthrough was drilled into the inner transformer block, used to host
the end of the inner conductor of the feedthrough. By this technique, sufficient
electrical contact as well as correct positioning of the elements is provided [37].

Due to the lack of time, broadband measurements with NWA are not available for
display. After completion of the mechanical parts of prototype II, it was quickly
moved into the beamline of SBTF for tests under beam conditions. These tests
will be described later in this chapter.

4.1.4 Gain

The discrepancy between an ideal and a real BPM is described by the gain factor.
This factor summarizes all mechanical imperfections and imbalances among the
four channels of one BPM unit are summarized. Determination of the gain is
thus the first step to calibrate each BPM unit. In the following a measurement
technique is described to evaluate the gain factor with narrowband wire testbench
measurements.

Definition

As mentioned above the gain factor is needed to describe the difference between
a real and and ideal BPM channel. The response of an ideal BPM channel can
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be calculated using image charges as described in Appendix A by

b‘Z _ T2
S; = 4.4
TP+ % - 2brcos(g; — 0) (44)

for a slot at (b, ¢;) responding to a beam at position {r,8). Due to the individual
transfer characteristics of each channel the measured voltage for each channel
depends on the ideal response function S; modified with the channel gain g; to

Vi=q-gi- 5 (4.5)

where ¢ is a factor describing the amplitude of the input signal. Normalized
with the input amplitude ¢ in the electrical center of the BPM all signals should
have equal amplitude. Hence the gain of one particular channel is the inverse
transmission parameter at 12 GHz normalized to the amplitude induced for a
centered wire.

Measurements

Gain parameters can be estimated by measuring the induced voltage V;; for
j = 1-.-n wire positions in the BPM aperture and fit this measurements to a
model M; ; for the ith coupling channel
¥ —r?
M,ﬁ ;= i - 1 =M :a
7 T r3 — 2br; cos (¢ — 65) (3,5 )
i=1---4 and j=1---m

a = (91,92,93,94)-

To obtain different V;; the wire was moved on a grid with side length L, =
L, = 1 mm and step width Az = Ay = 20 pm in the central region of the
BPM. At each point the position (r;, #;) was measured using the stepping sensors
and written into a table. See section 4.1.2 for a complete description of the
setup. Induced signals have been filtered, amplified, and then measured using a
powermeter. To exclude effects from the imbalance among amplifiers, cables, and
filters, detected voltages were divided each by their amplification factor. Then
these values were also written into a table.

Results

Results for measurements with both prototypes are listed in Tab. 4.2. The Re-
sult for prototype I reflects expectations from broadband measurements of the
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Prototype 1 Prototype 11
¢y 1.0000+0.0018 1.0000+ 0.0018
go 0.5609+0.0011 0.9054 £+ 0.0017
g3 0.3273+£0.0006 1.0668 4+ 0.0017
gs 0.6922+0.0014 1.0094 £ 0.0019

Table 4.2: Derived gains normalized to g; = 1.

transfer characteristics. Variations by a factor of three are also visible here. For
prototype II the situation is much more balanced. The broadband matching
with the transformer reduces the amplitude of trapped modes dramatically, such
that the gains are much closer to the design value with a small root-mean-square
spread.

Furthermore the image current model proved to be a sensible description of
the BPM response to an offset beam. To further enhance the precision of the
description of the prototype BPMs, estimates concerning the sensitive center of
each coupling slot were carried out. This is one of the problematic points of
this model, since the model assumes a point-like coupling slot. Hence in the
following an analysis is presented, covering the estimation of the angle of the
sensitive center of each coupling slot.

4.1.5 Coupling Slot Angle

In first order approximation this slot can be assumed to be point-like. The more
one wants to analyze beam offsets far away from the center of the BPM, the more
the size of the slot plays an important role for the response function. Keeping
this mind in following the slot is assumed to be point-like, which is valid if one
restricts the analysis to beam offset with radius r < b/2 [38].

Measurement

To estimate the center of each coupling slot, a complete array of data values
was recorded for prototype I while the wire was moved on a grid as sketched in
Fig. 4.9a, with dimensions L, = L, = 1 mm and steps of Ar = Ay = 20 um.
The measured values for ¢ = 1---4 coupling channels can be arranged into a
matrix V;; with j = 1.--m set wire positions. In extension to the analysis
above here the measured voltages are normalized with the estimated gain factors
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Figure 4.9: Schematics of the array for angle estimation.

for each channel. For each of this points the induced voltage can be modelled
with
b‘Z 2

rs
M. — j = M(i, j;a
] b?+r?—2b7’j¢05(ai"gj) (’J, )
4=1---4 and j=1-m
a = (al,az,aa,ad)'

This model can be fitted in a least square sense to the data values collected
in V;;, allowing to vary the coupling slot angle a; of each slot center with the
horizontal axis (see Fig. 4.9b for definition). The chi-square to be minimized
can then be written to

= (Vig = Mig)°
X?=Z( ! - r.7) (46)

(2.0
j=1 i

with aj? reflects the squared error for each induced voltage measurement. Since
this error will not vary with time, it can be assumed to be constant.

Results

Results for the coupling slot angles are listed in Tab. 4.3 for both prototypes.
Two angles for prototype I (az, a3) agree with the design value of & = 35.51°
while two differ by more than 2°. The EDM manufacturer stated, that two
EDM channels were not produced according to specifications with no further
information. These channels may be identified with (a;, c4).

For prototype II there is also a systematic deviation between design and derived
values. Two angles (a1, a3) are bigger than the design value while two (o, ay)
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o [deg]
Prototype I  Prototype II
CH1 3342#%0.10 35.94+40.13
CH2 3579+0.06 33.46=£0.09
CH3 3558+0.02 35.9240.14
CH4 3234+031 34.20+0.13

Table 4.3: Coupling slot angles for both prototypes as derived from a
fit with the wire testbench.

are smaller. Since they come in pairs of cross facing waveguides which run along
parallel, a possible explanation would be, that the complete chamber is tilted
inside the testbench. At closer look this assumption sounds more sensible, if one
compares the difference between the average of the parallel angle values. This
would result in a tilt of 1° between the reference frame of the BPM and the test
bench system.

4.1.6 Sensitivity

The sensitivity of a BPM describes the change of the induced signal amplitude
for a given beam offset. It is therefore a figure of merit for the dynamic range
which the signal processing electronics have to cope with.

Definition

Assume a beam position monitor with linear response in the central region. Thus
the relationship between induced signals and beam position offset is given by ?

z=b-F, and y=10,-F (4.7}

where F; and F, are the signalfunctions derived from normalized differences of
the induced voltages according to (for the horizontal direction)

_L—R_ (Sl+S4)—(Sg+S3)

E_L+R_ S1+ S+ 5.+ S

(4.8)

Analog for the vertical direction. The monitor constants b, and b, depend on the
monitor geometry. The sensitivity S;, is defined as the slope of signalfunction

°In section 5.6 are more complete treatment on this subject is given
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with respect to beam offset

OF,
ox

oF,

Sm= a—y'

and S, = (4.9)

and is thus the inverse of the monitor constant. The dimension of the sensitivity
is usually given in [S;,] = —=. To derive the sensitivity of a BPM in terms of

mtn”*

%, one has to combine Eq. 4.7 and 4.8 for the horizontal direction to

T L-R
—_——— 4.10
b L+ R ( )
and rewrite it to
L _ 1+z/b,
R 1-—z/b,

or in decibels

20 log (}—I%) = 20log (__1[ :ﬁ) = 1:5?0) In G J_“Zz) . (4.11)

To get a more convenient expression, the next step is to expand the term on the

right side into a Taylor series. Taking only the first order into account

L 40 z
201 —ll=——==2z-8 4.12

8 (R) In(10) 5 = °F (412)
results in an expression in terms of the monitor constant &, and in the log-ratio
of the induced voltages.

Measurements

Measurements of the sensitivity were performed with both prototypes mounted
on the wire testbench. The wire was moved on both axes within a range of
L, = L, = £500 pm with a step width of Az = Ay = 10 pm as sketched in
Fig. 4.10. Induced signals for all channels were filtered, amplified, and finally
displayed on a powermeter which was read out by a PC. The relative error for
each powermeter value is 0.25 % according to manufacturers specifications. At
each measurement point, values for horizontal and vertical wire positions and all
four induced powers were written into a table. From the power values induced
voltages were calculated by Ving = v/ Ping - B, with R = 50 Q for the input load
of the signal processing electronics. Induced voltages were then normalized with
the amplification and damping factors of each signal processing line. In the next
step virtual signalfunctions L and R for the horizontal direction were calculated
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Figure 4.10: Schematics of array for cross scan measurements .

according to Eq. 4.8 and analog for the horizontal direction. The sensitivity S,
for the horizontal and S, for the vertical direction is then the slope between set
positions z (or y) and the logarithmic ratio of L and R (or U and D)

L
z-5;=20-log (E) and y-S, =20-log (%) (4.13)

Results

In Fig. 4.11 values for the log-ratio are plotted against wire position values.
Resulting sensitivities for both prototypes are listed in Tab. 4.4. The slot posi-

Prototype I Prototype II
Sy [dB/mm]  5.597 £0.078 5.786 4 0.037
Sy [dB/mm]  3.815+0.077 4.102+0.036

Table 4.4: Sensitivities for both prototypes as derived from measure-
ments with the wire testbench. Errors are derived from the systematic
errors of the testbench and from the statistical error from the linear
regression.

tioning is the main reason for the moderate improvement of the sensitivities for
prototype II compared to prototype I. In prototype II the slot is closer located
to the T-ridge bar of the waveguide enabling a better coupling to the beam field.
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Figure 4.11: Sensitivity plots for both prototypes I and II. Mean errors

for log-ratio values are for prototype I: 0.219 dB for the horizontal log-

ratio values, 0.221 dB for the vertical; for prototype II: for the horizontal

0.107 dB and 0.106 dB for the vertical values.

The sensitivity was also simulated numerically with MAFIA S-Parameter compu-
tation and analytically with the wall current model. With MAFIA, transmission
parameter were calculated for different positions of the inner conductor like de-
scribed in previous section 3.3.3. In Tab. 4.5 results for simulations are gathered
together with results from measurements

S [am] Sy [m)

mm

Prototype I _
MAFTA simulation 5.41 4.25

Wall current model 5.67 3.89
Wire test bench 5.60 3.82
Prototype 11

MAFIA simulation 5.78 3.88
Wall current model 5.78 4.33
Wire test bench 5.79 4.10

Table 4.5: Comparision chart of sensitivities measured and calculated.

Both prototypes offer linear performance in a region |z|, [y| < 500 ym around the
center of the BPM. The relationship between induced voltages and beam offset
is here simply given by the monitor constant.
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4.2 Measurements with Beam at CTF2

First tests of prototype I with beam were performed at the CLIC (Compact
LInear Collider [39]) Test Facility (CTF2 [40]) at CERN. The CTF2 was built
to study the feasibility of the two-beam acceleration principle [41] with beam
parameters close to those proposed for CLIC.

4.2.1 Measurement Setup

The CTF2 consists of two beamlines as illustrated in Fig. 4.12, a drive beam line
to feed a probe beam line with energy. The drive beam accelerator structure can
be subdivided into three sections: First an accelerating part based on normal
conducting cavities working at 3 GHz able to accelerate the beam to an energy
of 62 MeV, secondly a matching section to optimize the beam optics for the final
transfer structures, where power is extracted from the beam and transferred
by waveguides to the probe beamline. The prototype BPM was installed into
the drive beamline as sketched in Fig. 4.12 behind the bunch compressor and
matching quadrupole triplets.

RF-PHOTO />

PROBE E
BEAM

RF-PHOTO

60 MV/im 60 MV/im TRANSFER STRUCTURES

(30 GHz)
82 MeV
BUNCH COMPRESSOR CTF

STEERER BPM

TRIPLET TRIPLET #2 TRIPLET #3 PROTOTYPE
BPM

Figure 4.12: Schematic layout of the CTF2. In the bottom part of
the figure the location of the prototype BPM in the drive beamline is
zoomed.

Beam optics calculations with the purpose to find parameters suitable for BPM
tests were carried out. The optics elements of the matching section were used to
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focus the beam at the prototype’s location. Using the software package WINAG-
ILE [42] an optimized setup for the quadrupoles of the matching section was eval-
uated to get a small and round beam with root-mean-square transverse bunch
dimensions of 1 mm in the region of the BPM. With these optic settings 99% .
transmission of electrons through the BPM region was reached.

4.2.2 Measurements

First measurements under real beam conditions were aimed at an experimental
proof of the operation principle of the BPM. Furthermore, the coupling of the
BPM to the beam field at 12 GHz was measured to compare with expectations
from testbench measurements and calculations.

Beam parameters

Several beam parameters were measured to ensure correct steerer calibration
and a center beam position at the BPM location. Energy measurements were
performed using a spectrometer magnet located between the matching section
and the transfer structures. Afterwards the beam was centered in quadrupoles
positioned before and after the BPM with quadrupole scans. Beam parameters
obtained and used during BPM measurements are listed in Tab. 4.6. Compared

Energy E  51.2MeV
Repetition rate  f, 5Hz
Bunch charge q 3nC
Bunch length o. 10ps

Table 4.6: Beam parameters during measurements with the prototype
BPM.

to TTF FEL design parameters, the bunch charge at the CTF2 is by a factor of
three higher and spread on a ten times longer bunch. A position jitter of a least
50 um was observed at the CTF BPM located directly behind prototype BPM.
Furthermore, intensity fluctuations of around 10% of the mean bunch charge
were measured by toroid signals. Since no fast signal processing electronics were
available, measurements were averaged over many bunches resulting in a large
error for the estimated position of at least 100 pm.



60 4. Measurements

Signal line

Each element in the signal processing line was characterized with respect to its
loss parameters to enable an accurate estimate of the signals induced into the
BPM channels. In Fig. 4.13 a block diagram of the signal processing elements is
shown. The damping of the induced signals caused by losses in cables are in the

SIGNAL ALTER LHWATER AMPLIFIER SKGNAL
GENERATION DETECTION
PROTOTYPE | \ |\\ SAMPLING

CHANNEL CABLES I/ SCOPE

12 GHz, B = T30 MHz 20 dB

. ELECTRONICS GAIN .m

Figure 4.13: Block diagram of tested prototype I electronics.

order of L = (32 £ 1) dB for all cables including connectors. For the distance
between accelerator tunnel and control room lowloss cables of 0.5 m length with
damping coefficient of D = 1 dB/m at 12 GHz where used for the first part
of the way. These were the same cables as used with the wire testbench. For
the rest way, 10.7 m long cables {D = 10 dB/m at 12 GHz) were utilized. An
additional damping element with L = 20 dB was first installed to protect the
amplifier from high signal amplitudes. This results in an electronic gain factor
a; which is unique for each channel.

Coupling

A digital sampling oscilloscope!® was used to display signals. Fig. 4.14 shows an
example of measured amplitudes in the time—domain. Detected peak to peak
voltages Vyi—pkr; have to be transformed into root-mean-square voltages Vims,;
with Vimsi = Vor—pi,i/ 2v/2. Using the known characteristics of the signal carrying
and processing elements the induced voltage V; at the vacuum feedthrough of the
ithe channel can be computed using

Vi=a;- Vrms,i- (4-14)
From this, the coupling parameter k; for this channel can be determined as
Vi
ki = ——0 4.15
7 B, ¢ (4.15)

In Tab. 4.7 these values are compared with values obtained under laboratory
conditions with the wire testbench. There is a good agreement between both
data sets within error margins.

10Tektronix 11801B
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Figure 4.14: Signals of all channels measured using a digital sampling
oscilloscope. Transduced signals were filtered and amplified. The peak
to peak voltage values for the different channels are, from top to bottom:
CH1: 364 mV, CH2: 334 mV, CH3: 804 mV and CH4: 588 mV. Note that

the scaling is different for each signal.

Steering

Steering experiments have been performed with the CTF2 electron beam. Using
a pair of correction coils the beam was moved in both transverse directions.
Before beginning of steering the beam was centered with quadrupole scans. Then
the beam was steered in z and y direction perpendicular to the beam axis, and
output signals were detected with the digital sampling scope. In accordance with
the coupling parameter measurements these output signals were traced back to
the transducer. From a data table containing the induced voltages for every
channel per beam position affiliated beam positions were calculated using a beam
based modelfit technique'!.

1 This technique will be discussed in chapter 5 dealing with calibration techniques.
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Coupling k;
CTF2 Lab
CH1 1.00+0.10 1.0000+0.0018
CH2 0.56%=0.06 0.5609+ 0.0011
CH3 0.304+0.03 0.3273 £+ 0.0006
CH4 0.63+0.06 0.6922+0.0014

Table 4.7: Coupling parameters obtained at CTF2 and with the wire
testbench. Values are normalized to the channel 1 amplitude.

First results revealed a systematic offset between set and measured values (see
Fig. 4.15a. This offset is 2,5y = (—515 £ 20) pum for the horizontal and y,;; =
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Figure 4.15: Comparison between set beam position and reconstructed
beam positions. a) Uncorrected reconstruction results are plotted to-
gether with set positions. b) Corrected reconstruction results and set
beam positions.

(2011 - 40) pm for the vertical direction with statistical errors. Fig. 4.15b shows
for this offset corrected position values. This indicates that the BPM was not well
aligned in the beamline. The remaining difference between set and reconstructed
position is still in the order of a £200um. This is due to the finite size of the
beam in transverse plane exceeding the linear range of the BPM.

Taking only difference measurements into account for estimating the sensitivity,
this results in values close to those estimated with the wire testbench as shown

in Tab. 4.8.
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CTF2 Beam  Wire Testbench
S, [dB/mm] 5.58 +0.09 5.597 £ 0.078
S, [dB/mm] 3.86+0.12 3.815 £ 0.077

Table 4.8: Comparison between sensitivities obtained at CTF2 and in
lab at Zeuthen.

Measurements with the CTF2 electron beam and with the wire testbench are
consistent regarding the coupling amplitude and the sensitivity of the BPM.
They also agree with estimates from analytical calculations and from MAFIA
simulations.

4.3 Measurements with Beam at SBTF

To reduce the number of systematic error sources and to move the BPM in well-
defined stepwidth a setup with two stepping motors was planned for prototype
11 tests at the S-Band Test Facility (SBTF) [43].

4.3.1 Setup and Preparatory Work

The SBTF was a teststand for a linear electron—positron collider based on normal-
conducting cavities working in the S-Band (2.60---3.95 GHz) with a resonant
frequency of the accelerating mode in a cavity of 2.99 GHz [4]. The accelerator
design is based on well known and proven technology, with focus on the gener-
ation [44] and transport [45] of RF power in the S-Band, as well as on Higher
Order Modes (HOM) issues [46)].

The BPM prototype II was installed in the SBTF beamline in a drift region be-
tween two quadrupole triplets as illustrated in Fig. 4.16. In the injector complex

PROTOTYPE
INJECTOR TRIPLET #41 ACC.#2 ACC, 83 EPM DIPOL

Figure 4.16: Layout of the S-Band Test Facility (as in 9/98) with
indicated location of the BPM prototype II .
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an electron beam with the desired time structure and energy is generated to be
accelerated by three adjacent accelerating sections, each 6 m long and composed
by copper cavities. The prototype II BPM was installed between the third and
fourth quadrupole triplets, at a location were the beam envelope should be equal
for the horizontal and vertical plane. The BPM was fixed to a two—dimensional
stepping motor frame enabling the movement of the BPM in a plane normal to
the beam axis. In order to catch up mechanical stress on the beam pipe and
on the BPM, two pairs of bellows were installed in front and after the BPM as
shown in Fig. 4.17. In Tab. 4.9 SBTF beam parameters relevant for the BPM

Figure 4.17: Photo of the direct neighborhood of the BPM prototype
11 in the SBTF beamline.

Energy E 46.7 MeV
Repetition rate  f, 1 Hz
Bunch charge ] 0.2 nC
Bunch length O 4.---5 mm

Bunch size Ozy ~ 1 mm

Table 4.9: SBTF beam parameters during measurements with proto-
type II.

tests are summarized. After centering the beam with quadrupole scans, first
measurements were performed by simply displaying beam induced signals on a
digital sampling scope.
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4.3.2 Measurements

Raw BPM Signals

For first measurements, the induced signals were displayed directly on a digital
sampling oscilloscope (see Fig. 4.18a). For the scope trigger, a beam related
signal was taken from a stripline BPM in the second quadrupole triplet. In order

a) RAW SIGNALS b) FILTERED SIGNALS
YT G S SAPPLING TSR Soni e aAl. B ek SertE iRl

Dot SE Rk RN B B iy MR LIt M8 A

FAOM LOWPASS FADM LOWPASS
STRIPLINE BPM THIGGER STRIPUNE BPM TRIGGER
A INPUT -\ INPUT
£d8 +dB
f.= 200 MHz f = 200 MHzZ
FROM FROM BANDPASS AMPLIFIER
PROTOTYPE it DELAY __ SIGNAL PROTOTYPE II Er=y SIGNAL
U T INPUT U r\i INPUT
730 MHz +25dB

DELAY @12 GHz 400 MHz

Figure 4.18: Measurements with a digital sampling scope. a) Raw
signals for two BPM channels. b) Two BPM signals filtered and amplified

at 12 GHz.

to shift the prototype II signal in time after the trigger signal, a delay had to be
incorporated. To filter out unwanted frequencies, a filter element was placed in
the signal line before the input port of the the sampling scope (see Fig. 4.18b).
With this setup, the 12 GHz component of the beam position related induced
signal at the BPM was clearly visible. Hence the trigger signal from the stripline
BPM proved to be very stable in time and amplitude. Encouraged by this it was
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planned to build a simple signal processing electronics by commercially available
elements, since the recording of one BPM channel signal took around 10 min
which is too long for steering experiments, as beam position jitter and intensity
fluctuations add up during this time.

Utilizing Signal Processing Electronics

With the next step it was planned to record down—converted BPM signals en-
abling measurements with a fast oscilloscope for all channels simultaneously. The
down-conversion from 12 GHz to DC was realized using a RF mixer. The filtered
amplified signals coming from the waveguide BPM were fed into the RF—port
of a mixer. For down—conversion a local oscillator signal {(LO) signal is needed
with constant amplitude, a frequency of 12 GHz, and which is phase-locked to
the beam. Since the operation frequency of the SBTF is fgr = 2.99 GHz the
fourth harmonic of this frequency, stabilized in amplitude, should be sufficient
for this purpose. A fourth harmonic at 12 GHz was found in the spectra of the
stripline-monitor that was used to trigger the sampling scope. After filtering out
any unwanted frequencies the LO-signal was amplified to a level of Upo = £1 V.
A block diagram is sketched in Fig. 4.19. Electronics of this kind were builded for
each of the four channels providing the opportunity to measure all four signals
at the same time. The resolution of the BPM is here only limited by the res-
olution of the oscilloscope analog-to-digital converter (ADC). Transforming the
8 bit resolution into position resolution results in a minimal measurable offset of
30 pm.

Steering

With the electronics described in the previous section, beam offset measurements
with respect to the BPM center were performed in a transverse reference frame
spanned out by the two stepping motors. Scans along the vertical axis were
impossible due to a system failure of one stepping motor. After correcting for
gain and damping factors, the signalfunction S, for the horizontal plane was
calculated with the sum-over-difference method. In Fig. 4.20 S, is plotted versus
the transverse beam position for a rough scan with stepwidth Az = 500 um and
a fine scan around the BPM center with Az = 50 um. The trend of the broad
scan data can be described with a theoretical model based on the image charge
calculation (see Appendix A for this model). From data values obtained from the
fine scan, confined inside the linear region of the BPM, the horizontal sensitivity
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Figure 4.19: Top: Induced and down—converted BPM signals for all
four channels. Bottom: Block diagram for one channel signal processing

electronics.

can be derived using a linear fit resulting in a sensitivity of
Sz = (5.27 £ 0.14) dB/mm.
Compared with the value measured with the wire testbench of
S, = (5.786 £ 0.037) dB/mm,

the sensitivity measured at SBTF under beam conditions is lower. This can
be explained by the fact that the beam size is larger than the linear region of
the BPM, so that a fractional part of the transverse beam profile will lap into
the saturation regime of the BPM, giving a lower signal than expected from an
extrapolation of the linear region. This behavior is illustrated in Fig. 4.21 were
signalfunctions derived from the image charge model and the linear approxima-
tion are compared.
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Figure 4.20: a) Relative signalfunction for the horizontal plane for a
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stepwidth Az = 50 gm. From the right plot the sensitivity for the linear
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the 20 beam size in the transverse plane.



Chapter 5

Calibration Techniques

There are ten waveguide type beam position monitors installed in the third un-
dulator module of the Tesla Test Facility FEL. Due to mechanical tolerances
and manufacturing aspects each of the 40 BPM channels has unique properties
affecting the performance of them. Therefore each BPM head as well as each
BPM channel is object to calibration in order to establish a defined relation-
ship between induced signals and beam position [47]. This chapter summarizes
different calibration methods, feasible in lab or with beam under operation con-
ditions. Furthermore concepts are evaluated to calculate beam position from
induced voltages.

5.1 Motivation

Each BPM head as well as each BPM channel has specific properties which have
to be determined in order to establish the relationship between induced signals
and the absolute beam position with respect to a nominal orbit.

Absolute calibration requires several steps during machine operation and should
be repeated regularly to overcome drifts due to changes in the accelerator envi-
ronment. The steps required to relate the measured positions with respect to a
nominal orbit defined by a global survey are:

e Measure and correct for attenuation of the signals through cables, connec-
tors, passive and active electronics elements.

e Establish the electrical center of the BPM with respect to a the geometrical
center as discussed in the section 5.3.

69
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e Determine the offset of the electrical BPM center with respect to its asso-
ciated quadrupole axis using a method described in section 5.4

e Align the beam in a straight line through undulator structure by using
BPM information and defined corrector settings obtained with a technique
described in section 5.5.

5.2 Modelling BPM Output Signals

A practical model is proposed to describe the response of a BPM channel, and
define the geometrical monitor center by assuming that each coupling channel
has its ideal position response function. This model also assumes that the real
output from a coupling channel is proportional to its response function by a
constant factor, called its gain, and that the gain is independent of the beam
position.

5.2.1 Recalling the Image Charge Model

The response of an ideal BPM channel according to design specifications can be
modelled using a model based on the calculations of image charge from offset
beam currents (see Appendix A for details.)

The closed form expression for the local transverse magnetic field amplitude H,;
for a beam current I, at (8,7) detected by a slot centered at (¢,b) in a beam
pipe with radius b reads

H=H B r (5.1)
T R e _2brcos(p—6) )
Divided by the magnetic field for a centered beam
I,
= — .2

one yields an expression for the relative position response function of the ith
BPM channel with

_ b~ (2 +¢%)

B+ (@ + ) - 2z + yey)

in a cartesian reference frame. Beam and slot coordinates are transformed with

Si (5.3)

x =r - cos(f), zy = b - cos(¢),
y =r-sin{f),and y, = b-sin(d)

from cylindrical to cartesian coordinates.
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5.2.2 From Ideal to Real BPM Heads

Because of mechanical tolerances and possible errors during the production pro-
cess of the BPM heads, each channel will have its own individual transfer char-
acteristics. Furthermore, each BPM channel will be connected to its own chain
of signal processing electronics elements, cables, and connectors. Thus the above
mentioned position response for an ideal BPM channel will differ from the re-
sponse of a real BPM channel. Assuming a linear relationship between the real
and the ideal response, all effects can be summarized in a gain factor g; which
is unique for each channel. The characteristics of each BPM head can be speci-
fied by four gain factors, which are object of intrinsic BPM calibration. Fig. 5.1

OFFSET | WAVEGUIDE | FEED RF ——1 [contRoL
BEAM | CHANNEL |THROUGH | orpipsr LELECTRONIC [ copir [Anc ] Serem
IDEAL N | MEASURED

RESPONSE |NTRINSIC GAIN ! ELECTRONICS GAIN 1 VOLTAGE

Figure 5.1: The ideal response due to an offset beam will be modified
according to intrinsic and electronic gain factors.

describes schematically the modification of the ideal response with gains. One
can subdivide the gain factor g; into intrinsic and electronics gain factor, because
the electronics gain can be measured separately without beam by using a precise
and well defined signal source and a precision voltmeter. With such a setup
time-varying changes and drifts inside the electronics chain can be detected and
corrected for. Moreover, in the following the gain g; refers to the overall gain.
Thus the measured voltage V; for each channel depends on the ideal response
function S; modified with the channel gain g; and on the bunch charge ¢ to

Vi=q-gi- S | (5.4)

The gains g; are in the following object of calibration.

5.3 Beam Based Model Fit

In this section a method is discussed to find the geometrical center of a BPM
from its beam signals and thus calibrate the BPM for the imbalance between its
gain factors.
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5.3.1 Assumptions

The analysis is based on two assumptions. One is that the response function
S; for a particular channel will not change in time and is known by calculation.
The second assumptions is that all effects determining the coupling gain of one
channel can be summarized by a gain factor g; [48]. Measured independently are
parameters for the signal processing electronics.

5.3.2 GGain Detection

Considering j = 1.--m different measurements of four induced voltages with
different beam positions measurements, for example by steering. Then, the mea-
sured voltage of the ith channel at the jth measurements is given by

Vi =g - ¢; - Silzj ) (5.5)
where S; is the response function for an ideal BPM channel for an electron beam
at the position (z;, y;):

Si(25,¥) = 73 2 — (& + 1))
b* + (25 +y5) — 2(xsT5 + Ysys)

Because only the relative imbalance between all gains are of interest for cali-

(5.6)

bration, ¢, can be set to 1. So there exist only three unknown parameters g,
g3, and g4. Beside this, for each measurement m a set of 3 unknown parame-
ters {(gj, z;,y;) exists while four quantities (Vi;, Va;, V35, Va;) are measured. For
m = 3 measurements the system of equations has a unique solution, for m > 4
the number of known pafa,meters exceeds the number of unknowns because of

dm >3+3m for m24 (5.7)

Using a nonlinear multi-parameter chi-square method the unknown parameters,
including the gains, can be estimated. The present nonlinear model can be
rewritten as

Vii = 9i-g;-Si{z;,y5) = Vi, j;a)
t=1---4 and j=1---m
a = (92,03 04,9, %1, s Gm Tm) Ym)

where a is an array of the parameters to be fitted. The unknowns can be esti-
mated by minimizing the chi-square defined as
4

e[V = Vi, i)
x2(a)*;jz=lj —5 | (5:8)
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where afj is the data error of the ith channel at the jth measurement and is
assumed to be equal for all measurements and thus can be neglected.

5.3.3 Simulation of the Method

For simulations a data field was generated using the closed—form expression for
the signalfunction as in Eq. 5.5 with reasonable set values for the gains as well as
for the beam charge and displacement. The relative gains (ge, g3, g4) are typically
in an interval 0.5 < g; < 1.5. Furthermore noise was added to the simulated
data points in form of a flat distribution simulating noisy measurements. A set
of beam positions was fixed using a random walk through the monitor plane in a
square region around the monitor center with a side length of 2 mm. Estimation
of the gains and beam positions were carried out, based on the generated data,
by minimizing the chi-square defined in Eq. 5.8 with a Marquat-Levenberg-
Minimization techniques [49] implemented into the MATLAB [50] programming
package. With this algorithm convergence was always reached in a few iterations
and the results coincided with the set values.

5.3.4 Test with Measured Data

The method described above was also tested with a data field obtained during
wire measurements with the testbench setup for the second prototype. From a
square data field with side length of Ly, = 1.2 mm and step width of Az,y =
90 um 5, 9, and 12 points randomly selected measured voltage values for this
points were extracted and sent to the solving algorithm. In total 30 seeds were
tested in this way, and convergence in the minimization procedure was always
reached. Also there was no relationship found between start values for the algo-
rithm and solutions.

As illustrated in Fig. 5.2, a systematic offset occurs between estimated and set
values for the wire positions. This offset is 2,55 = (118+19) um for the horizontal
and yo; = (15£11) pm for the vertical direction. The reason for this systematic
deviation is the way the reference frame for the set values was determined. Due to
the lack of a precise survey instrument, the wire position at the BPM center was
zeroed empirically. This causes an offset between the real and the set reference
frame. Assuming that the fit algorithm estimates wire positions in a real reference
frame, the set values can be corrected. Fig. 5.3 shows results for an 8 and 12 point
randomly drawn from the data field. The mean difference between corrected
reconstruction and set position is & = 8 uym and the mean error for the offset
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Figure 5.2: Fit result and set values for a 5 point random walk; the
fit estimation for wire position were not corrected by the offset of the
reference frame.

estimation is d = 15 pm. This leads to a error of Gy >= 17 pm for directions.
The results for the estimated gain factors and charge are listed in Tab. 5.1 The

Quantity Value
go 1.1920 + 0.0143
gs 0.7684 +  0.0115
g4 0.9705 + 0.0059
q 88.7 + 0.6

Table 5.1: Results for the gains g; and the bunch charge parameter g.

errors are less than 2%. Tests with simulated data fields as well as with measured
values taken from testbench measurements show that the fit procedure is useful
to describe the real BPM heads with only a few parameters where more than
five measurements at different beam positions are taken into account.

5.4 BPM Offset Determination

Beam based alignment techniques as described in the following section 5.5 elim-
inate the need for a high accuracy pre-alignment of the BPMs in the order of
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Figure 5.3: Fit estimate and set values for a 8 and 12 point random
draw. In both cases corrections for reference frame offset were applied.

a few pm. Despite that an absolute BPM measurement accuracy of a few ten
ym after initial BPM offset determination is desired to reduce the beam based
alignment time and to achieve FEL gain at low electron energies without that
procedure. Therefore the offset between the geometrical center of each BPM
with respect to its associated quadrupole has to be determined.

Parameters influencing the position measurement accuracy are misalignments of
quadrupoles and the beam chamber (with its BPMs), and mechanical tolerances
of the extruded central aperture. The undulator is a permanent magnet structure
with a gap of 12 + 0.2 mm, the height of the vacuum chamber is 11.5 mm
with negligible tolerances [37]. The quadrupoles can be aligned with a precision
of +0.05 mm [51]. For the horizontal plane, additional errors arise from the
wander of the extruded central aperture of £0.3 mm and from the horizontal
alignment of the vacuum chamber in the order of £0.5 mm [52]. Combining all
factors results in a root-mean-square deviation between quadrupole and BPM
center of d.,, = 0.63 mm, which is also the initial accuracy. In the following a
method is reviewed improving this initial accuracy. The method utilizes orbit
measurements at different energy levels [53] aiming at minimum local dispersion
at each BPM. This offset information is then the base for an improved trajectory
correction [54].
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5.4.1 Local Orbit Correction

In case of the FEL the aim is to keep the electron beam on a straight line in
order to maximise the interaction between photon and electron beam. This
straight line is defined by the beam parameters (z,, z}, ¥,, ¥,) at the entrance of
the undulator. As a dominating source for orbit kicks misaligned quadrupoles are
expected, while dipole field errors are considered to be significant smaller. Since
all dipole as well as the quadrupole magnets are made of permanent magnets,
only the corrector magnets and the beam energy can be changed, making BPM
offset detection schemes [55] using variable quadrupoles {56] impossible.

In Fig.5.4 the situation at the first half FODO-cell of the undulator is illustrated.
The beam position x; at the BPM located in the next quadrupole center can be

BPFM
PLANE

3

QUADRUPOLE UNCORR, OF!BIT
CORR. ORBIT

-v-v-v-v-v-u-v-v-u- AL Al & ade s+ . ¥ . ¥ ¥

Xq X

Figure 5.4: Sketch of corrector compensation of the beam deflection due
to quadrupole and dipole field errors. BPMs are located at the center of
quadrupoles.

expressed in the thin lens approximation for the horizontal plane by
K, D; C
:c1=:co+x:,-z+?q-zq+2?'-z,-+;-zc (5.9)

where (z,,z,) are the initial beam conditions, K, the kick generated by the
misaligned quadrupole, D; the kicks caused by dipole errors, and C the kick
produced by the corrector. The beam momentum is denoted with p and 2, 2, z;,
and z. indicate the position of the beamline elements with respect to the BPM at
z1. To bring the beam onto a straight line with z; = x,+x/ -z, the sum of all kicks
has to be zero. This is the case when the measured beam position at the 2; is
energy independent or in other words dispersion—free. To determine the required
excitation of the corrector io cancel the effects of all field errors one needs to
measure the beam position z; as a function of the excitation for two different
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Figure 5.5: Schematics for two different orbit measurements at two
different beam energies.

energies with typically 10 % energy variation [57]. Then the BPM readout z,
has to be plotted versus the excitation current of the corrector as illustrated in
Fig. 5.5. A linear regression gives two lines describing the dependence of the beam
position for different corrector settings. This plot gives valuable information:
The intersection of the two regression curves indicates the working point for a
dispersion-free passage of the electron through the beamline. The projection
onto the corrector setting axis reveals the correct setup for this element, while
the projection onto the BPM readout axis shows the offset of the electrical BPM
center with respect to the quadrupole center in the horizontal direction. The
method works similar for the vertical direction.

5.5 Beam Based Alignment

In addition to the technique discussed above working with a point-to—point steer-
ing an orbit alignment method using global dispersion minimization [58] is briefly
reviewed here. This method utilizes BPM readout information and corrector
settings from all elements along the undulator beamline. While quadrupole
misalignments and undulator field errors not only deflect the beam they also
introduce dispersion. The idea behind global dispersion minimization is that a
dispersion free trajectory is in first order a straight line.
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5.5.1 Global Dispersion Correction

The dispersion orbit is obtained as the difference between two orbit measurements
at different energy level (E and E— AE) of the electron beam. With subtracting
these two measurements one gets a so—called dispersion orbit which describes
the energy—dependence of the particle trajectory. This difference measurement
is independent of the absolute BPM alignment, since only relative beam offsets
are taken into account for the analysis. The problem here is to find a set of
corrector settings which corrects to zero the dispersion observed at all BPMs.
This can be expressed as the following system of linear equations

Ncurr
di+ Y aye;=0 for i=1,..., Ny (5.10)

i=1

where N, denotes the number of BPMs and N, the number of correctors.
The vector ¢; represents the corrector strengths to be evaluated and the vector
d; is given by the measured dispersion at the i{th BPM. The correction matrix
a;;j is calculated as

_ Dxy(E - AE) —zi(E)
“y = AE/E

(5.11)

;=1

where z; is the beam displacement du to the corrector ¢; and AE is the energy
change used for the dispersion measurement. The Micado [59] algorithm is used
to find a set of best correctors which minimizes the chi—square defined as

Nenon Neorr 2
X2 = Z (d,' + Z a,erj) . (5.12)

i=1 j=1

Both location and resolution of the BPM system are key parameters for the
efficiency of the correction scheme. It has been concluded from simulations [60]
that the last three BPMs inside the last undulator module are needed to reduce
the root mean square orbit deviation to a level of Az = 11 pm. Furthermore
the performance of the correction scheme is related to the BPM resolution. For a
larger AFE the effect of position measurement resolution is reduced. For example
with 300 MeV beam energy and 1 um BPM resolution the energy shift has to
be in the order of AE/E = 0.20. If the BPM resolution is around 3 um, the
required energy shift increases to AE/E = 0.30.
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5.6 DBeam Position Determination

In this section combinations of response functions of the four coupling channels
are investigated to obtain an algorithm to determine the beam position in units
of ym from induced voltages.

5.6.1 Normalized and Skew Differences

Fig. 5.6a shows that by measuring only the response of one channel, S (also
denoted as UR!) for example, and normalizing it to the beam intensity, one
only knows that the beam position is on a given curve in the (z, y)-plane. By
combining two signals in a well defined way, like in Fig. 5.6b, one gets a signal
proportional to the offset in the vertical direction, but which has however an up—
down ambiguity. In order to get rid off all ambiguities, it is necessary to combine
all four signals in both horizontal and vertical directions to extract relevant beam
position information. The most obvious combination of the four channel signals

a) ISOSIGNALS UR b) ISOSIGNALS (UR-DRY(UR+DR)
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Figure 5.6: a) Isosignal curves for one coupling channel, here 5; (UR).

b) Difference of two signals useful to derive position information in the

vertical direction.

to extract the beam position is to use combined Up and Down, respectively, Left
and Right signals

L=UL+ DL, R=UR+ DR,

U=UL+UR, and D=DL+ DR.

'This notation is introduced because the BPMs installed in the FEL are named according
to this convention.
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The signalfunctions for the = and y-direction are then defined as
R-L U-D
F==—= ==
*=r+r ™ BH=yip
In Fig. 5.7a the signalfunctions F, and F, are shown for a region of Az =
Ay = 2.5 mm around the BPM center. Another possibility to combine response
functions created by combinations of the diagonal signals like

UL~ DR UR—- DL
= ITDE and S = TR+ DL (5.14)

and to form the skew differences

(5.13)

D,=S—-P and D,=P+5 . (5.15)

Isosignal curves for D, and D, are illustrated in Fig. 5.7b. The slope of the sig-
nalfunctions obtained using skew differences is higher, thus indicating a higher
sensitivity of these signalfunctions and in consequence a higher robustness against
fluctuations in the induced signals caused by gain variations of signal processing
elements. This is illustrated in Fig. 5.8. The slope of the signalfunction calcu-
lated with skew differences is higher than the slope of the curve for normalized
differences . '

5.6.2 Linearization of Signalfunctions

In order to reconstruct the beam position from signalfunctions generated by
normalized or skew differences several methods have been studied. Short com-
putation time and low error margins are boundary conditions for a reconstruction
algorithm.

One possibility is to use a polynomial of higher order to describe the relationship
between signalfunction and beam position. For a first approximation, a linear fit
in a region |z|, [y| < 500 um results to first order coefficients b, ,, and c,,, relating
the signalfunctions to beam positions according to

r,=by - F or T = ¢+ Dy, (5.16)
n==b-F or n=c- Dy
with
by = 2.9559 mm
by 4.0684 mm
1.4779 mm

2.0342 mm.

£ &
I
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Figure 5.7: a) Signalfunctions for & quadratic array using normalized
differences. b) Signalfunctions for the same array using skew differences.
The amplitude difference between two isosignal lines is in any plot AF =
AD =0.1.

The base data of this analysis was calculated analytically for a model BPM
fulfilling the design specifications. The maximum error for the reconstructed
beam position is ¢;, = 2 um inside the region of |z|, |y| < 500 pm. To measure
beam offsets outside the linear region, a correction term has to be added to z;
and yq:

Ty = 21 + Ko(21,91) and  yo =y + Ky (v1,21) (5.17)

A polynomial utilizing the odd symmetry in the primary variable and even sym-
metry in the secondary can serve this purpose {61]. After testing several trials
a polynomial with six free parameters turned out to provide a sufficient error
margin. Hence the beam position can be calculated with

a-m+b-re-m-Ptrdom-yite-ai-yi+f-2) (5.18)

A-p +B‘yi‘+C-y1-x%+D-y1-x%+E-yf-m%+F-yf.

To =

Y2 =
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Figure 5.8: Relative signalfunctions calculated with normalized (F)
and skew (D) differences for beam positions along the z-axis.

The coefficients (a,..., f; A,..., B) can be resolved by a least-square fit of the
polynomials in Eq. 5.18 to BPM data.

It seems necessary to divide the task into two steps with different boundary
conditions. For first orbit measurements the effective range should be quite big
(x|, ly| £ 2.5 mm) so that most of the BPM profile is covered. Requirements
on resclution are here relaxed and may exhibit a few hundred pm. For accurate
beam orbit measurements, in particular required for the beam based alignment
procedure, the resolution should be in the order of a few pm. Such measure-
ments have to be performed in a smaller effective range of |z|, |y| < 1 mm. For
both scenarios fit parameters were estitnated under the assumptions that the
measured voltages are gain calibrated and that each BPM has slot center angles
as designed. In Tab. 5.2 fit parameters for horizontal and vertical beam posi-
tions are summarized. The maximum error for each direction caused by the fit
1S Omaz = 100 um close to the periphery of the effective range of |z|, |y| < 3 mm
while for the smaller range of |z}, |y| £ 1 mm the maximum error goes down to
Omaz = 0.2 pm. The mean error for the bigger range is oypean = 10 um and for
the smaller array opmean = 0.1 um.

These fit errors will increase dramatically if the model is not a sensible description
of the BPM with respect to slot angles, beam pipe diameter, and gains. An
erroneous evaluation of the slot angles by £0.2° will increase errors by one order
of magnitude. A false estimation of the gains by £+-0.005 will increase the errors by
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|z], |y| € 3 mm

|$|&|y| <1 mm

ND [mm] SD [mm] ND [mm] SD [mm]
a 0.992967 1.106868 0.992759 0.993415
b 0.010500 - 0.053104  0.044221 0.042422
¢ -0.040048 -0.101595 -0.073736 0.042094
d 0.000159 0.034727  0.002924 0.005358
e -0.004176 0.065327  0.007251 0.010508
f 0.016065 0.024018  0.003897 0.005043
A 0.908604 1.106844  0.992539 0.993393
B 0.060473 -0.110667  0.044683 0.042419
C -0.110667  -0.101597  -0.178980 0.042095
D 0.005681 0.034730  0.013092 0.005359
E -0.020281 0.065325  0.000163 0.010507
F 0.008516 0.024015 0.003702 0.005042

Table 5.2: Fit parameters to reconstruct the horizontal and vertical
beam position from signal functions obtained by normalized (ND) and
squew differences (SD).

a factor of five which is tolerable for the smaller region. In consequence, the model
describing the response of each individual BPM channel should be characterized
with high accuracy and iterative until the desired precision is reached.
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Chapter 6

Conclusion and Outlook

A new type of waveguide beam position monitor (BPM) has been developed for
the use at the TESLA Test Facility Free Electron Laser (TTF FEL). Tests in
laboratory on a testbench as well as under beam conditions have proven the
functionality of the design.

The operation principle of the waveguide BPM is based on the coupling to the
electromagnetic field co-propagating with the electron beam providing a high
resolution and non—destructive position measurement. A fractional part of the
beam field is decoupled through four slots arranged symmetrically around the
beam pipe. The slot coupling can be described with model derived from a modi-
fied Bethe theory. Special T-ridge waveguides were used to reduce the waveguide
size and to enhance the coupling. Because of the limited space in vertical direc-
tion, each BPM unit is split into two symmetric pairs of ports, separated by 3/2
undulator wavelength in beam direction. At the end of each waveguide, a coaxial
adapter is flange-mounted to the beam chamber. The cutoff frequency of the
waveguide is at 8.99 GHz, the working frequency of the first step in the read-out
electronics at 12 GHz. Simulations using the MAFIA package were performed
in order to optimize the coupling to a level of 1% for a centered beam. The
response of the BPM for an offset beam can be modeled by image charge calcu-
lations. Based on the image charge model, a calibration technique was developed
providing intrinsic BPM parameters from a small number of position measure-
ments. In particular, a beam based technique enables a precise characterization
of each BPM channel: gain, coupling slot angles, and local beam pipe diameter
can be evaluated with methods tested and found to be in accord with testbench
measurements. The image charge model is adjustable to real BPMs with only
a few parameters describing the complete BPM response. With iterative mea-
surements and customization of the model, improvements of BPM characteristics
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can be achieved and hence more precise orbit measurements are possible. With
beam based alignment procedures global and local orbit minimization methods
are under development.

Improvements of the BPM system are possible at theoretical level as well as in
hardware designs. The modelling of the BPM response was done so far under
the assumption of a point-like coupling slot. Including a finite size of the slot
in the model would significantly improve the accuracy for the response of beam
displacements far off-center. Up to now, the description for beam offsets is only
valid in a circular region with r < b/2, where b is the beam pipe.

A redesign of the waveguide aiming at a lower working frequency would make
easier the development of signal processing electronics and reduce their costs.
A possible solution would be the use of rectangular coaxial waveguide with a
working frequency around 6 GHz instead of the T-ridge waveguide. First design
studies are promising regarding the coupling and functionality of such a design.



Appendix A

Beam Field Distribution

In this section a closed form expression for the electromagnetic field distribution
of a round beam in a circular beam is derived. This is of particular interest
because the waveguide BPM senses the magnetic field of the beam.

If an electron beam is moving in a circular, conducting beam pipe, then there is an
electromagnetic field accompanying the beam and an equal magnitude, opposite
charge, beam current density on the inner wall of the beam pipe. In the limit of
a relativistic beam the field inside the beam pipe looks like a transverse—electric—
magnetic (TEM) wave propagating down the beam pipe at the beam velocity.
If the beam is centered in the beam pipe, the field as well as the wall current
density is uniformly spread around the beam. For an offset beam, this uniformity
is disturbed. The waveguide BPM senses the magnetic field perturbation and the
determination of the beam position is possible with the analysis of the relative
amplitude of the induced signals.

For a beam current I, in the center of a circular beam pipe of radius b, the
azimuthal magnetic field at the chamber surface is
1
2rh’
For a beam with offset r from the center the tangential magnetic field H; can be

H,= (A1)

calculated by an image current —1I, as illustrated in Fig. A.1
H, = H,cos 3. (A.2)

The beam magnetic field H, can be calculated with Biot-Savart’s law according

to
I

A (A.3)
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a) IMAGE CHARGE b) TANGENTIAL MAGNETIC FIELD
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Figure A.1: a) Beam current I, and associated image current —I, for
an offset beam. b) Notation for the determination of the tangential
magnetic field at the coupling slot location for an offset beam.

where d is the beam to slot center distance, if the slot center is located at (b, ¢).
The problem can be regarded as an electro—static 2D problem in a cylindrical
reference frame. The tangential magnetic field amplitude at the location of the
coupling slot center can be derived from the field induced by the beam current I,
and by its image current —1I,. The field induced by the beam current I, is given
by

_ Iycos

H, = . Ad
t 27d (A4)

The aim of the following computation is to express H, in beam offset coordinates
(r,8) and slot coordinates (b, #) rather than in beam-to-slot distance d and
beam-to—center angle 3. Using trigonometric identities 8 can be expressed with

2 2
r? =0 +d —2dcosf & cos,8=u—2-c:;—r. (A.5)
The beam-to—slot distance d can be expressed as
d® = b + 1% — 2br cos(¢ — 6). (A.6)

Dividing Egs. A.5 and A.6 and then inserting the result in Eq. A.4 gives the
tangential field amplitude of the beam current at the slot center

= el (1+ v ) (A7)
T 27b2 b+ 1% —2brcos(p—8) /) '
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The computation for the magnetic field induced by the image current —J, runs
similar giving

: Ib 1 : b2 - 7‘2 )
i il . A8
Hi 27rb2( 1+b2+r2—2brcos(¢—9) (A.8)

The total tangential field H, is the superposition of H;" and H; and reads as

b2—T2

H=H, - .
ET B 42— 2breos (¢ —6)

(A.9)

Normalized with H, this leads to an expression for the relative signal amplitude
S; as sensed by a coupling slot at (b, ¢;) for a beam at (r,6)

b2—'r2

5 = b% + r? — 2brcos (¢; — 6)

(A.10)

The right hand term in Eq. A.10 can be expressed in cartesian coordinates with

b — (2* +4°)
2 + (2% +97) — 2(xez + Ys¥y)

S; = (A.11)
for a beam at (z,y) detected by a slot centered at (z,,y;). In Fig. A.2a the
relative signal amplitude S; is plotted according to Eq. A.10 for a square region
in the BPM plane for a coupling slot with center located at ¢; = 36° with the
horizontal axis. When the beam current moves in the BPM plane on one of the
curves illustrated in Fig. A.2b the signal sensed by the coupling slot will not
change. Therefore these curves are called isosignal curves.

The right hand term in Eq. A.9 describing the magnetic field of a bunch current
can be expanded into an infinite series

[1+22() - cos[n (¢ — 9)]} (A.12)

n=1

The field distribution of a bunch current can be approximated with its multipole
terms with angular dependency. The electric field E, is connected to the magnetic
field H, according to E, = Z, - H; where Z, is the wave impedance.
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Figure A.2: a) Relative signal amplitude sensed by a coupling slot with
center at ¢; = 36° according to Eq. A.10. b} Isosignal curves for the same
region.



Appendix B

Guided Waves in Rectangular
Structures

Waveguides are used for lowloss and routable transfer of high frequency elec-
tromagnetic waves through space. Basically a waveguide consists of a hollow
tube with a cross-section that is uniform along the direction of propagation. In
Fig. B.1 such a situation is illustrated. Conducting walls in the parallel to z-

broad wall

narrow wall

Figure B.1: Rectangular waveguide.

axis introduce boundary conditions to the field describing equations such that
solutions are in the form of a propagating wave in z-direction like

f(z,y) - exp(i(kz — wt})) (B.1)

where k is the wavenumber and w the frequency of the wave, respectively. The
amplitude function f(z,y) will be determined in the following. The boundary
conditions for the electric £ fields and magnetic H fields are due to the fact
that there can not exist an electric field component inside the perfect conducting
walls. Therefore the transverse field components of E must vanish. The normal
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component of the magnetic field can only be continuous and perpendicular to the
electric field. Hence also the normal component of H vanishes, and the boundary
conditions can be written like

E,=E,=H,
E,=E,=H,

for =0 and z=ua

0
0 for  y=0 and y=5b.

The following ansatz for the particular field components follows from the appli-
cation of Maxwell’s equations with free parameters:

E, = Acos (?) sin (m;ry) exp(i(kz — wt))

E, = Bsin (?) cos (m;ry) exp(i{kz — wt))
. (NTZ mmy ,

E, = Csin (T) sin ( 5 exp(i(kz — wt))

H, = A'sin (%{) cos (m;ry) exp((kz — wt))

H, = B cos (n';ra:) sin (m;;ry) exp(i(kz — wt))

H, = (' cos (n';r:c) oS (m;ry) exp(i(kz — wt}))

with m and n positive integer. Any solution for the field equation must also
fulfill the wave equation for any field component g(7,t) of E and H:

1 82
—_——— rt) = 0. B.2
(A c2 atg) g(r, t) 0 ( )
This condition is fulfilled if

=) G g o

For guided waves k is only real if

W > Wam With wpym = C\/(%)Q + (%)2 (B.4)

The cutoff frequency of a particular mode in a waveguide is wy,,, waves with
frequencies w > wyy, can propagate inside the waveguide in this mode while
waves with w < wy, are damped. For waveguides with ¢ > & below the wq no
propagation is possible.

In the next step the parameters A, A', B, B, C, and C’ are determined. For
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this the ansatz equations are inserted into Maxwell’s equations:

VE=0 = A%+B%=ikc (B.5)
VA=0 = a2 1500~ _ixC (B.6)

N a b ’

o - 18 = mm w

= ——— ] - — — _'__.A’ .
VxE=——oH = ikB-C-r=—i, (B.7)
cﬁ;i — kA= —z’%B’ (B.8)
AT gPrT _ o (B.9)

b a ¢ ’
VxH= %%E = kB — C’% = i—4A (B.10)
0" _ kA =i~B (B.11)

a

-A'% + B’D—;”i - z%C (B.12)

It is possible to create Egs. B.10 to B.12 with linear combinations of Eqgs. B.7
to B.9. The remaining five equations set up a homogenous, linear system of
equations with six free parameters. This set of equations can be described in

terms of two new parameters, called D and I¥, which is equivalent to Egs. B.5
to B.9:

A=Syp+ 2
a b ¢
B:Mkp_ﬁﬂpf
b a c
!, .2
cx-i(Dg" —kQ)D
C

B ="t -%p
b ac

2
C'=i (D—‘;’ —k?) .

C

Because the boundary condition for the longitudinal electric field differs from that

for the longitudinal magnetic field, one can distinguish between two categories

of field configurations:

e From D’ = 0 and D # 0 follows that H, = 0, there exist only transverse
magnetic field components. These waves are called Transverse Magnetic

(TM) waves. Non-trivial solutions exists only if m > 0 and n > 0. The

lowest TM-mode, which is able to propagate in a waveguide has a cutoff

frequency

1
Wrmal = CT ? +

1
32—.
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e From D = 0 and I # 0 follows that E, = 0 resulting in Transverse Electric
(TE) modes. Here the lowest mode is described when one of the indices
n or m is not equal to zero. In case of a > b the lowest TE-mode has a
cutoff frequency

cr
Wrew = —-.
a

The field pattern of the TE,q is illustrated in Fig. B.2 Also circular waveguides
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Figure B.2: Projection of the field pattern of the lowest mode which can
propagate inside a rectangular waveguide. The electric field is indicated
by solid lines, the magnetic field by dashed lines.

can be used for the transport of electromagnetic waves. Calculating the cutoff
frequency runs similar, in a cylindrical reference frame with Besselfunction—like
solutions for the electric and magnetic fields. The cutoff frequency for a circular
waveguide is determined by the diameter of the waveguide and limits the propa-
gation of electromagnetic waves to wavelengths which are less than the diameter
of the pipe. The mode with the lowest cutoff frequency is the TE;;—-mode with

_ ey
w1 = R (B13)

where R is the waveguide radius and z}; = 1.841 the root of the first derivative -
of the Besselfunction Ji(z).



95

Some Useful Relations

The wavenumber in the direction of propagation is defined with

k.= k* - k2.
The transverse electric and magnetic fields inside a waveguide are orthogonal to

each other and related with the wave impedance:

E.  E,
H, Hx‘iZF

whereas the wave impedance ZF is different for TE an TM waves
A
ZIM — Z4/1 = (kma/k)? = L3 and ZTF =
we V1 = (kmn/E)?

The free wave impedance is defined with Z = 1/u/e and is Z, = 377 (2 for vac- |
uum. The power flow inside a waveguide of a particular mode can be calculated

_ o
=,

with the Poynting—vector
DR DV
S = §(E x H )
The mean power flow can be computed from the mode amplitudes E, and H, if

the wave is propagating in z-direction with

=~ 1 1 Zr
5, ==E,-H,=—E?=—"H?2,

2% 7% 2z 27
The power propagated is the integral of S, calculated over the transverse section
of the waveguide.
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B. Guided Waves in Rectangular Structures




Appendix C

Remarks on BPM Resolution

The resolution of a BPM describes the precision of relative beam offset measure-
ment, and is influenced by the signal to noise ratio (SNR) and by the quality
factor of the position reconstruction algorithm.

The induced signal amplitude for one BPM channel Vs depends linearly on the
bunch charge g and the coupling to the beam field &, like

Ve=k,-Z-q-B (C.1)

where B denotes the bandwidth of the first signal processing element, usually a
filter and Z its impedance. The noise amplitude in this bandwidth is [62]

Vw=F ks -B-2-T (C.2)

at temperature T and with Boltzmann’s constant kg and the noise figure F' of
the electronics. The signal to noise ratio is then defined by SNR = Vg/Vy. By
using the expression for the position calculation out of signalfunctions, e.g. the
horizontal position (see section 5.6.1)

L—-R
=b - Fy =bp o —— 3
the horizontal resolution can be derived to
b 1
0 = —= - =——— 4
=2 SNR (C4)

as a figure of merit for the minimal measurable offset. High signal amplitude Vg
and low monitor constant b, cause a high precision in relative offset measure-
ments. Raising the bandwidth B will also result in a higher signal amplitude,
but the noise level will be increased, too. Furthermore the resolution as defined
in Eq. C.4 will be spoiled by noisy signal processing electronics elements with a
finite noise figure. In Fig. C.1 isoresolution curves are illustrated giving boundary
conditions for the design of signal processing electronics.
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Figure C.1: Isoresolution curves for different monitor constants b, b,
€z, and ¢ in the two-dimensional parameter space of bandwidth B and
noise figure F of signal processing elements. The 1 um resolution curve
highlighted in each plot indicates the border of the required resolution
for both parameters.



Appendix D

Electro Discharge Machining

The waveguide structure can be fabricated using Electrical (or electro) Dis-
charge Machining (EDM) [63]. EDM is a material removal technique which
uses electricity to remove metal by means of spark erosion. In industry, this
process is used in making high-precision molds, dies, or machine parts. There
are three basic components for the EDM technique: an electrode, a dielectric
fluid, and a conductive workpiece. The electrode is the cutting tool for the EDM
process. It cuts the workpiece with the negative shape of the electrode. Here the
workpiece is the raw vacuum chamber slab. This slab is sunk into a dielectric
fluid where the electrode is moved by a precision mover to the material. High
voltage is then applied between the electrode and the workpiece. A controlled
spark from the electrode to the workpiece canses a small part of the workpiece to
melt an vaporize. The dielectric fluid helps to create and control the sparking.
It provides a shield between the electrode and the workpiece, also it is used as
a flushing agent to remove the resolidified particles from the cutting area. In
this way, the electrode is sinkered from the side into the vacuum chamber slab
until it reaches the desired depth. After cleaning the chamber is ready for the
following production steps. In this way, two prototypes with eight channels and
all 40 waveguide channels for the third undulator modules were fabricated.
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