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Abstract

The INFN project named EuPRAXIA@SPARC_LAB is a proposal to upgrade the
SPARC_LAB test facility (in Frascati, Italy) to a soft X-ray user facility based on
plasma acceleration and high-gradient X-band accelerating structures. Furthermore,
the European project CompactLight aims to design a compact FEL for users in the
hard X-ray range. Its main pillars are a new concept high-brightness photoinjector,
high-gradient X-band accelerating sections, and innovative short-period undulators.

The control of the charge and the trajectory at a few pC and few µm is mandatory
in this machine, especially in the plasma interaction region.

Great importance has the beam trajectory at the entrance of every RF module,
particularly the part of the machine in the X-band and inside the plasma accelerator.
Conventional stripline BPM (Beam position monitor), similar to those already in
use at SPARC_LAB, can be considered for such a task. They can offer a good signal
to noise ratio down to a few pC charge and a resolution in the order of several
tens of µm. However, this kind of device can be used only at the beginning of
the accelerator, where the beam pipe is 40 mm. However, starting from X band
structures, the pipe size decreases. Since one of the most crucial parameters is the
device’s length, it will be convenient for such a system that length to be as short as
possible.

As a possible solution, a cavity beam position monitor (cBPM) is proposed.
A prototype cavity BPM in the C-band frequency range has been designed.

This thesis presents the strategy and the process to specify the parameters that are
decisive for achieving the required specifications. The simulations were performed to
study RF properties and the electromagnetic response of the device. The developed
RF design fits the EuPRAXIA project requirements. Other design ideas, such as a
single cavity BPM, where both dipole mode and reference signals are received from
one cavity, are also discussed. The resonance modes of the cavity are simulated
using eigenmode solvers. By the simulations performed in frequency-domain, the
coupling and isolation characteristics are obtained. The beam coupling is studied
through time-domain simulations. The possible manufacturing errors were studied
by simulation reconstruction.

Finally, the performance of the whole system for 5.1 GHz is discussed, and
theoretical resolution is approximated.
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Chapter 1

Introduction

1.1 EuPRAXIA @ SPARC_LAB

EuPRAXIA@SPARC_LAB [27], [28] (also named EuSPARC) is the proposal for the
upgrade of the SPARC_LAB test facility [29] at INFN-LNF (Frascati, Italy). The
ultimate intent is to design and build a new multi-disciplinary user-facility, equipped
with a soft X-ray Free Electron Laser (FEL) driven by a ∝1 GeV high brightness linac
based on plasma accelerator modules. This design research implemented in synergy
with the Horizon 2020 Design Study EuPRAXIA (European Plasma Research Accel-
erator with eXcellence In Applications) [30],[31], and the purpose is to demonstrate
exploitation of plasma accelerators for users. The EuPRAXIA@SPARC_LAB project
intends to put forward the Laboratori Nazionali di Frascati (LNF) in Italy as a host
of the EuPRAXIA European Facility.

In order to achieve aforementioned intent and to meet the EuPRAXIA require-
ments, some necessary preparatory steps have to be taken at LNF:

To provide LNF with new infrastructure, the size of about 130m×30m, like the
one required to host the EuPRAXIA facility, is necessary. To design and build the
first-ever 1 GeV X-band RF linac and an upgraded FLAME laser up to the 0.5
PW range with a compact FEL source, equipped with a user beamline 4−2 nm
wavelength, driven by a high gradient plasma accelerator module.

The EuPRAXIA@SPARC_LAB facility by itself will equip LNF with a unique
compound of a high brightness GeV-range electron beam generated in a state-of-the-
art linac and a 0.5 PW-class laser system. In the case of LNF not being selected
and/or of a failure of plasma acceleration technology, the infrastructure will remain
top-class quality, user-oriented, and at the vanguard of new acceleration technologies.

The EuPRAXIA@SPARC_LAB project requires constructing a new structure
to receive the linac, the FEL, the experimental room, and the support laborato-
ries. The new facility will cover nearly an area of 4000 m2. The layout of the
EuPRAXIA@SPARC_LAB infrastructure is presented schematically in Figure 1.1
From left to right, one can see a 55 m long tunnel hosting a high brightness 150
MeV S-band RF photoinjector, equipped with a hybrid compressor scheme based
on both velocity bunching and magnetic chicane. The energy boost from 150 MeV
up to a maximum of 1 GeV will be provided by a chain of high gradient X-band
rf cavities. A 5 m long plasma accelerator section will be installed at the linac
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Figure 1.1. EuPRAXIA@SPARC_LAB’s infrastructure layout.
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Table 1.1. EuPRAXIA@SPARC_LAB’s beam parameters for plasma and conventional RF
linac driven FEL.

Parameter Units Full rf LWFA PWFA

Electron energy GeV 1 1 1
Repetition rate Hz 10 10 10
RMS Energy Spread % 0.05 2.3 1.1
Peak Current kA 1.79 2.26 2.0
Bunch charge pC 200 30 200(D)-3-(W)
RMS Bunch Length µ m (fs) 16.7 (55.6) 2.14 (7.1) 3.82 (12.7)
RMS normalized Emittance mm mrad 0.05 0.47 1.1
Slice Length µm 1.66 0.5 1.2
Slice Charge pC 6.67 18.7 8
Slice Energy Spread % 0.02 0.015 0.034
Slice normalized Emittance (x/y) mm mrad 0.35/0.24 0.45/0.465 0.57/0.615
Undulator Period mm 15 15 15
Undulator Strength K(aw) 0.978 (0.7) 1.13(0.8) 1.13(0.8)
Undulator Length m 30 30 30
ρ (1D/3D) ×10−3 1.55/1.38 2/1.68 2.5/1.8
Radiation Wavelength nm (keV) 2.87 (0.43) 2.8 (0.44) 2.98(0.42)
Photon Energy µJ 177 40 6.5
Photon per pulse ×1010 255 43 10
Photon Bandwidth % 0.46 0.4 0.9
Photon RMS Transverse Size µm 200 145 10
Photon Brilliance per shot (s mm2 mrad2 bw(0.1%)) −1 1.4 × 1027 1.7×1027 0.8×1027

exit, which combines the plasma module and the required matching and diagnostics
sectors. A 40 m long undulator hall is shown in the downstream tunnel, where the
undulator chain will be installed. Further downstream, after a 12 m long photon
diagnostic section, the user hall is displayed.

Supplementary radiation sources, just like THz and γ-ray Compton sources, are
foreseen in the other shown beamlines. The upper room is dedicated to hosting
klystrons and modulators. The existing 300 TW FLAME laser, eventually upgraded
up to 500 TW, will be installed in the lower light-blue room. The plasma accelerator
module can be driven in this layout by an electron bunch driver (PWFA scheme) or
by the FLAME laser itself (LWFA scheme). A staged configuration of both PWFA
and LWFA schemes will also boost the final beam energy exceeding 5 GeV. Besides,
FLAME is assumed to drive plasma targets in the dark-blue room to drive electron,
and secondary particle sources available to users in the downstream 30 m extended
user area.

The experimental activity’s primary focus will be the consummation of plasma
in driven short-wavelength FEL with one user beamline, according to the beam
parameters reported in Table 1.1. Then EuPRAXIA@SPARC_LAB will provide an
FEL radiation spectrum in the so-called "water window", a region where water is
transparent to soft X-rays (wavelength of 2.3 − 4.4 nm). The first anticipated FEL
operational mode bases on the Self Amplification of Spontaneous Radiation. (SASE)
the principle with tapered undulators. More high-level mechanisms like Seeded and
Higher Harmonic Generation compositions will be investigated as well. The user
endstation, called EX-TRIM (Eupraxia X-ray Time-Resolved coherent IMaging),
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will be designed and built to perform a comprehensive set of experiments. As a
specific example of EuPRAXIA@SPARC_LAB applications, it is worth noting that
the FEL radiation in the soft X-ray spectrum offers potentialities for novel imaging
methodologies and time-resolved researches in medicine, biology, and material science,
along with non-linear optics applications.

For example, Coherent Imaging of Biological samples in the water window.
Exploiting the FEL beam’s coherence and its wavelength falling within the "water
window", 2D and 3D images of biological samples in a wet environment can be
obtained with high contrast concerning the surrounding medium, meaning that a
broad class of biological objects, including protein clusters, viruses, and cells, can be
profitably studied.

Laser ablation plasma − Laser ablation/desorption techniques are utilized ex-
tensively across diverse disciplines, including the production of new materials and
extrinsic and in situ chemical analysis. In the case of ablation, the use of ultra-fast
laser pulses provides a powerful means of machining a wide variety of materials,
including biological tissue. The absence of thermal relaxation of the energy allows
unprecedented precision and practically no associated damage, which has stimulated
considerable interest in industrial processes and applications. Electronically in-
duced surface reactions in semiconductors, metal/adsorbate systems, and multiphase
composite materials can be investigated.

Condensed Matter − Science Coherent Diffraction Imaging (CDI) experiments
tackling many open questions in Condensed Matter Physics. For instance, the quest
for smaller and faster magnetic storage units is still a challenge of magnetism. The
possibility to study the evolution of magnetic domains with nanometer/femtosecond
spatial/temporal resolution will shed light on the elementary magnetization dynamics
such as spin-flip processes and their coupling to the electronic system.

Clusters and nanoparticles − particularly great interest, arise in the correlations
between the geometric structure and electronic properties of variable size clusters,
underlying changes in optical, magnetic, chemical, and thermodynamic properties.
In the spectral range from 3 to 5 nm envisaged for the FEL source, physical processes
involving core levels are essential.

Pump and probe experiments − For example, resonant experiments with pulses
tuned across electronic excitation will open up the way towards stimulated Raman
or four-wave mixing spectroscopies.

1.2 Electron beam diagnostics at EuPRAXIA@ SPARC_LAB

The beam diagnostics must be significantly advanced to meet all the diagnostic
requirements of the project. The electron beam accelerated by the main linac can
be allowed multi-shot measurements, mainly due to the inherent machine stability.

In Table 1.2 are listed the beam transverse and longitudinal parameters for the
bunch injected inside the plasma.

At the plasma booster entrance, the beam transverse dimension is about 1 µm
rms, and its length is in the order of a few fs. After the plasma acceleration, bunch
length and emittance are relatively preserved, but the inherent instability also
demands single-shot measurements.
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Table 1.2. Beam parameters at plasma entrance.

Units @plasma entrance

bunch charge pC 30
bunch length rms fs 12
peak current kA 3
Rep. rate Hz 10
Rms norm. emittance µm 0.44
Transverse beam size (rms) µm ≈ 1

The analysis is divided into three different branches: transverse, longitudinal,
charge, and trajectory diagnostics.

1.2.1 Transverse diagnostics

There are two main measurements for transverse diagnostics: emittance and enve-
lope. The envelope is critical to properly match the beam along with the machine,
comparing the measured dimensions with the simulated ones. Figure 1.2 shows the
horizontal and vertical rms beam sizes.

Figure 1.2. Beam envelop evolution along the linac. The transverse dimensions approach
µm level at the plasma booster.

Usually, scintillator screens, like YAG:Ce or Optical Transition Radiation (OTR)
monitors, are used for such a task. In particular, YAG screens are widely used when
the beam charge is below about a few tens of pC, due to their better photon yield.
In order to mitigate the problem of the depth of field and the crystal view angle
[39], the conventional mounting considers putting the YAG perpendicular to the
beamline and a mirror placed at 45◦ concerning this direction to reflect the radiation
at 90◦ to the beamline. This radiation is then extracted via a vacuum window and
imaged on a CCD. Compact design is required in order to preserve the compactness
of the whole machine. As an example, in Figure 1.3, a new compact design uses only
40 mm of longitudinal space to host this device.

The emittance measurement can be performed for the main linac with very
standard techniques, like quadrupole scan and multiple screens [41]. Though, for
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Figure 1.3. Example of a compact design for beam size measurements. The overall length
is only 40 mm.

plasma accelerated beams, the inherent shot to shot instabilities, with high beam
divergence and the need to separate driver and witness, restrict the use of such a
diagnostics just after the plasma channel.

For these reasons, It seems more convenient to use a different approach to measure
the beam parameters only inside the plasma channel. No measurements will be
performed just after the plasma, leaving space for capture optics. After that, an
innovative single-shot measurement must be implemented.

The energy spread must also be kept low as possible because, following [42], even
the 6D rms emittance is not preserved in a drift with energy spread, and so the
measurement of the emittance is strongly dependent on the measurement position.

The measurement inside the plasma bubble can be performed employing betatron
radiation. The diagnostics based on betatron radiation [43] has been developed in
recent years in several laboratories, relying on the measurement of the spectrum (for
instance, see [44]) or on the diffraction from a knife-edge [45].

However, these systems measured just the beam profile and divergence, neglecting
the correlation term. A new algorithm has been developed only recently to retrieve
the correlation term [40]. It will deliver a better reconstruction of the phase space,
employing the electron and radiation energy spectrum’s simultaneous measurement.
This method relies on some approximation of the initial phase space of the particle.
However, if the beam is injected externally inside the plasma, the initial 6D phase
space’s knowledge solves this ambiguity.

In Figure 1.4 is reported a reconstructed phase space with this technique. To
collect the betatron radiation, we have to separate the radiation from the electron
beam with a dipole sooner or later. Unluckily, the beam’s trajectory bending
produces synchrotron radiation, and its spectrum can overlap with the betatron
radiation.

1.2.2 Longitudinal diagnostics

For longitudinal measurements, several possibilities are considered to implement in
this project. Longitudinal diagnostics is compulsory to set the exact compression
phase in the velocity bunching and recover the induced energy spread correlation.
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Figure 1.4. Reconstructed phase space with betatron radiation. Parameters are reported
in [40]

It is considered okay to use different methods, tailoring the instrumentations to
the appropriate machine requirement. The single-shot longitudinal phase space
measurement will be performed with an X- band RF deflector (RFD), i.e., an RF
cavity with a transverse deflecting mode, combined with a magnetic dipole. The
need for an X-band cavity is mainly due to the fs scale resolution attainable in such
a way. While this device can reach such a resolution, particular attention is required
to its design. The beam can go out of the center inside the device caused by the
transverse field. Hence the reduced iris aperture must be considered with beam
dynamics simulations. Only one X-band RFD is operating so far at SLAC [46]. It
is designed for an energy one order of magnitude greater, so it could be used as a
reference, but it must be rescaled, at least in its length.

Nevertheless, for one-shot not intercepting bunch length measurement, useful, for
example, when the beam is sent in a plasma module to correlate input and output
properties of the bunch, two other systems must be employed. Diffraction radiation
emits when a charged particle passes through a hole, with a transverse dimension
smaller than the radial extension of the electromagnetic field traveling with the
charge. Coherent emission arises when the observed wavelength is longer concerning
the bunch length. For our case, where this time length can be in the range between
a few ps or few fs, it means to have several detectors, each one sensitive to a range
of wavelengths varying from FIR to VIS light. This type of measurement can be
employed in multi-shot mode using a Martin Pupplet or Michelson interferometer
[47] or a single shot (highly desiderable) dispersing the radiation and collecting it in
a linear detector. The complete analysis of the spectrum leads to the reconstruction
of the longitudinal bunch shape. There are already several examples of such kind of
measurement, using diverse approaches, for example, one based on a single KRS-5
(thallium bromoiodide) prism [48] and another on a series of separate spectrometer
working in different wavelength scales [49]. Also, to set the compression phase,
sometimes only a relative measurement of the coherent radiation integrated on the
detector’s whole bandwidth is enough. It is considered to use this compression
monitor in almost two positions along with the whole machine. This system can
also monitor the phase stability of the section used for compression and eventually
stabilize it with feedback.

Another single-shot device based on EOS (Electro-Optical Sampling), described
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as the electric field copropagating with the bunch and can rotate a laser impinging
polarization on a non-linear crystal GaP or ZnTe. Using a spatial decoding scheme
[50], it is possible to retrieve the longitudinal beam profile in one shot. The benefit
of such a system regarding coherent radiation is that there is no restoration of the
bunch shape starting with frequency analysis, with the problems related to the
correct transport and propagation of all the wavelengths in the spectrum. However,
the disadvantage is the temporal resolution, limited by the crystal bandwidth or
the laser probe’s length. Typical values are in the order of 40–50 fs. However, this
diagnostics will be essential in our machine because while the X band RFD offers
a high resolution for the measurement of very short bunches, i.e., in the fs region,
it will not be the best choice for ps bunch length. On the other end, the EOS can
easily cover this range of dimensions, not intercepting. Also, it often is used as a
bunch of arrival monitors. It is imperative in some plasma acceleration schemes,
such as external injection [51].

1.2.3 Charge and trajectory diagnostics

The ability to manipulate the charge and the trajectory at a few pC and a few µm
are compulsory in this machine, notably in the plasma interaction region. Bergoz
Turbo-ICT (integrated current transformer) can be the best choice for the charge,
enabling the measurement of a charge as low as 50 fC.

Concerning the optics, the crucial factor is the beam trajectory at the entrance
of every RF module, particularly the part of the machine in the X band and inside
the plasma accelerator. Conventional stripline BPM, similar to those already in use
at SPARC_LAB, can be considered for such a task. They can offer a sufficient signal
to noise ratio down to a few pC charge and a resolution in the order of several tens
of µm.

Nevertheless, this kind of device can be used only at the beginning of the
accelerator, where the beampipe is 40 mm. However, starting from X band structures,
the pipe size reduces. Additionally, one of the most significant parameters is the
length of the device. Due to a large number of such a system, its length must be as
short as possible. In idea, the longitudinal length of C or X band cavity BPM should
not exceed 100 mm, that can be a useful solution for such a task. The possibility
to have µm level resolution, even at a deficient charge (few pC), using such short
longitudinal space, makes compact cavity BPM very appealing for this project.

1.3 Button beam position monitors
The beam pick-up mainly in use is the so-called button BPM. The pick-up can
be thought of as a discontinuity in the vacuum chamber. Typical BPM consid-
ers four button-type electrodes mounted on the vacuum. The small button size
(typical button diameters 6 - 20 mm) and the short vacuum feedthrough allow for
a compact installation at a comparatively low price, thus explaining this pick-up
type’s proliferation; this is significant given a large amount of BPM locations along
with the accelerator. The electrodes’ relative gains can be calculated by measuring
the electrode signal at several different beam positions. In other words, the device
interrupts and diverts into a measuring device a portion of the wall image-charge
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induced by the beam. If the beam’s trajectory is displaced from the center of the
vacuum chamber, the magnetic and electric fields are transformed subsequently, so
it gives a possibility to measure the beam position through the relative amplitudes
of the induced charge on each button. Such a charge depends on the beam position
in a non-linear way, so it is crucial to restoring the beam position accurately to have
an effective algorithm to process the obtained data.

Figure 1.5. Left: photo of a BPM used at the LHC,the air side is equipped witha
N-connector[52], Right: BPM button design for the broad-band button electrodes[56]

The button BPM can be considered as a broadband BPM. This type of monitor
sensitivity is independent of the frequency. The BPM transfer impedance has
typical high–pass characteristics with a cut–off frequency ωcut defined by the pick-up
capacity and the matching impedance. For frequencies, ω � ωcut the voltage drop
which is measured across a matched resistor is proportional to the time derivative of
the beam current.

1.4 Stripline beam position monitors

One could improve the signal strength even more, for this first logical step would be
to increase the device’s sensitive area, thus increasing the induced charge. Though,
if the bunch length is in the order of the pick-up size, a signal deformation occurs
due to the final propagation time. Consequently, the button size should be smaller
than the bunch length, which results in insufficient signal strength for short bunches.
In this case, stripline BPMs are well suited since the signal propagation is considered
in the design, as it is the case for transmission–lines in microwave engineering [59].

Besides, the stripline’s azimuthal coverage can be more extensive than that of
a button pick-up, thus yielding an increased signal strength. A stripline pick-up
consists of an electrode with a length L of several cm, producing a transmission line
linking the electrode and the vacuum chamber wall. A signal is induced by the beam
at both ends of the line.

The signal depends on the characteristic impedance Zstrip of the electrode, which
is usually chosen to be 50 Ω. Depending on the downstream port’s termination R,
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Figure 1.6. Left:Scheme of a stripline pick-up [52]. Right:Photo of the LHC stripline BPM
of 12 cm length [52]

the signal there is canceled (R = Zstrip) or appears partially (R 6= Zstrip). A complete
cancellation at the downstream port appears only if the beam’s speed is equal to
the speed of the signal in the transmission line, which is almost true for β ≈ 1.

It is always possible to extract the induced signal at the upstream port and the
reflected inverted one separated in time by ∆t = 2L/c (for β = 1). The transfer
impedance of a stripline monitor comprises a series of maxima fmax = c/4L · (2n− 1)
with n = 1, 2, · · · Therefore, for a given acceleration frequency facc the length L
should be chosen to operate close to such a maximum.

1.5 Specifications and target performance for the cBPM’s
The main specifications for the developed cBPM prototype are loaded quality factor
QL and the working frequency f of the device.

As the indicators for the target performance, one can consider the device’s
sensitivity and resolution. According to the beam specification of the EuPRAXIA
project Table 1.1, the crucial parameters for the prototype, that were provided by
the beam instrumentation group, are listed in the Table 1.3

Table 1.3. Specifications for the cBPM.

Parameters Values

Working frequency range C band
Loaded quality factor QL ≈500
Sensitivity ≈5 V/nC/mm
Required resolution < 1µm
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Chapter 2

Cavity beam position monitor

The electromagnetic monitor of a beam of charged particles is a conductor system in
which a passing beam, giving up part of its energy, excites an electromagnetic field,
which is a signal. The field’s magnitude and time dependence carry information
about the beam intensity and its geometric characteristics, which can be extracted by
signal detection. Depending on the structure of the system, the excited field can have
the character of a radiation field, standing or traveling waves. The most basic cavity
beam position monitor consists of a cavity pick-up, some receiver electronics, and a
digital readout. The beam position is determined from the resonant electromagnetic
modes. Surface currents necessarily accompany these modes, and so the method of
detection is physically no different from the button and stripline BPMs mentioned
above. A variety of designs exist for cavity BPMs, but the majority, especially those
designed for purposes where a high resolution is needed, include many of the same
features. The next two sections give a detailed overview of these features and the
underlying physics.

2.1 Calculation of electromagnetic fields induced by a
beam

The parameters of the beam of charged particles can be determined by measuring
the force with which the electromagnetic field induced by the moving particles of the
beam acts on a test charge. The conduction electrons of the substance - conductor
are used as test charges. The interaction of a charged particle and a conductor is
based on the phenomena of electrostatic and electromagnetic induction, which are
manifested in the separation of positive and negative charges present in the conductor
in equal amounts. The separation occurs under the influence of the potential electric
field of the particle and the vortex electric field arising from the change in time of
the magnetic field due to its motion. The distribution of the induced charges and
currents is set so that the resulting electromagnetic field inside the conductor is zero.
This distribution depends on the shape and location of the conductors, as well as
on the magnitude and direction of the particle velocity. In the case of a collection
of particles, the electromagnetic field is determined by the superposition of fields
from each particle, the distribution of induced charges and currents depends on the
number of particles and their position in space.
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For the calculations for electromagnetic monitors, the model of an infinitely thin
beam is often used:

~j(x, y, z, t) = ~vρz(z + vt)δ(x− x0)δ(y − y0) (2.1)

where δ is the Dirac delta function. Such a beam is characterized by transverse
coordinates x0, y0 and a linear charge density ρz(z) with a characteristic longitudinal
size σz. In the process of calculating the monitor signals, a beam with an arbitrary
transverse particle distribution can be represented as a set of infinitely thin beams.
The processes of electrostatic and electromagnetic induction in vacuum are described
by Maxwell’s equations:

~∇ · ~E = ρ

ε0
, ~∇× ~E = −µ0

∂ ~H

∂t
,

~∇ · ~H = 0, ~∇× ~H = ~J + ε0
∂ ~E

∂t
.

(2.2)

which relate the electric ~E and magnetic ~H fields with the charge density ρ and the
current density j of the beam. In the SI system ε0 and µ0, respectively, the dielectric
and magnetic permeability of vacuum, related by the relation √ε0µ0 = 1/c, where c
is the speed of light in vacuum. These equations are supplemented by the boundary
conditions relating charges, currents and fields on the surface of the conductors, as
well as by the initial conditions.

Calculation of an electromagnetic beam monitor consists in calculating the
dependence of the monitor output signals, such as voltages, currents, charges, on the
beam parameters. In the calculations of electromagnetic fields induced by a moving
beam, an essential role is played by the surrounding structure, which determines the
boundary conditions. In addition, the region of interaction of the beam with the
electromagnetic monitor is a relatively small area of the equilibrium orbit. Therefore,
in this case, the mathematical method of the Green’s functions is convenient for
calculating the fields induced by the beam [5].

In mathematics, the Green’s function is used to solve inhomogeneous differential
equations. In signal theory, for the analysis of dynamic systems, an analog of the
Green’s function; the impulse transient function is widely used , which is the response
(output signal) of the system to the input signal in the form of the Dirac delta
function.

To calculate the electromagnetic field induced by a singly passing beam, we
subject Maxwell’s equations Equation 2.2 to the Laplace transform.

F (t) =
∞∫
0

f(t)e−ptdt (2.3)

assuming that the fields are equal to zero by the arrival of the bunch:

~∇ · ~E = ρ

ε0
, ~∇× ~E = −µ0p

∂ ~H

∂t
,

~∇ · ~H = 0, ~∇× ~H = ~J + ε0p
∂ ~E

∂t
.

(2.4)
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where p = σ+ iω is the complex frequency, and ρ and j are determined by the beam.
From Maxwell’s equations, taking into account the boundary conditions, one can
obtain expressions for the electric and magnetic fields in terms of Green’s functions.
Calculating ~E from the second equation of system Equation 2.4 and substituting
it into the first equation, we obtain the equation for the magnetic field ~H (the
inhomogeneous Helmholtz equation):

∇2 ~H − p2µ0ε0 ~H = −∇×~j (2.5)

Together with the condition ~H = 0 and the specified boundary conditions, this
equation determines the magnetic field:

~H(~r, p) = −
∫∫∫
V

Gh(~r, ~r ′, p)∇×~j(~r ′, p)dx′dy′dz′ (2.6)

The integral is taken over the entire area, where ~j = 0, Gh(~r, ~r ′, p) is the Green’s
tensor function of the observation point ~r = (x, y, z) and the source point ~r ′ =
(x′, y′, z′) defined by the equation:

∇2
rGh − p2µ0ε0Gh = Iδ(~r − ~r ′), (2.7)

where I is the unit tensor. The Green’s function Gh(~r, ~r ′, p) must satisfy the equation
∇Gh = 0 and the given boundary conditions.

Substituting ~H in Equation 2.6 into the Laplace-transformed Maxwell equations
Equation 2.4 and introducing the electric vortex Green’s function:

Ge(~r, ~r ′, p) = − 1
pε0
∇r ×∇r′ ×Gh(~r, ~r ′, p) (2.8)

we get an expression for the electric field:

~E(~r, p) = −
∫∫∫
V

Ge(~r, ~r ′, p)∇×~j(~r ′, p)dx′dy′dz′ −
1
pε0

~j(~r ′, p). (2.9)

The last term in Equation 2.9 is due to the space charge of the beam and does
not depend on the boundary conditions, therefore, when studying the coherent
interaction of the beam with the surrounding structure, it can be omitted.

Equations Equation 2.6 and Equation 2.9 represent the solution of the direct
diagnostic problem, i.e., the determination of electromagnetic fields in a monitor
of a given configuration, induced by a beam with known parameters. In a number
of the simplest cases, these equations can be solved analytically, but for real beam
monitors, which are devices of a rather complex configuration, only a numerical
solution is possible. In calculating the fields excited by a beam, the Green’s function,
taking into account the boundary conditions, can be expanded in a series in small
deviations in the vicinity of the equilibrium orbit and expressed in terms of the
system impedances reduced to the interaction region. It is also believed that charges,
currents and fields in the conductor system do not affect the beam. For relativistic
beams, this condition is a natural consequence of the causality principle.

An electromagnetic beam monitor is usually an electrodynamic system of one of
the following basic types:
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Resonators are systems in which the dissipation of electromagnetic energy for
one period of oscillation is small compared to the energy stored in them. Standing
waves can be excited by the beam in such sensors.

Waveguides are systems in which traveling waves can exist. If the sensor is a two
or multiply connected waveguide and its transverse dimensions are small compared
to the bunch length, then the beam can excite propagating waves of the transverse
(TEM) type only.

Quasistatic systems in which the fields are close to static. Such systems include
all kinds of electrode devices, the dimensions of which are small compared to the
wavelength excited by the beam, as well as waveguides at a frequency below the
critical one.

The listed systems do not exhaust all possible types, but are the most common.

2.1.1 Cavity monitor properties

An electromagnetic resonator is a closed volume with conducting walls, inside which
standing waves, excited by a passing beam, can exist. The lossless resonator has a
system of eigenvector orthogonal functions ~Ek(~r), ~Hk(~r) describing vibration modes
(standing waves) and connected by a pair of Maxwell equations:

∇× ~Ek = −µ0pk ~Hk ∇× ~Hk = ε0pk ~Ek (2.10)

where pk are the eigenvalues of the wave equation

∇2 ~H − p2µ0ε0 ~H = 0 (2.11)

Green’s function Gh(~r, ~r ′, p) is expressed in terms of these eigenfunctions, and the
electric field (Laplace image) has the form:

~E(~r, p) =
∑
k

p

p2
k − p2

~Ek(~r)
ε0
∫∫∫
V

~E2
kdx′dy′dz′

∫∫∫
V

~Ek(~r ′)~j(~r ′, p)dx′dy′dz′+

+ 1
p

∑
k

~Ek(~r)
ε0
∫∫∫
V

E2
kdxdydz

∫∫∫
V

~Ek(~r ′)~j(~r ′, p)dx′dy′dz′−

− 1
pε0

~j(~r, p)

(2.12)

In this expression, the first term is the sum of resonant modes, the rest are quasistatic
nonresonant fields. The second term describes the expansion of the quasistatic field
in resonant vibration modes.

2.2 Beam position monitor
The simplest resonator beam position monitor is a cylindrical resonator, schematically
shown in Figure 2.1. A beam flying along the axis of the resonator with a transverse
displacement excites the TM110 dipole vibration mode. The amplitude of this mode
is proportional to the intensity of the beam and its transverse displacement from
the axis [1]. The signal of such a sensor has good linearity, and its amplitude is
much higher than that of other electromagnetic sensors, which makes it possible to
measure the position of the beam with a submicron accuracy [2],[3].
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Figure 2.1. A cylindrical cavity sketch.

2.2.1 Signal calculation

Following [1], we consider the excitation of a cylindrical resonator by a beam,
assuming that the perturbation of the field configuration by the beam and signal
output devices is negligible. If the beam moves along the axis of the resonator, then
only TM oscillation modes are excited in the resonator with a nonzero longitudinal
component of the electric field Ez 6= 0. The electric E and magnetic H fields of the
TMmnj mode are described by the following expressions in the cylindrical coordinate
system (r, θ, z):

Er = −Cmnj
kz
kr
Jm′ (krr) cos(mθ) sin(kzz)eiωt,

Eθ = Cmnj
kzm

k2
r

Jm(krr)
r

sin(mθ) sin(kzz)eiωt,

Ez = CmnjJm(krr) cos(mθ) cos(kzz)eiωt,

Hr = −iCmnj
ωε0m

k2
c

Jm(kcr)
r

sin(mθ) cos(kzz)eiωt,

Hθ = −iCmnj
ωε0
kc

J
′
m(kcr) cos(mθ) cos(kzz)eiωt,

Hz = 0.

(2.13)

Where Cmnj is the mode amplitude; kc = αmn/d is the critical wave number;
kz = jπ/l; αmn is the n-th root of the Bessel function of the first kind Jm; d is the
resonator radius; l - length; m,n, j is the number of variations in angular θ, radial
r and longitudinal z coordinates, respectively; ω is the natural frequency of the
TMmnj mode, equal to

ωmnp = c

√(
αmn
d

)2
+
(
πj

l

)2
. (2.14)
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The electromagnetic energy in the resonator passes from the electric field to the
magnetic field and vice versa, the total energy accumulated in the resonator is equal
to:

W = 〈WE〉+ 〈WH〉 = 2 〈WE〉 (2.15)

For each oscillation mode, the resonator can be represented in the form of an
equivalent oscillatory circuit, which includes capacitance and inductance, and in a
resonator with losses, there is also an active resistance. Equivalent electric circuit
of the resonator is a parallel connection of equivalent oscillatory circuits for all
modes. The equivalent parameters of the n-th mode Rn, Ln, and Cn are related to
the resonator parameters that do not depend on the intensity of the electromagnetic
field, such as the resonant frequency of this mode

ωn = 1√
LnCn

(2.16)

shunt impedance

Rn =

∣∣∣∣∣ l∫0 Ezeiωntdz
∣∣∣∣∣
2

2Pn
= V 2

n

2Pn
(2.17)

and quality factor
Qn = ωnWn

Pn
(2.18)

where Wn is the total accumulated energy of this mode; Pn is the power dissipated
by the wall resistance. In a lossy resonator, the accumulated energy decreases
exponentially with time:

Wn = Wn0exp

(
− ωn
Qn

t

)
. (2.19)

The resonant frequency and Q factor determine the decay time of the amplitude of
free oscillations in the resonator.

τn = 2Qn
ωn

. (2.20)

To output signals from the resonator, communication devices are used, such as a
loop interacting with a magnetic field, a whip antenna interacting with an electric
field, or a hole in the wall through which an electromagnetic wave enters the output
waveguide. The geometric dimensions and position in the resonator of communication
devices determine the value of the coupling coefficient, which is equal to the ratio of
the output power to the power loss:

β = Pout
Pn

= Qn
Qload

− 1, (2.21)

where Qload is the loaded quality factor equal to

Qload = QnQext
Qn +Qext

= Qn
1 + β

, (2.22)

and Qext is the external figure of merit, defined as the ratio of the stored energy to
the energy consumed by the external load [8].
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In accelerator technology, resonators are widely used as energy sources for
accelerating particles. The integral of the electric field in the cavity, taken along the
beam trajectory, gives an accelerating voltage acting on the beam:

Va =
∫
~E · ~vbdt, (2.23)

where vb is the beam velocity. If the electric field is parallel to the beam velocity,
then the accelerating voltage can be written as

Va =
∞∫
−∞

Eze
iωtvbdt =

∞∫
−∞

Eze
ikzdz (2.24)

This voltage depends on the field intensity and the effective length of the resonator,
which is the product of the geometric length and the transit time factor Ttr, taking
into account the field change over time of passing beam. For a relativistic beam
(vb = c) the transit factor is

Ttr =

l∫
0
Eze

ikzdz

l∫
0
Ezdz

= sin η
η

, where η = πl

λmn0
(2.25)

λmn0 is the wavelength of the TMmn0 mode. Assuming the field constant along the
z axis, we obtain Va = EzTtrl.

The energy lost by the beam to excite the n− th mode of the resonator can be
expressed in terms of the equivalent retarding potential proportional to the voltage
of the excited mode. According to the main theorem on the beam loading, the total
mode voltage Vn induced by the beam in the resonator is equal to twice the voltage
Va acting on the beam (for the proof of the theorem, see, for example, [4]). Using
the definitions of the shunt impedance Rn Equation 2.17 and the quality factor Qn
Equation 2.18 of the n− th mode, the voltage induced by the beam in the resonator
can be expressed in terms of the parameters of the equivalent oscillatory circuit

Vn = qb
ωn
2

(
R

Q

)
n

, (2.26)

where qb is the beam charge; ωn is the natural frequency, and (R/Q)n is the
normalized shunt impedance of the mode [25].

A beam moving along the resonator axis (r = 0) excites the TM010 mode with
the largest critical wavelength, m = 0 means that the electric field does not depend
on the angle θ. When the beam is displaced along r, the excitation of this mode is
weaker, but the next in frequency mode TM110 begins to be excited, in which the
longitudinal electric field on the resonator axis is zero.

The TM110 dipole mode has the maximum amplitude among all beam position-
dependent modes (dipole, quadrupole, etc.). The longitudinal electric field of the
TM110 mode, excited by a beam with coordinates r = x0, θ = 0, is described by the
expression:

Ez = C110J1

(
α11

x0
d

)
cos(θ)eiω110t, ω110 = c

α11
d

(2.27)
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Figure 2.2. The electromagnetic fields of the first monopole (left) and dipole (right) modes
in a pillbox cavity

where α11 = 3.832 is the first root of the Bessel function J1. As seen from Equa-
tion 2.27, the longitudinal electric field of the TM110 mode is proportional to the
Bessel function J1 on the radial displacement of the beam, normalized to the cavity
radius. The graphs of the Bessel functions J0 and J1 are shown in Figure 2.3

Figure 2.3. Bessel functions J0 and J1

The quality factor of the TM110 mode can be expressed as

Q110 = λ110
2πδs

α11
1 + d/l

, (2.28)

where λ110 = 2πc/ω110 is the wavelength; δs is the thickness of the skin layer of the
material of the resonator walls with resistivity ρ and magnetic permeability µ:

δs =
√

2ρ
µω

. (2.29)

Since the normalized shunt resistance (R/Q)n is proportional to the square of the
radial coordinate, calculations typically use the value (R/Q)n for a specific offset,
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which can be scaled accordingly. The value (R/Q)n at the radius rm ' 0.481d,
corresponding to the maximum value of the longitudinal electric field of the mode
Figure 2.3, is calculated as

R

Q110
= V 2

110(rm)
2ω110W110

= 2Z0lJ
2
1maxT

2
tr

πα11dJ2
0 (α11)

(2.30)

where Z0 ' 377Ω - free space impedance; J1max ' 0.582 - value of the Bessel function
at maximum.

The voltage of the TM110 mode, excited by a beam flying along the cavity axis
with a transverse displacement along the x axis (θ = 0) equal to x0, can be expressed
in terms of the beam charge qb and the normalized shunt resistance (R/Q)110 [19].
As follows from Equation 2.26,

V110(x0)
V110(rm) =

J1
(
α11

x0
d

)
J1max

(2.31)

and, using Equation 2.26, we obtain:

V110(x0) = qbω110
2

J1
(
α11

x0
d

)
J1max

(
R

Q

)
110

. (2.32)

For small arguments, the Bessel function J1(x) can be replaced by x/2, thus, the
dependence of the voltage V110 on the transverse displacement of the beam x0 is
linear in the region bounded by the radius b� d of the input and output holes:

V110(x0) = qbω110
4

α11
J1max

x0
d

(
R

Q

)
110

= qbx0
lT 2
tr

d3
Z0cα11J1max
2πJ2

0 (α11)
. (2.33)

Expression
Mb = α11

2J1max

x0
d

(2.34)

called the coupling coefficient of the resonator with the beam. Comparing the

Figure 2.4. Coupling mechanism of the position cavity, waveguide and antenna

magnitude of the signal Equation 2.33 with the rms amplitude of the thermal noise
Vnoise =

√
4kR∆fT (k is the Boltzmann constant, T is the absolute temperature)
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in the signal bandwidth ∆f , one can estimate the limiting noise resolution of the
sensor.

Using two identical communication devices for signal output (loop or pin) located
on the x−axis (θ = 0, π) or y (θ = ±π/2), it is possible to register two independent
oscillations of the same mode, excited by a beam displaced from the resonator axis
by r0 = x0 + y0.

If the resonator is excited by a periodic pulsed beam (cyclic accelerator or multi-
bunch mode in a linear accelerator), then a stationary oscillation mode is established
in the resonator. In this case, the power output through a coupling device with an
external quality factor Qext can be expressed in terms of the average beam current
Ib:

Pout = I2
bM

2
b

Qloadβ

1 + β

(
R

Q

)
110

, (2.35)

where Qload is the loaded quality factor Equation 2.22. The signal voltage across the
load with resistance Rload is Vout =

√
PoutRload. Upon excitation by a single-incident

beam, free oscillations arise in the cavity, which decay with a characteristic time
τ110 Equation 2.20.[10] The corresponding loaded quality factor Qload is determined
from the condition of complete damping of oscillations by the time of arrival of the
next beam.

2.2.2 Spatial resolution

Since the maximum of the longitudinal electric field of the in-phase mode TM010 is
located on the axis of the cavity, this mode is excited much more strongly at small
transverse displacements of the beam than the useful mode TM110. Excitation of
the TM010 mode at its natural frequency ω010 can be calculated from Equation 2.13
similarly to the calculation performed for the TM110 mode. The ratio of the
amplitudes of the modes TM110 and TM010 is estimated using the expression:

Figure 2.5. Signal spectrum of the cavity

S1 = V110(ω110)
V010(ω010) = α11

2J1max

x0
d

ω110
(
R
Q

)
110

ω010
(
R
Q

)
010

= α2
11

2α01J1max

x0
d

(
R
Q

)
110(

R
Q

)
010

(2.36)
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Due to the different natural frequencies of the modes, the main method of suppressing
the common mode of the TM010 is band-pass filtering of the signal. However, due
to the finite Q factor, the TM010 mode has a nonzero amplitude at the natural
frequency of the TM110 mode, as shown in Figure 2.5.

The voltage ratio of the TM110 and TM010 modes at the frequency ω110 can be
estimated by the formula:

S2 ' S1Qload

(
1− ω010

ω110

)
. (2.37)

The signals of the TM110 and TM010 modes are compared at a certain distance
δxmin from the center, which determines the spatial resolution of the resonator
sensor:

δxmin '
d

2Qload

ω010
(
R
Q

)
010

ω110
(
R
Q

)
110

(2.38)

An additional error in the measured coordinate arises if the beam flies through the
resonator at an angle x′. In this case, the additional coupling coefficient of the
resonator with the beam, due to the nonparallelism of the beam trajectory and the
resonator axis, looks like:

M
′
b = α2

11l
2x′

12J1(α01)d2 (2.39)

and leads to an error in the coordinate equal to [1]

δx

x′
= α2

11

12J1(α01) sin
(
π l
λ110

) l3

d2λ110

mm

mrad
(2.40)

Thus, the output signal of the resonator at the frequency ω110, in addition to the

Figure 2.6. Charged particles single bunch crossing cavity with a trajectory angle x′ .

useful signal of the TM110 mode, contains: parasitic signals of the in-phase modes;
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signal due to the flight angle x′ [3]; as well as electronics noise. When diametrically
opposite communication devices are used, the TM010 and TM110 signals are 180◦ out
of phase relative to each other; in this case, the in-phase modes can be suppressed
using sum-difference circuits. The spurious signal from a nonzero flight angle has a
phase shift of 90◦ and can be filtered using synchronous detection. If the residual
phase error of the system is small, then the resolution is mainly determined by the
thermal noise of the electronics.

2.2.3 Signal processing

In most cases, the resonant frequency of the monitor is on the order of a few GHz,
so the signal is processed by high-frequency electronics. The signal output from the
resonator by means of coupling devices is a sinusoid with the frequency of the TM110
mode, exponentially decaying with the time constant Equation 2.20. Therefore, a
superheterodyne circuit is usually used for signal detection: the signal is transferred
from the high-frequency region to a more convenient range for processing. The
transfer is carried out using a mixer, in which a signal is generated at an intermediate
frequency equal to the difference between the frequencies of the original signal and
the local oscillator.

A special case of a superheterodyne circuit with a zero intermediate frequency
is a synchronous detector, which outputs the TM110 signal envelope. The phase
of the local oscillator must be stably held equal to the phase of the signal. The
in-phase of the local oscillator is necessary to normalize the difference signal and to
determine the initial phase of oscillations in the resonator, which makes it possible
to determine the sign of the beam displacement.

The energy of the electromagnetic field is removed from the resonator by means
of a pair of diametrically located whip antennas and fed to a high-frequency sum-
difference device. The bandpass filter selects a part of the spectrum from the
difference signal in the vicinity of the frequency of the TM110 mode. The resulting
narrowband signal is amplified and fed to one of the mixer inputs, to the second
input of which the local oscillator signal comes. The low-frequency harmonic of the
signal from the mixer output is passed through a low-pass filter and digitized by an
analog-to-digital converter. As a local oscillator signal, both an external generator,
synchronized with the accelerating RF system, and a signal from the sum output of
the sum difference device, proportional to the beam intensity, can be used.

2.2.4 Readout electronic system

Usually, the working frequency for cavity BPM as the readout electronics design
depends on the availability and price of components. Hence an additional and
weighty argument for picking the right frequency. There is undoubtedly a gap on
the frequency scale, which can be considered widely spread due to commercial use
or other purposes (TV-sat, mobile technology). Components and parts developed
for these applications consequently are cheap and easy to obtain on the market.
Contrarily more sophisticated design tools will be needed to develop individual
circuits, where resources and care need to take in terms of reflections, shielding, etc.

In the case of using a hybrid, the two opposite signals (which have a phase shift
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of 180◦) are subtracted. This subtraction decreases the monopole mode’s influence
and doubles the dipole-modes’ amplitude. By employing different cable lengths, the
phase of 180◦ can be shifted. Consequently, phase shifters are connected before the
hybrid to compensate the shift mentioned above.

In some cases, the amplitude from the rejection of dipole and monopole modes
due to spatial filter is large enough to distribute this part. This scheme is less
sensitive to phase drifts due to temperature shifts. If the switchable attenuator is
integrated into the electronics, the dynamic range can be expanded. A band-pass
filter rejects higher-order modes, and an amplifier amplifies the amplitude.

If the following electronics can not be located close to the cavity BPM, the signal
has to be transferred via long cables. The transmission of high-frequency signals
via cables is low. Hence down-conversion with a local oscillator (LO) is done to an
intermediate/average frequency. Two frequencies are multiplied:

A sin(ω1t+ φ1) ·B sin(ω2 + φ2) = AB

2 [ cos((ω1 − ω2)t+ (φ1 − φ2))−

− cos((ω1 + ω2)t+ (φ1 + φ2))]
(2.41)

The intermediate frequency can be transported with lower attenuation to the
other part of the electronics. Here a second band-pass filter for the intermediate
frequency is applied, followed by an amplifier. Two parallel down conversions (I-Q
demodulation) are used with a reference frequency, the signal from the reference
cavity, either with a matched phase (realized with the phase shifter previously) and
with reference frequency shifted by 90◦. This reduces the influence of beam angle α
and bunch tilt Θ.

Two methods are employed for the I-Q demodulation: Homodyne and Heterodyne.
The Homodyne one uses the same frequency as the dipole mode. Accordingly,
the same intermediate frequency enters the conversion. This results in a zero
frequency, as it is yielded from Equation 2.41, and only the amplitude information
is kept. The second method uses a reference frequency, which differs from the
intermediate frequency. In this case, a lower frequency provides the amplitude and
phase information.

For instance, the remote-controlled attenuation switch is used only when a large
dynamic range is required, or the first down conversion is used only if the I-Q
demodulator is located far away from the cavity BPM. If the resolution above 1 µm
is required, the I-Q demodulation is not employed[53].

2.2.5 Features of the design of cavity monitors

A resonator monitor is a narrowband device whose natural frequency is determined
by the geometry of the resonator. The choice of operating frequency is determined
by the specific operating conditions of the monitor. There is a general rule: the
frequency ω110 should be sufficiently distant from the frequency of the accelerating
voltage in order to avoid interference to the monitor from powerful HF devices of the
accelerating system. At the same time, the frequency ω110 should be significantly
lower than the upper limit of the frequency spectrum of the beam, otherwise
the bunching parameter will have to be taken into account. This parameter is
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approximately equal to unity for Gaussian beams with σz ≤ 1 mm and frequencies
below 40 GHz. In addition, the frequency ω110 should not be a harmonic of the
bunch repetition rate in the multi-bunch regime.

For optimal suppression of in-phase modes, the natural frequency of the resonator
must be high, as follows from Equation 2.36. The radius of the resonator is limited
from below by the distortion of the field at the junction of the resonator with the
vacuum chamber; in resonators with a small radius, the longitudinal field is not
constant along the axis and the linear dependence on the transverse displacement of
the beam is violated. Based on practical experience, the cavity radius should be at
least three times the chamber radius. This means that it is practically impossible to
make the natural frequency of the TM020 mode higher than the critical one without
introducing perturbations into the cavity geometry.

Thus, there are the following arguments in favor of a high operating frequency:
better common-mode rejection and a high signal level, and in favor of a low one
- moderate cost of electronics and vacuum components and higher reliability and
phase stability of the synchronous detector.

To operate in a single-shot mode, the voltage induced by the beam in the cavity
must be high. Since the transit factor Equation 2.25 depends on the ratio ξ = l/d,
the sin2 ξ

ξ function should be optimized to the value ξopt = 0.6086 for an unperturbed
resonator, disregarding the entrance / exit holes for the beam. In the multi-bunch
mode, the shunt resistance must be optimized according to Equation 2.35. Since the
intrinsic Q-factor of the mode is no longer included in the problem, and everything is
determined by the coupling coefficient, the problem is reduced to optimization of the
transit factor, in this case the optimal value of the ratio ξ = l/d is ξopt = 0.742.[6]

Whip antennas are used as output devices at frequencies below 10 GHz, mainly
due to the size of the waveguides at such frequencies. At higher frequencies, it is
easier to use waveguides, which also provide better accuracy, since antennas at these
frequencies are so small that it is problematic to provide the required tolerances for
dimensions, angles, etc.

Strong coupling provides high signal magnitude and good cavity stability, but
decreases the loaded Q factor, resulting in poorer common mode rejection and leading
to field distortion in the cavity. When designing a resonator, it is important to
determine the coupling coefficient for each output device and estimate the frequency
shift; in calculations, perturbation theory or numerical methods are usually used.

2.3 Simulation tools

The composition of the waveguide couplers with beam pipe makes it very challenging,
if not impracticably tricky and time consuming, to find analytical solutions for the
cavity BPM device’s electromagnetic field distribution. Therefore, computer-based
field solvers are employed to solve differential equations with specific boundary
conditions, in this case, for pick-up design and the interpretation of experimental
results. Usually, these solvers are based on finite difference or finite element methods.
With both methods, the solution’s general idea is alike: first, the established geometry
is covered with a mesh of small unit volumes, called cells, the corners of which are
called nodes. This algorithm discretizes the computational volume, which allows
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the differential equations for the electromagnetic fields, including the boundary
conditions, to be transformed into matrix equations with variables corresponding to
the fields at the nodes. Matrix inversion is then employed to get the field values.
Two simulation packages used to determine the prototype geometry and evaluate
RF properties are ANSYS HFSS [35] and CST[36]. Depending on the task, it is
used the finite element method [11] or the finite integration technique [12].

The difference between finite element solvers and finite integration solvers is in
the way of the matrix equations construction. The differential of a function f(x)
with respect to variable x is defined as

df(x)
dx

= lim
∆x→0

f(x+ ∆x)− f(x)
∆x (2.42)

where ∆x is a change in x. Finite element methods express differential equations in
the form as it represented in Equation 2.42 with ∆x meaning the distance between
bordering mesh nodes. Imposing the boundary conditions sets the values of some of
the fields at particular nodes. The fields at each remaining node are then expressed
as a linear combination of the fields at its adjacent nodes to give one equation for
each unknown. These equations are combined into one matrix equation and matrix
inversion is used to find the solution.

Generally, the nodes in a finite difference solver are uniformly distributed through-
out the volume (i.e., ∆x is constant), so a cubic mesh, for instance, the one used in
CST while using wakefield simulations, is well suited. More complex-shaped mesh
cells are possible by excluding the nodes at some of the cube corners to produce
triangular prisms, tetrahedrons, hexahedrons. Since the solver performs better with
uniformly distributed mesh cells, the whole mesh must be dense enough to cover
all the curved surfaces and represent the geometry’s smallest details. Since the
computer memory required for both meshing algorithms: finite element and finite
difference methods is related to the number of mesh cells proportionally, the result
of this is that simulations become time-consuming and computationally expensive.
Nevertheless, because the finite difference method is less complicated than the finite
element method, a higher mesh density can be solved in simulations with the same
computational resources.

In the finite element method, the fields within each mesh cell are expressed in
terms of basis functions:

φe(x) =
N∑
i=0

ciψ
e
i (2.43)

where φe is a field distribution inside element e, ci is a coefficient and ψei is one of
the element’s basis functions. The basis functions can have higher-order components
to improve the accuracy, but this slows down the computation [18]. In all the
elements, the fields are then written into a single matrix equation; the procedure is
similar to the finite difference method. Nevertheless, with the finite element method,
the method of defining the matrix coefficients is more complicated. The general
principle of variational methods is finding solutions that drive the main function to
an extremum, a minimum or maximum point. At the extremum point, the function
changes slightly, with a small change to the solution so that the best accuracy is
obtained. Several variational methods exist; the one that is employed is dependent
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on the solver package.
The finite element method suits very well a mesh that is composed of varying

cell sizes. Thus, the mesh density can be less on average than for the finite difference
method, which makes up for the higher complexity of the calculation in terms of
computing time. For example, CST time-domain solver uses the tetrahedral meshing
technique and, because of the way the basis functions are determined, can have
mesh cells with curved edges. The mesh generated by this method improves the
representation of curved geometries.

Both solvers are used for solving Equation 2.2 for the resonant cavity modes.
They represent the wave equation as a matrix eigenvalue problem, where each
eigenvalue corresponds to a different mode wavenumber. Solving the problem for
a certain number of eigenvalues returns electromagnetic fields’ distributions for
the same number of resonant modes, or referred to as eigenmodes. Each mode is
unique in terms of its resonant frequency that corresponds to its unique eigenvalue.
Knowledge of the exact field distributions and properties from electromagnetic solvers
is useful for estimating the mode shunt impedance using Equation 2.17. HFSS and
CST can also simulate finite conducting cavity walls and waveguide ports to give
estimates for the resonant mode quality factors.

These two simulation packages can also calculate the reflections at waveguide
ports with the transmission, across the simulated geometry, between them if power
enters the port with a given particular frequency or a given frequency bandwidth.
Like a resonant cavity, electromagnetic fields propagate down a waveguide in the form
of a sum oscillating modes. Cavity modes broadband is much less than waveguide
modes so that waveguides can transfer power over a broader range of frequencies.
Therefore, the simulation solves the modes of the different ports of the waveguide
before concluding the transfer of power between them. Because the modes are
broadband, data of only one or two waveguide modes is sufficient [13].

2.4 Equivalent circuit

It might be useful to represent a cavity beam position monitor’s pick-up as an
electrical circuit, which is mathematically equivalent. While peculiarities of the actual
problem are not readily identifiable within the complex geometry, the equivalent
circuit allows to separate them into individual electrical components with associated
parameters that can be easier to resolve separately. The appropriate circuit is shown
in Figure 2.7. The particle beam is replaced by a current source and the mode
resonance by a parallel RLC circuit. A mutual inductance replaces the waveguide
coupling [14].

An RLC circuit contains a resistance R, inductance L, and capacitance C. The
inductor and capacitor in an RLC circuit can store and exchange the energy at a
resonant frequency f0. Energy is dissipated in the resistance, so the internal quality
factor Q0 can be expressed in these three values R,L, and C. An RLC circuit also
has an impedance Z defined as the ratio between the voltage and current in the
circuit. The impedance is complex and so includes the phase difference between
oscillating voltages and currents. The real part of the impedance is equal to the
resistance, and the imaginary part, called the reactance, is defined by the capacitance
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Figure 2.7. Equivalent circuit of a cavity beam position monitor pick-up.

and inductance. The impedance is given by

Z = R+ i

(
2πfL− 1

2πfC

)
(2.44)

The response of an RLC circuit in time and frequency is the same as the oscillator
described previously and is similar to the response of a single resonant cavity mode.

Current passing through an inductor generates a magnetic field. If there is a
change in the current over time, the generated magnetic field then acts back on the
inductor, which causes a potential difference across it. Two circuits may share a
mutual inductance where the magnetic field in one inductor affects the potential
across itself with an inductor in the other circuit. This represents how the waveguide
coupling is described in the equivalent circuit [18]. A sizeable mutual inductance M
lowers the external quality factor and has a small influence on the resonant RLC
circuit’s resonant frequency [15].
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Chapter 3

6.1 GHz prototype of the cBPM

3.1 The position cavity

While designing a cavity BPM, each dimension is chosen to improve the overall
system resolution and provide a simple and efficient mechanical structure. With
an increase in the resonant frequency of a cavity, the entire pick-up structure’s size
decreases. A cavity BPM structure designed in the C-band frequency range will
be compact while large enough to be machined with sufficient accuracy. Besides,
high-quality components for the processing electronics are available at a lower price
because of the radio communication field’s advances in this frequency range [16].

With all the factors mentioned above, it was decided to design the cavity BPM in
the C-Band frequency range. During the design process, after deciding the geometry
and approximate values of all dimensions, the pick-up structure is simulated using
electromagnetic codes to predict the performance and to optimize the overall structure
[17].

Ordinarily, for the position cavity, pillbox shape is picked since it is simpler to
manufacture. A cylindrical cavity was also our choice, as the resonant structure for
6.1 GHz pick-up. Equation 2.14, the radius R of a vacuum filled cylindrical cavity,
corresponding to the dipole frequency of 6.1 GHz is calculated.

The resonant frequencies of the monopole, second monopole, and quadrupole
modes of a pillbox cavity with a radius of 28.61 mm, calculated using Equation 2.14,
will be 4.15, 7.44 and 8.2, respectively.

The amplitude of EM fields induced by a bunch in the cavity increases linearly
with the cavity length. This linear increase is attenuated by the transit time
factor (Ttr in Equation 2.25) because of the RF voltage’s oscillating sine-like nature.
Figure 3.1 displays the transit time factor for the monopole and dipole modes of
the position cavity with different cavity length L and a constant radius of 28.61
mm. From Figure 3.1 increasing the cavity length reduces the excited monopole and
dipole mode because of the transit time effect, although we can see the dipole mode
decreases faster.

Compared with the dipole mode, the relative increase in the monopole mode
reduces the system resolution due to the increased pollution of the monopole mode’s
high-frequency tail at the dipole mode frequency. Furthermore, as can be seen from
Equation 2.39, the amplitudes of the signals due to the bunch trajectory and tilt also
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Figure 3.1. Monopole and Dipole mode Transit Time Factor with shunt impedance
dependence on the cavity length [mm]

increase with the cavity longitudinal size. Considering all these factors, an initial
value of the resonator length 8 mm was used for the position cavity.

From the Slater theorem, it is almost intuitive that adding a beam pipe and
coupling waveguides to an isolated pillbox cavity reduces its resonant frequencies.
Considering this, we took for the position cavity model with a slightly smaller radius
in simulations.

Figure 3.2. 6.1 GHz cBPM position cavity dimensions.

Forcing a symmetry boundary condition restricts the filed line’s directions in the
resonator. For instance, the magnetic boundary means that magnetic field lines must
be perpendicular to the boundary plane. The electric boundary condition means
that magnetic field lines should be parallel to the plane. Therefore, only particular
modes can be excited in the structure. Reducing simulated volume in this way can
save considerable simulation time while solving larger models.

The resonant frequencies of major modes were obtained using the Eigenmode
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Table 3.1. Resonant Modes of The Position Cavity

Resonant Frequency/GHz
Mode Analytical CST HFSS

calculation

Monopole mode TM010 4.151 4.160 4.163
Dipole mode TM110 6.1 6.999 6.1002
Quadrupole mode TM210 7.44 7.49 7.39

Table 3.2. Unloaded quality factor Q0 of The Position Cavity

Q0 value
Mode Analytical CST HFSS

calculation

Monopole mode TM010 3125 3064 3173
Dipole mode TM110 4076 4030 4093
Quadrupole mode TM210 623 629 632

solvers in the different codes are compared in Table 3.1. The simulated values were
in good agreement with the theoretical, and the difference among the codes were
less than 0.05 %.

To design cBPM with relatively high quality factor, copper is the suitable material
because of its higher electric conductivity of 5.97× 107S/m. The quality factors for
the three lowest order modes simulated using Eigenmode solver of three different
codes, are compared with their theoretical values in Table 3.2. The values are in
good agreement with the theoretical prediction, with spread of 1.5%.

Table 3.3. Dimension values for the 6.1 GHz prototype cavity BPM position cavity.

Dimmension Value[mm]

Position Cavity Radius R 28.61
Position Cavity Length L 8
Waveguide Length WGlength 33
Waveguide Width WGwidth 48
Waveguide Height WGheight 8
Coaxial Position x 9.58
Coaxial Position z 17.6
Slot Length Slotlength 14
Slot Width Slotwidth 1.5
Slot Height Slotheight 1
Slot Curvature Radius rslot 0.75
Cavity Edge Curvatures rcurvature 0.5
Beampipe Radius Rpipe 7.5

The normalized shunt impedance (R/Q0) for three modes were calculated using
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Field Calculator as a post-process task on the Eigenmode simulation results. The
R/Q0 for bunch offset of 1 mm showed that the monopole mode is 97 times strongly
coupled than the dipole mode, while the quadrupole is 235 times weakly coupled
than the dipole mode. As the geometry is symmetric in the transverse plane, the
modes’ orientation was fixed by the beam offset trajectory shifted only in one plane.
The cut-off frequency of the lowest transmission mode TE11 for the cylindrical beam
pipe, which can be represented as a cylindrical waveguide, can be calculated using
Equation 2.14, and it is 11.713 GHz. The two highly coupled primary resonant
modes, the monopole and dipole, are well below the beam pipe’s cut-off frequency.
The power coupled in these modes cannot propagate through the beam pipe and
decay exponentially by distance in the pipe.

3.2 Coupling of waveguide and the position cavity
Since the monitor’s resolution is required to be high, the interfering signals in-
troduced in the II chapter must be effectively suppressed. Most important is the
suppression/rejection of strong monopole mode signals [24].

Particularly, these are the basic, first, and second monopole mode signals. The
second monopole mode frequency is closer to the dipole mode. Two possible con-
nection methods between the waveguide and the position cavity were studied to
successfully decouple monopole modes while maintaining sufficient coupling to the
dipole mode. Below we will discuss the advantages and particular reasons when to
use which one. A similar method is used for the damping of higher modes in the
acceleration structures [25].

The full structure of a position cavity in the cBPM contains a cylindrical
resonator and four waveguide adapters connected to it Figure 3.2. A rectangular or
semi-rectangular slot is cut out in the pillbox cavity wall Figure 3.3.

Figure 3.3. Slot coupled waveguide, schematic view.

The coupling slot’s length is parallel to the plane where the dipole mode satisfies
an electrical boundary condition [53]. The slot disrupts the currents flowing in
the resonator walls. Hence, The coupling between the dipole mode TM110 of the
cavity and waveguide is very sensitive to the slot’s longitudinal dimension; therefore,
coupling improves between cavity and waveguide adapter if the aperture of slot
starts near the electromagnetic center of the cavity. In this way, the dipole mode
generates an electromagnetic field in the slot that looks like half the TE01 wave in
the rectangular waveguide. The slot is widened with gaps in the resonator walls,
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through which the induced dipole mode field continues into the coupling waveguide
as a TE01 wave.

Because of their symmetry, the monopole modes can only form a field in the slot
that corresponds to the higher TE110 mode of the waveguide. This wave’s cut-off
frequency is higher than that of the TE01 wave, especially if the slot is narrow;
coupling between the fundamental mode and waveguide adapter is sensitive to the
transverse dimension of the slot. So a resonator structure can be constructed where
the low monopole modes cannot propagate into the waveguide.

On the other hand, since slot cut-off frequency is higher even than dipole mode
frequency, one should try to keep the coupling slot height low enough to avoid
attenuation of the signal proportional to the beam offset. While using a coupling
slot, the waveguide cut-off frequency is usually chosen to be below the dipole mode
frequency [26].

Because of the limited mechanical accuracy in the resonator’s construction, the
plane of symmetry of the slot is slightly shifted from the plane of symmetry of
the resonator. Therefore, monopole modes can still propagate in the waveguide as
a TE01 wave. Although the coupling is low, the monopole modes’ output can be
comparable to the dipole mode signal. Therefore, the mechanical tolerances must
be kept small.

When waveguides are connected to the cavity directly, to decrease the coupling
of fundamental mode to the waveguide, the waveguide aperture width should be
kept small.

Figure 3.4. Directly coupled waveguide, schematic view.

After the waveguide dimensions are determined according to the requirements
and the optimal conditions, the waveguide’s cutoff frequency for the lowest TE01
wave is higher than the resonance frequency of the fundamental mode. It is located
between the monopole and dipole mode frequencies of the position cavity. In this
way, the part of the remaining fundamental mode signal, which is lower than the
cutoff frequency, is subsequently suppressed in the waveguide.

In order to determine the tolerances of the resonator dimensions, the deviations
in the resonance frequency were estimated with HFSS Table 3.4. For this purpose,
the resonance frequencies for the changed dimensions were calculated. In doing so,
fairly large changes comparable to the grid step size were expected. Then the results
were approximated for a change of 1mm.

The results of this simulation show that tolerance of tens of µm is sufficient
for all dimensions except for the radius and coaxial port-related values. For the
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Table 3.4. Dimension tolerances to the 1mm change for the 6.1 GHz prototype cavity
BPM position cavity.

Dimmension Q0 Variation [%/mm] Frequency shift [MHz/mm]

Cavity Radius R 2 -270
Cavity Length L 11 -21
Waveguide Length WGlength 11.5 -0.1
Waveguide Width WGwidth 4.2 -0.6
Waveguide Height WGheight 6 -0.4
Spacing s 12.3 0.2
Slot Length Slotlength 19.2 5.2
Slot Length Slotheight 24.3 493

Table 3.5. The main characteristics of the 6.1 GHz prototype cavity BPM position cavity.

Parameter Numerical
calculation

TM110
fGHz 6.100
Q0 4076
QL 1019
Damping time,τ ns 53.2
R
Q ,Ohm 0.52
Vout 2.3 V/nC/mm

radius to which the frequency reacts very sensitively, the tolerance must not exceed
10µm. The analytically and numerically calculated resonance frequencies, shunt
impedances, and monitor signals for the prototype can be seen in Table 4.2. The
resonance frequency of the dipole mode calculated analytically for the numerically
optimized resonator dimensions using the approach differs from the analytically
obtained value by more than 5%, because the frequency is calculated analytically for
a closed resonator without slots and waveguides. The analytically and numerically
calculated resonance frequencies of the fundamental mode correspond to one another
very well because the influence of the slot on the resonance frequency of the monopole
mode is small. If the dipole mode’s shunt impedance is known, the output signal
can be estimated with the formula Equation 2.30.

An estimate of the thermal noise based on a bandpass filter’s assumption with
a bandwidth of 100MHz results in a noise voltage of 9µV . Therefore, the signal
level is much higher than the noise level, i.e., theoretically, a resolution better than
100nm can be achieved. EM simulations estimated the monopole mode’s influence
on a structure where the slot is shifted from the symmetry plane of the resonator.

The portion of the fundamental mode signal that lies outside the dipole mode’s
frequency range is also suppressed by a bandpass filter in the receiver electronics
at around 80 dB. The frequency selective decoupling devices carry out subsequent
suppression. The portion of the fundamental mode signal at the dipole mode
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frequency is 60 dB weaker than that in resonance. The influence of the monopole
mode is then negligibly small.

3.3 Waveguide to coaxial transmission

In the previous section, the coupling, as the loaded quality factor, could be determined
by the waveguide dimensions or slot aperture area with the pillbox cavity. Now
we are loading waveguides with the coaxial feed-throughs. The induced signal is
extracted from the resonator via waveguides that are coupled to the coaxial loads
with matched impedance. Depending on the position of the load on the waveguide,
several parameters are changed dramatically. The position of the coaxial coupler
changes the quality factor, amplitude of the signal which is extracted from the
cavity; in other words, if we imagine a system where excitation comes from one
end of the short-circuited waveguide and is extracted from the coaxial coupler, the
ultimate goal is to reach lowest S11, reflection coefficient, and highest S12, transition
coefficient.

Figure 3.5. Differnet types of coupling simulated for better waveguide to coaxial matching.

The waveguide dimensions can be chosen such that it restricts the monopole
from coupling into the waveguide (as explained in the previous section). shows
the simulation model of a waveguide adapter with the matched coaxial coupler,
along with the dimensions and ports. According the width wWG of a rectangular
waveguide, given the cutoff frequency fcutof TE01 is, w = c

2

(
1
fcut

)
, where c is the

speed of light. The guide-wavelength, inside the waveguide, corresponding to the
cavity dipole mode frequency can be calculated as [7],

λg,110 = λg,110√
1−

(
λ110
λc

)2
(3.1)

where λ110 is the free space wavelength for the dipole frequency and λc is the
cutoff wavelength of the waveguide mode, which is twice the waveguide width (2wWG)
for the TE01 mode of a rectangular waveguide. The interpretation of the position
signal becomes complicated if the waveguide also resonates at the cavity’s dipole
frequency. To avoid matching the waveguide’s resonances to the position cavity’s, the
waveguide’s length should not be an integer multiple of the half guided wavelength
λg,110/2. The field, coupled into the waveguide from the monopole mode, will decay
exponentially.
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Figure 3.6. exposition of how sufficient transition is achieved between the waveguide and
coaxial antenna by changing the x and z parameters.

The quality of transmission is susceptible to geometrical dimensions itself. One
has to remember that when the operating frequency is high, the size of the structure
itself is getting small, which makes coupling between the coaxial load and waveguide
difficult. The transition depends not only on the position of the load but also on the
geometrical shape of the coupler’s inner conductor. The coupler’s overall dimensions
become very limited in terms of size when there is reduced volume, in case of high
frequencies. We have simulated three different mechanical solutions for transmission
design .

Three different coupling methods were studied, using the whip antenna for
inductive coupling. Preforming capacitive coupling, whip antenna with a flat bead
at the end of the inner conductor, and mounting coaxial antenna to waveguide wall
directly. In the capacitive coupling case, we have a little more freedom in terms of
distance from the waveguide wall, Since the capacitance between two flat surfaces is
proportional to their area and inversely proportional to their separation. Increasing
the area of the bead should allow for a larger spacing between it and the waveguide
wall.

Figure 3.7. S11 parameter dependence on the spacing variation between the whip antenna
end and waveguide wall.
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To evaluate how sensitive the waveguide to the coaxial transmission line is
towards the spacing of the inner conductor of coaxial feed-through and waveguide,
the first system to study through simulations was transmission with whip antenna
Figure 3.7.

The S(1,1) parameter minimum changed dramatically according to changing
the spacing s only by 0.01 mm in the whip antenna case. The minimum appeared
at a different frequency; also, the minimum range level rose from -70 dB− -80 dB
to the -30 dB− -40 dB. Demanding the 0.01 mm scale precision is already a very
mechanically advanced requirement if not impossible; the latter depends on the
device’s part.

The capacitance coupling was simulated to maintain a low level for dB S(1,1)
parameter despite the possible manufacturing errors. The whole system was more
stable to spacing s errors and even less sensitive to the coaxial position errors. If
0.01 mm error of s rose S(1,1) [dB] up to the -50 dB− -40 dB, for position error 0.02
mm it remains in -60 dB− -50 dB interval Figure 3.8.

Figure 3.8. S11 parameter dependence on the spacing and position variation of the coaxial
feedthrough.

The resonances that are part of the resonance antenna couplings are simulated
along with the cavity modes. These resonances couple magnetically to the cavity
dipole mode at the point where the waveguide is connected to the cavity. This can
be represented as two magnetically coupled resonant electric circuits made from
passive components, as discussed in the equivalent circuit section. The effective
impedance Zeff of a circuit representing the cavity is given by

Zeff = Zc + (2πf)2M2

Za
= Zc + (2πf)2M2

|Za|2
Z∗a (3.2)

where f is the operating frequency, M is the mutual inductance, and Zc and Za
are the impedances of the uncoupled cavity and antenna circuits respectively [15].
The second term on the right-hand side of Equation 3.2 is the reflected impedance,
and it is proportional to the complex conjugate of the antenna circuit impedance. In
other words, if the driving frequency f is below the resonance of the antenna circuit,
the reflected impedance is capacitive and increases the resonant frequency of the
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Table 3.6. Dimension values for the inductive and capacitive couplings for 6.1 GHz.

Dimmension Value[mm]
Inductive coupling Capacitive coupling

Waveguide Length lWG 33 33
Waveguide Width wWG 48 48
Waveguide Height hWG 8 8
Coaxial Position x 9.63 23.41(2)
Coaxial Position z 9.63 17.3
Beahd Height hbead − 1.2
Antenna Curvature Radius Rcurve 0.5 0.5
Whip and Bead Radius 0.635 1.3
Spacing between Antenna and Waveguide Wall s 0.21(8) 0.7

cavity circuit. On the other way, if the frequency is higher than the antenna circuit
resonance, the reflected impedance, in this case, is inductive, and it decreases the
resonant frequency of the cavity circuit. If the driving frequency is far enough from
the antenna circuit resonance, the imaginary part of the antenna circuit impedance,
which is the reactance, becomes greater than the real part, the resistance, and the
imaginary part of the reflected impedance is reduced.

Consequently, the results can be translated in the following way in case of a
waveguide and coaxial coupler in cBPM environment. The measured resonant
frequency is the resonant frequency of the system, which is already coupled. As
the gap between the end of the coaxial antenna and the wall of the waveguide is
increased, the frequency of the antenna resonance is also increased. In the case of
small spacing, the frequency of the antenna resonance is below the position cavity’s
dipole mode frequency, and hence the measured resonant frequency is pushed up, as
when the reflected impedance is capacitive. As the separation is enlarged, the antenna
resonance passes the resonant frequency of the cavity TM110 mode and begins to push
the measured resonant frequency down, as when the reflected impedance is inductive.
As the frequency of the antenna resonance is increased further, its reactance at the
frequency of the cavity dipole mode becomes high enough, so that the reflected
impedance is reduced. At this time, the measured resonant frequency reaches a
minimum and then begins to return to the frequency of the uncoupled cavity dipole
mode. In the cBPM system, the antenna also has the function of matching the
impedance of the waveguide to the 50 Ω impedance of the coaxial output. For that
reason, the maximum output, S21 parameter, is not certainly seen when the antenna
is resonating with the cavity dipole mode, since there is a chance that power may be
reflected back into the waveguide. For the best performance, the waveguide should
be designed so that the antenna resonance and the minimum reflection, S11, should
appear at the frequency of the position cavity dipole mode.
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3.4 Study of possible manufacturing errors by EM sim-
ulations

The cBPM will be fabricated with low tolerances in sensitive areas such as the
pillbox cavity radius. Even with the specified tolerances, the resonant frequencies of
the dipole modes can vary by several MHz from the simulated resonant frequencies.
The possible errors in fabrication that can change the cavity parameters are studied
using simulation.

The coupling and isolation between the ports should be the most sensitive to
the coupling slots’ position errors. With copper as a cavity material, the present
computer numerical control machines can machine and measure geometry with
accuracy well of the order of several 10 of µm. As the cavity is fabricated with
tolerances below 100 µm, it can be set as the upper limit for machining critical parts’
errors. Different scenarios were simulated with different fabrication errors, and their
effects on the cavity parameters were studied.

3.4.1 Coupling slot shift

Figure 3.9. Sketch representing simulation model for simulated S-parameters of a cBPM
model with the slot shifted from its original position with simulation results.

If the slots are shifted towards either side of the axes, the magnetic field from
the orthogonal dipole mode should cross-couple into the slots and decrease the
x-y isolation.Figure 3.9 represents a sketch of a cavity BPM with one of its slots
shifted by a small amount ∆x from the x-axis. All other dimensions were left the
unchanged. The cBPM geometry with one slot shifted by different position offsets
∆x were simulated using HFSS in the dipole frequency region. The S-parameters
were generated. The ports and boundary conditions were assigned similar to the
model of the ideal geometry.

The left part of Figure 3.9, shows the S-parameters for a cBPM with slots shifted
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from 0 to 0.9 mm. When the slot was shifted along the y-axis, the trace S12 examined
the case where the slot along the x-axis was shifted towards the slot along y-axis
positive direction. The slot was shifted over 0 to 0.9 mm in several steps. For
slots offset by 0.9 mm, the isolation degraded up to 26 dB, which was without shift
error on the order of 45 dB observed during S-parameter simulations. The possible
manufacturing errors due to slot shift alone did not alter the cavity parameters by
the amounts observed from the RF measurements.

3.4.2 Coupling slot rotation

Figure 3.10. Sketch of a cBPM model used to study the S-parameters of a prototype
design with slot rotated by ∆θ

Similar to shifted slots, another possibility can be that the slots are rotated
around the cavity center (z-axis). If there is no perfect alignment between the slots
to the x or y axes, the axial symmetry is broken, which changes the resonance modes’
orientation. Due to the field’s rotation, the cross-coupled magnetic field from the
orthogonal dipole mode increases, reducing the orthogonal port’s isolation.

An example sketch of a simulated model of cBPM, representing the slot rotation
around the z-axis, that has been rotated by an angle ∆θ, is displayed in Figure 3.10.

The two orthogonal slots, located along the y-axis, and one aligned on the x-axis,
were kept in the same position. Different angles rotated the slot up to 2◦, and the
transmission of orthogonal port characteristics of the cBPM were simulated using
HFSS. The S-parameters calculated for the slot rotation from 0-2◦ are plotted on
the left side of Figure 3.10. The x-y isolation reduces to 22.87 dB when slots rotate
by 1◦ and further up to 16.24 dB for the rotation of 2◦ . This simulation replicates
a scenario in which a cBPM would have been moved after milling two of the four
slots and then relocated to cut the remaining two.

The variations in the simulated resonance frequencies and transmission attenu-
ation were not large enough to compromise RF desgin. Based on the simulations,
the slot rotation should neither lower the resonance frequencies nor degrade the x-y
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isolation dramatically.

3.5 6.1 and 4.15 GHz prototype cBPM

Figure 3.11. A general sketch and indications of the dimenions for the cBPM prototype
used in simulations with dipole mode 6,.1 GHz and monopole 4.15 GHz

The same cylindrical resonator is used to obtain the signals from both dipole
6.1 GHz and monopole 4.15 GHz modes excited by the beam. Such a mechanical
decision makes the BPM more compact for placing it in the EuPRAXIA project.
To measure a single bunch trajectory within 30 ns timescale, we used the same
capacitance coupling as in two resonators prototype and slot longitudinal size to
adjust cavity Q-factor. Below is presented a BPM detailed numerical study and
analyze its tolerance requirements for submicron resolution.

The proposed EuPRAXIA project requires very precise control of the beam
parameters by employing high-resolution beam instruments. The project needs
cBPMs with < 1 µm resolution. A C-Band cavity BPM is being developed at LNF
INFN in order to meet these requirements. The design is based on TM110 dipole
selective mode coupling. Since we are limited in available space, a different feature
to BPM design was implemented in simulations. The difference is the conception of
one joint cavity as both monopole and dipole signal sources. Using a joint cavity
allows saving double longitudinal space.

The proposed microwave cBPM consists of the simple cylindrical cavity exited
in the TM110 mode by a shifted beam from the central axis. A general sketch of
the cBPM prototype is displayed in Figure 3.11.

The cavity is loaded with coupling ports. Four slots utilize magnetic coupling
with dipole modes and extract beam position signals in two orthogonal planes.
Another four SMA-type coaxial feedthrough is connected to the resonator and
provide monopole signal to determine a bunch charge. The copper material was
chosen for cavity production to minimize possible thermal losses and to have higher
quality factor. The prototype design parameters of the cBPM are given in the
Table 3.7.
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Table 3.7. Dimension values for the one resonator prototype cavity BPM

Dimmension Value[mm]

Position Cavity Radius R 27.71
Position Cavity Length L 8
Waveguide Length WGlength 33
Waveguide Width WGwidth 48
Waveguide Height WGheight 8
Coaxial Position x 9.58
Coaxial Position z 17.6
Separation of Monopole Coaxial Port d 2.4
Trench Length T 5
Trench Height h 1
Slot Length Slotlength 14
Slot Width Slotwidth 1.5
Slot Height Slotheight 1
Slot Curvature Radius rslot 0.75
Cavity Edge Curvatures rcurvature 0.2
Beampipe Radius Rpipe 7.5

In order to increase dipole mode coupling, since slot size is limited by cavity
radius, approache was the idea of capacitance coupling. The waveguide to coaxial
transition forms itself low-Q resonator with highest S12 parameter at the cavity
dipole mode frequency. It helps to enhance the overall coupling coefficient.

The coupling slots perturb the theoretical field distribution. That breaks the
dipole mode cosine azimuth dependence and causes the pseudo-quadrupole compo-
nents occurrence.

Manufacturing errors may cause the significant degradation of cBPM overall
performance. The primary reasons are resonant frequencies shift, common-mode
leakage to the coaxial port, and orthogonality breaking between two dipole mode
polarization. The cavity resonant frequency shifts will be problematic for further
signal processing since the difference between dipole and monopole frequencies should
be constant. The monopole mode coupling results in the blind spot near the cBPM
electrical center, for small offsets, in other words, and therefore limits the prototype’s
resolution. The dipole mode’s nonorthogonality induces cross-coupling between
x-y coaxial ports. While the symmetrical loaded x-y coupling can be removed
numerically, the general irregular reflections from electronics and feed-throughs may
also degenerate the cBPM dynamic range. We take into account three possible
fabricating errors as displayed in Figure 3.12 to evaluate their influence on the cBPM
performance. As displayed, there is no signal attenuation between opposite ports for
simulated possible fabricating errors. It is also possible to maintain - 40 dB isolation
between the orthogonal ports while allowing reasonable mechanical tolerances.

Misalignments due to the fabrication errors result in non-zero projections of
the magnetic field components of the TM010 mode in the coupling slot, produces
monopole mode coupling to the waveguide. The results are displayed in Figure 3.13.
It appears, that the monopole mode coupling is most sensitive to the slot rotation
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Figure 3.12. The x-y port cross coupling for coupling slot rotation, shift and tilt

misalignment.
In General, increasing the coupling slot length increases the voltage amplitude

excited by the dipole mode. However, to maintain the decay time τ around 30 ns,
we tried to compromise between the quality factor and output voltage depending on
the coupling slot length Figure 3.14.

Loading with four coaxial feed-throughs a single resonator is not convenient
since they couple, not only with the monopole mode but also with the dipole. Thus,
decreasing the quality factor of the most crucial magnetic mode. One also has to
remember that two dipole mode polarisations are coupled out from the cavity and
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Figure 3.13. Monopole mode leakage due to the fabricating errors, such as coupling slot
shift, tilt and rotation

are translated into the beam offset in each plane, x, and y. To get a high enough
quality factor for dipole mode and not decrease the coupling to waveguides, it was
considered to use only two coaxial ports, having 50Ω impedance, and the other two
to not break the spatial symmetry.

Hence, we get two orthogonal coaxial ports with 50Ω to extract the monopole
mode and four waveguides to couple out the dipole mode.

The quality factor of the dipole mode increased from 1756 to 3075 with coupling
constant β to waveguides equal to 2.6.

One resonator cBPM, definitely has some advantages, especially when the longi-
tudinal space is a critical factor, but it also needs precise manufacturing. Especially
in this particular layout, it is tough to maintain high loaded quality factor for
monopole mode. The higher is the resonant frequency, the smaller the separating
distance d should be to decrease coupling.
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Figure 3.14. Coupling slot influence on the internal quality factor and output voltage for
dipole mode

Table 3.8. Dimension tolerances to the 1mm change for the one resonator prototype.

Dimmension Q0 Variation [%/mm] Frequency shift [MHz/mm]

Cavity Radius R 2 -218
Cavity Length L 3 -33.9
Waveguide Length WGlength -2.3 -0.2
Waveguide Width WGwidth -3.81 -0.3
Waveguide Height WGheight -6.93 -0.6
Separation Coaxial Port d 20 1.6
Spacing s 8 0.1

Table 3.9. The main characteristics of the one resonator cBPM prototype

Parameter Numerical
calculation

TM010 as reference TM110
fGHz 4.18 6.100
Q0 2631 3075
QL 657 877
Damping time,τ ns 34.3 44.5
R
Q ,Ohm 42 0.49
Vout 21 V/nC 3.02 V/nC/mm
Theoretical resolution − 26 nm

When this design was prepared, the longitudinal size of cBPM was one of
the crucial parameters. Due to this, we started studying cBPM design with only
one cavity. Single cavity BPM needs a more complicated and expensive read-out
electronic system and more tight mechanical constraints. Indeed, such devices will
exploit two different modes of the same cavity that must have a fixed frequency
difference; tuning such difference can be extremely difficult and impractical. It was



46 3. 6.1 GHz prototype of the cBPM

decided to mention it in a thesis as a possible solution, especially when longitudinal
size is critical. Even though the RF design provides the same order of magnitude
output voltage for dipole mode, treating the signal gets very complicated from the
read-out electronics point of view.
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Chapter 4

5.1 GHz prototype of the cBPM

Even though the 6.1 GHz monitor meets the requirements for use in the EuPRAXIA,
after interaction with the electronic group, the design frequency was moved down to
5.1 GHz to reduce possible interference with the X-band Linac operating frequency.
Also, it is a mechanically advanced device from the design point of view. The
complex layout of the 6.1 GHz prototype complicates its precise manufacturing as
its vacuum construction. For these reasons, a monitor for 5.1 GHz was developed.
That is larger and less sensitive to mechanical errors due to the modified layout than
the 6.1 GHz monitor. The RF components for the receiver electronics are cheaper
than those for 6.1 GHz.

This chapter describes the design and Electromagnetic simulation verification of
the prototype with dipole mode frequency 5.1 GHz.

4.1 Design of the 5.1 GHz prototype

Some changes have followed the difference in the resonance frequency of the monitor
in its construction. In the first approach, the 6.1 GHz prototype’s conceptual design
was replicated with minor changes, excluding the changes that are directly dependent
on the working frequency of the monitor, such as cavity radius or wvaguides cut-off
frequency. As an example of these minor changes, one can consider, for instance,
the waveguide height, which was 8 mm in the 6.1 GHz case, and for the 5.1 GHz 6
mm, is used.

Consequently, with the waveguide dimension change, a new optimized position
must be determined for the coaxial coupler Table 4.1. Further simulations were
performed in order to find ways to decrease the sensitivity to the spacing between
the coaxial antenna and waveguide wall. Increasing the area of the coaxial end
should therefore allow larger spacing between it and the wall of the waveguide. To
do so, the radius of the bead was increased from 1.3 to 1.8 with the curvature radius
of the attached circular bead edge decreased from 0.5 mm to 0.2 mm; thus, providing
a larger plane area at the end of the antenna.

The 6.1 GHz design of the transition between the waveguide and the coaxial
using the capacitance antenna coupling was based on simulations of the end of the
waveguide including the transition. Two ports are defined, the open end of the
waveguide and the cross section of the coaxial antenna, and the simulation results
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Table 4.1. Coaxial coupler and waveguide transition line parameters Figure 3.3

Dimmension Value/mm
Direct coupling Inductive coupling Capacitive coupling

Whip Antenna Raduis 0.635 0.635 0.635
Bead Radius − − 1.8
Bead Height hbead − − 1.2
Curvature Radius Rcurve − 0.5 0.2
Spacing s 0 0.151 1.969
Distance from the short-endz 19.5 58.8 21.74
Distance from the wall x 25 18.5 12.2
Waveguide height hwg 3 8 6
Waveguide height wwg 39 37 37
Waveguide height lwg 57 90 57

the port S-parameters. An improvement on the design of the antenna was attempted
using the S-parameter simulation tool, which is part of the [35] package.

Figure 4.1. dB S(1,1) parameter for inductive and capacitive couplings for 5.1 GHz
waveguide to coaxial feed-through transition line.

One might notice, that these minor change in the coaxial coupler geometry
provides the additional -5dB when measuring the S(1,1) parameter, which can be
observed on the Figure 4.1. Similar features appear in other BPM designs [20],[18].

In general, a larger bead radius loosens the tolerance towards the spacing
dimension s; thus, a suggestion could arise to increase the bead radius further, but
it was decided to keep the coaxial coupler extraction point simple and keep the SMA
connector dimensions.

Although using coupling slots to connect the waveguide and the position cavity
provides sufficient rejection of fundamental mode and good isolation between the
orthogonal ports, it also doubles the possibilities of manufacturing errors. As slots
could be misaligned as to the cavity as to waveguides. Hence, the slots that couple
the position resonator and waveguides in the 6.1 GHz structure are removed in the
5.1 GHz structure to simplify the overall design. Waveguides are connected to the
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position cavity directly, instead. Rectangular waveguides are used for coupling.
These changes in the design suggest several modifications that have to be also

made. First, since the waveguides are directly coupled to the position cavity, to
effectively decouple the monopole mode and keep sufficient isolation between the
orthogonal ports, waveguide height should be relatively small, 2-4 mm instead of 6-8
mm. This dimension, of course, depends on the working frequency.

Figure 4.2. dB S(1,1) paramter for direct coupling with | S(1,2)| paramter plot.

Since there is reduced volume in the waveguide after changing its height, it will
be much more convenient to use direct coupling than capacitive.

Corresponding plots for S(1,1) [dB] and the magnitude of S(1,2) parameter are
displayed in the following graphs Figure 4.2. As it can be observed, the results are
comparable with the capacitive coupling case. Here, dimensions are kept as they are
for the SMA connector, the inner conductor radius is 0.635 mm, and for the outer
radius, it is 2.125 mm.

Different positionings and layout for waveguides coupled to the position cavity
were simulated to determine the composition, where the immense amount of signal
of induced dipole mode transmits and couples out from the feed-throughs. Figure 4.3

In Figure 4.3 above mentioned waveguide to the coaxial transmission for direct
coupling is employed; the difference between them is the filed propagation direction
in the waveguides. As it is displayed, the |S(1,3)| is around 16-20. The result is
slightly better when the field coupled out from the cavity propagates parallel to the
position cavity, not perpendicularly.

In Figure 4.4, simple rectangular waveguides are used. The difference is in
waveguide heights, it is 3mm and 2mm respectively. The waveguides are not
connected to the beam pipe as in [56] or [23]. The |S(1,3)| paramter in this case
varrys from 39 to 47.

Even though coupling between the waveguide and resonator is better with
connected waveguides to the beampipe, it decreases the loaded quality factor QL.
On the one hand, one could fix this issue by placing the coaxial coupler closer to the
waveguide wall; however, this decreases the output voltage for dipole mode Vout.

In order to estimate the amount of the signal transferred from the position cavity
and coupled out with coaxial ports, the measurement method based on a coaxial wire
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a)

b)

Figure 4.3. Different layout of the coupling waveguides to the 5.1 GHz prototype postion
cavity and corresponding transmitted signal of dipole mode from the beampipe to the
coaxial couplers for the 5.1 GHz postion cavity. The range of scale for a) is [0.1-1042]
and for b) [0.1-1183]

put along with the beam tube is employed [34].. In this simulation, three waveports
are used, two to denote the beam tube entrance and exit, and by the third one, a
transverse cut of the coaxial feed-through is assigned. Consequently, the |S(1,2)|
parameter for the monopole mode is transmitted from one end of the beam pipe
to another without any loss; this means that the waveguides successfully reject it.
However, for the dipole mode, one can observe the amount of the signal coupled out
from the position cavity.

Hence, the advantage of a layout with 3mm waveguides is clearFigure 4.4, as in
mechanical simplicity as in performance.

4.2 Optimizing design

After the prototype conceptual design was obtained, separate parts still need to be
tuned to match the required properties and deliver optimal performance. Although
the cavity beam position monitor can be considered as a system, where one compo-
nent/dimension variation causes changes to other parameters, one can still divide
the whole system into separate parts and start the design process to unite them in



4.2 Optimizing design 51

a)

b)

Figure 4.4. Different layout of the coupling waveguides to the 5.1 GHz prototype postion
cavity and corresponding transmitted signal of dipole mode from the beampipe to the
coaxial couplers for the postion cavity using abve cut-off rectangular waveguides. The
range of scale for a) is [0.4-4200] and for b) [2.3-23772]

one particular layout then.
The position cavity radius was set to the working frequency using Equation 2.14

and optimized with the help of simulation software [35]. To determine the optimum
position cavity length, which will provide sufficient output voltage for the required
spatial resolution, corresponding simulation and long enough decay time τ , the
output voltage dependence on the position cavity length with quality factor was set
up. Figure 4.5.

As a result, it was clear that one needs to compromise between the quality factor
and output voltage amplitude. As the length of the position cavity, 5 mm, was
chosen. Although a shorter cavity provides a higher voltage at the coaxial output,
the unloaded quality factor Q0 becomes very low, and in order to have a loaded
quality factor QL around 450-500, one will need to decrease the waveguide length,
the dimension that has the most influence on the coupling between the position
cavity and waveguide, which ,on the other hand,will affect the signal coupled out
from the cavity.

The coupling four rectangular waveguides might behave as rectangular resonators
if mismatching in the waveguide-coaxial transition occurs due to the residual power
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Figure 4.5. The position cavity parameters dependence on the resonator length variation.

Figure 4.6. The simulation results of the waveguide dimension optimization.

reflected by the waveguide-coaxial transition. Thus, the spurious modes have a
resonant frequency that must be far away from that of the signal of interest. However,
due to the waveguide dimensions, the resonances appear above the dipole mode.

The waveguide dimensions were determined through optimization, except the
waveguide height, which was decided according to the Figure 4.4 results and is equal
to 3 mm.

The waveguide dimensions are 21.57 mm×3 mm×22.6 mm. The aperture between
the position cavity and the waveguide is 21.57 mm×3 mm. Hence, if the coupling
needs to be adjusted, changing the 21.57 mm length will be most effective.

The position cavity dipole frequency is 5.1 GHz, located below the TE101 and
TE102 resonant frequencies of the waveguide. Thus, the rectangular cavity’s reso-
nances do not affect the signal of interest because they will be filtered away by the
electronic circuitry band-pass filter, centered at 5.1 GHz.

From Figure 4.6 one can notice that the waveguide’s width is chosen at the point
where the growth of the output voltage or the reducing unloaded quality factor gets
saturated.
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Figure 4.7. Coaxial port position variation influence on the output voltage and quality
factor. The zero on the axis is the position where it is located in the original design
Figure 4.8

.

Since the position cavity and waveguide dimensions are determined, one needs to
pick a suitable position for the coaxial feed-through. Consequent simulations were
set up.

Figure 4.8. The position cavity’s optimized design

As a starting position, in simulations Figure 4.7, for coaxial antenna across the
x direction middle point of the waveguide was chosen. Different criteria were stated
for the z direction since this parameter is responsible for the monopole mode tail
amplitude. Although the tail signal’s amplitude is on the order of 1-3 µV, one has to
remember that this value will increase significantly due to the possible mechanical
errors. However, placing the antenna further from the cavity opening will also reduce
the dipole mode signal.

For the coaxial port position, we got 7 mm from the connection point of the
position cavity and 6.3 mm from the upper wall of the waveguide. The unloaded
quality factor of this particular layout of the position cavity is 2250, and the coupling
constant β is equal to 4, which means that for the loaded quality factor QL we have
450. The output voltage for a 1 mm offset beam carrying a 1 nC charge on the
perpendicular port to the offset is 4.9 volt. For a beam that crosses cavity with



54 4. 5.1 GHz prototype of the cBPM

Table 4.2. Dimension values for the 5.1GHz prototype position cavity.

Dimmension Value[mm]

Position Cavity Radius R 34.07
Position Cavity Length L 5
Waveguide Length WGlength 21.57
Waveguide Width WGwidth 22.6
Waveguide Height WGheight 3
Coaxial Position x 6.3
Coaxial Position z 7

Table 4.3. Dimension tolerances to the 1mm change for the 5.1GHz prototype position
cavity.

Dimmension Q0 Variation [%/mm] Frequency shift [MHz/mm]

Position Cavity Radius R 1 137.77
Position Cavity Length L 12 -28.06
Waveguide Length WGlength -5 -4.2
Waveguide Width WGwidth -0.87 -0.12
Coaxial Position x 13 -0.48
Coaxial Position z 9 0.45

1◦ trajectory with respect to the central axis z and crossing it at the center of the
cavity, carrying 1nC, at the corresponding port, we will get output voltage, which
will be equal to Vangle

110 =0.08. Consequently for V angle
110
V out

110
= 0.0163. These properties

seem reasonable for the requirements of EuPRAXIA@ SPARC_LAB project.
Since all of the dimensions and optimal values for the design Figure 4.8 are

determined Table 4.2, one can evaluate the prototype’s sensitivity to 1mm change
for the dimensions that might have a significant influence on the resonance frequency
and the quality factor Table 4.3. By doing so, one can approximate how sensitive is
the overall design, and which dimensions need much more attention to precise sizing
while manufacturing.

As expected, the most influence on the frequency has the resonator’s radius; the
change in radius by 1 mm causes the shift in resonance frequency for dipole mode by
137.77 MHz, second comes the cavity length. However, the quality factor is sensitive
to resonator length and coaxial antenna separation from the waveguide wall; 1 mm
shift results in a corresponding shift in quality factor, 12 % and 13% respectively.

After output voltage amplitude was obtained for a bunch with 1 nC charge and 1
mm offset from the cavity center, a time-dependent signal was simulated Figure 4.9,
according to the equation

V (t) = Vout · e−t/τ · sin(2 · πft) (4.1)

where Vout is the output voltage amplitude, t is time variable, τ excited signal’s
decay time, f resonant frequency.
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Figure 4.9. Simulation of the cBPM output signal on the coaxial ports is associated with
the dipole mode’s excitation. The signal is a sinewave, decaying in time, the amplitude
is proportional to the beam charge and offset of the bunch. The parameters that define
the signal (frequency f and decay constant τ) depend on the position cavity’s geometry
and its QL. The simulation is based on the parameters of the cBPM discussed in this
section.

4.3 Wakefield simulation results

Figure 4.10. Output voltage signal coming out of one of the ports on x axis, with a 1 mm
beam offset in y.

Using a wakefield solver gives a possibility to simulate the cavity’s response to
excitation with a charged particle bunch traveling through the beam pipe compared
to the excitation on the ports used in the S-parameter simulation.

By doing lossless simulations, we could retrieve both the external and loaded Q
values.

For the lossless simulation, CST was used to check for consistency of the results.
Both codes, HFSS [35] and CST [36], gave very similar results, giving us confidence
that they are accurate.

The beam simulated was a 1mm long gaussian pulse containing 1nC of charge.
By moving the beam’s position in the beam pipe, we could determine the effect of
an asymmetric input on the structure.

Figure 4.11 shows the typical signal coming out of one of the ports, with a 1 mm
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Figure 4.11. Output voltage signal coming out from the reference cavity, with a 1 mm
beam offset in y.

beam offset in y. Figure 4.10 shows the voltage signal coming from the reference
cavity.Usually, the signals are composed of different modes with different excitation
amplitudes and with different decaying rates.

Indeed, taking the wake impedances Figure 4.12, we can see the prototype’s
resonance mode frequencies [25]. The dominant mode frequency was 5.1 GHz,
corresponding to the lowest order dipole mode.

When the beam is only offset in either x or y, it was the only significant signal.
However, when the beam was off-axis in both dimensions, then an additional peak
at 7.02 GHz appeared. This response is a signature of the quadrupole mode: a beam
offset in x or y only produces a symmetric field concerning the waveguides and so
does not couple. However, when the beam is offset in both x and y, the symmetry
gets broken, and the quadrupole mode is generated, some part of which is able to
couple out into the waveguide.

4.4 Mechanical implementation

A prototype of the 5.1 GHz monitor is considered to be made of copper for laboratory
measurements. It consists of three parts: resonator body, upper and lower cover.
The resonator body contains the Position cavity with four coupling waveguides and
the reference cavity, designed to have a shim. The resonator body was made of
one part because the waveguides can then be manufactured by milling. Since the
overall mechanical design is simplified, the clamping method was considered to be
more beneficial than brazing to assemble the complete object. As we know, for
example, RF accelerating structures are generally being manufactured by machining
the different components through high precision lathes with milling machines. Then
these copper components are brought together by brazing.
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a) b)

Figure 4.12. a) Wake impedance for the bunch, carrying 1nC charge with 1 mm offset b)
Wake potential 40 m long

The brazing process is a metal joining process in which two metal parts are
bonded together by melting an alloy that, at high temperature (typically above
800 − 900◦C), flows into the gaps between the parts to joint by capillary action.
At each brazing step, a lower melting point alloy has to be used to avoid breaking
previous brazing. In order to avoid oxidation throughout the described process, large
and expensive vacuum furnaces are utilized. This process increases copper ductility,
reducing copper annealing.

Figure 4.13

During each brazing step, the parts undergo high mechanical and thermal stresses
(> 800◦C) due to the high temperature. Summarizing the brazing process, we can
note several drawbacks as the risks of a failure of the brazing process are not negligible
(vacuum leaks, damages, etc.). Besides, once the device is assembled and brazed, it
is no longer possible to modify any geometrical dimension that does not appear on
the outer faces of the device if one does not break the object. Hence, the brazing
method does not allow device construction parts to be changed once the brazing
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process is finished.
Due to all the reasons that are listed above, we can say that it might be costly. At

the end of the process, the copper is "soft" since it has lost its mechanical hardness.
Besides, in the case of RF accelerating structures, breakdown-rate studies (BDR) in
C-band indicated that by avoiding the copper annealing associated with the high
temperatures involved in the brazing process, the BDR probability could be reduced
[46].

For all these reasons, a new fabrication method called the gasket-clamping
technique has been developed at the INFN-LNF laboratories [33]. It avoids the
brazing process in the structure fabrication by using special RF-vacuum gaskets
to join the different machined parts. Hence, these parts are clamped together,
employing screws radially, disposed around the cells. This technique has been
successfully applied to realize both the new SPARC LAB 1.6 cells RF gun [38]
and the ELI-NP-GBS. The prototype’s overall design and realization goal are to
demonstrate this technique’s feasibility to manufacture an entire cBPM structure.
The method makes it possible to change or replace including parts of the device,
even after the tests that will be performed on the fully assembled device. This
approach can also have a substantial scientific and industrial impact worldwide since,
in principle, all companies with a resource to machine with high precision copper
components will be able to fabricate a cBPM.

The upper or lower caps close the position and reference resonator and are
screwed together with the resonator body. Directly coupled feed-throughs, different
from the 6.1 GHz monitor, were used to couple the monitor signals. The direct
coupling was implemented because of its simplicity, although it requires an exact
calculation and a precise placement of probe due to its rather significant influence
on the quality factor and output voltage.

In this chapter, the design of the cBPM is presented, putting in evidence the
connection between mechanical constraints and electromagnetic parameters.

4.5 Study of fundamental mode coupling

The waveguide design that couple the cavity resonant fields out to the coaxial ports
has a geometry that enhances the coupling between the waveguide TE10 mode and
the cavity TM110 dipole mode and rejects the coupling with the cavity monopole
modes. Thus, the waveguides are a first stage filter of the common-mode coupling.
A second stage filtering is done in the BPM electronics with passband filters, as
the frequency distance between the dipole mode and the closest monopole mode
(TM010) is larger than 1 GHz. Even if the common-mode coupling is ideally zero,
there is always some residual coupling due to the pickup’s mechanical tolerances .

One particular cause of residual common-mode coupling is deviations of the
waveguide angles Figure 4.14 and shifts due to manufacturing errors/tolerances
of the pick-ups. The plots displayed above show the output voltage at the cavity
ports at the working frequency caused by the TM010 mode, for the case of possible
manufacturing errors for the mechanical position and angle of the waveguides.

Figure 4.15 plot represts common mode out-put voltage, in case when the
waveguides are not orthogonal to the position cavity. In conclusion, these plots
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Figure 4.14. Simulated output signal, generated by 1nC, 1 mm offset beam, due to TM010
coupling as a function of waveguide misalignments.

determine the waveguide position’s tolerances and angle errors for a given acceptable
maximum common-mode signal. The ratio of sensitivity and error converges to a
constant value when the position error converts to zero (or a realistically small value
close to zero).

4.6 Study of diploe mode coupling to orthogonal port

Another undesired effect caused by manufacturing tolerances is the coupling between
the horizontal and vertical planes. Ideally, a beam crossing the cavity with a
pure horizontal (vertical) offset should produce a pure horizontal (vertical) output.
However, the asymmetries introduced in the geometry by mechanical fabrication
tolerances cause coupling between planes. The most potent sources of orthogonal
coupling are also due to waveguide alignment errors. The main difference to the
common-mode coupling is that even symmetrically perfect structure has some
residual coupling between orthogonal ports, due to the quadrupole mode TM210.

The waveguides strongly couple this mode, and as in contrast to the dipole mode,
cannot distinguish horizontal and vertical beam offsets. Due to the very low beam



60 4. 5.1 GHz prototype of the cBPM

Figure 4.15. Simulated output signal, generated by 1nC, 1 mm offset beam, due to TM010
coupling as a function of waveguide tilt.

Table 4.4. Dimension tolerances to 1 mm change for the 5.1GHz prototype reference cavity

Dimmension Value Deviation, Q variation
[MHz/1 mm] [%/mm]

Reference Cavity Radius R 22.71 -221 5.6
Reference Cavity Length L 9 25.43 20
Trench Radius r 21.71 -315.38 -26
Reference Cacity Effective Length G 4 -175 -22
Distance between cavity wall and coaxial coupler D 2.6 3.5 -30

coupling impedance of this mode, the residual orthogonal coupling has a negligible
impact on the position measurement. Figure 4.16 shows dipole mode coupled out on
orthogonal port, obtained for a purely parallel beam offset, for different waveguide
alignment errors.

4.7 5.1 GHz reference cavity
An induced dipole mode in the position cavity provides a signal that contains
information about beam offset from the central axis, but one still needs a reference
signal. The latter is needed for the normalization and getting the starting phase of
the induced field in the position cavity. It gives the sign of displacement: when the
beam is left, the system can be set up to give negative polarity. The signal becomes
zero while the beam is centered and changes the phase by 180◦ when it moves to
the right.

As in many resonant monitors, we also decided to use an additional circular
cavity. As a reference signal, the reference cavity’s TM010 mode is excited. This
additional cavity measures the bunch charge and yields a phase difference. For
convenience, the reference cavity’s fundamental mode is often close to the position
cavity’s dipole-mode.

The following geometry displays Figure 4.17 the excited reference cavity. The
cavity dimensions notations are displayed in Figure 4.17. It consists of a particular
pillbox where the antenna is inserted in the bulge. In general, the insertion depth of
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Figure 4.16. Dipole mode coupling to orthogonal port as a function of waveguide angle,
position and tilt errors.

the antenna in the bulge determines the desired output signal level. In particular, the
closer the antenna end is to the cavity wall, the higher the output signal amplitude
becomes. This parameter also influences the loaded quality factor QL of the reference
cavity. The antenna is mounted on the opposite wall in the bulge to reduce the
variable parameters. The reference cavity’s RF properties are determined by the
height of the trench with the gap between the antenna and cavity wall.

The working frequency of the reference cavity is the same as the dipole-mode
frequency of the position cavity, 5.1 GHz. The cavity’s main parameters are listed
in Table 4.4. To define the dimensional tolerances, to be specified in the mechanical
drawings, the cavity center frequency and quality factor sensitivities to the main
geometrical dimensions have been calculated. They are reported in Table 4.4.

The distance between position and reference cavity must be sufficiently large to
avoid crosstalk between the coaxial ports. The reference cavity port has a different
transmission to position cavity ports at 0◦ and 90◦ angle because the reference cavity
has only one coupler; this causes a field distortion, thus breaking the 90◦ rotation
symmetry of the pickup.

While a 45◦ tilt of the reference cavity coupler would equalize the crosstalk in
both planes, it was decided to have the coupler at 0◦, resulting in having a 2dB
more crosstalk in one plane (compared to 45◦ angle), but much lower crosstalk in
the other plane.
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Figure 4.17. Schematic view of refernece cavity with geometrical indications

A distance of 32.5 mm between the two cavities is enough to reduce the crosstalk
to a level that is negligible for the desired performance since the resulting cross-
coupling isolation below -55 dB.

4.8 Resolution
In this section, a theoretical resolution of the prototype is evaluated by studying the
BPM cavity’s electrical performance using a simple analytical model and applying it
to the C-band RF cBPM.

When a bunched beam of charged particles (electron/positron/etc.) passes
through the cBPM cavity, it generates various electromagnetic modes, which can be
formalized in a following way

V total
out (5.1GHz) = V out

110 + V angle
110 + V out

010 + VN (4.2)

where, V out
110 is beam position signal, which is the in-phase component of TM110

mode [22].
V angle

110 is beam angle signal, which is 90 degree out-of-phase from the beam
current. Even if the beam passes the cavity center: (r,z) = (0,0), it can still excite
the TM110 mode due to the non-zero trajectory angle [21]. Since the beam couples
to the electric field of negative polarity at z<0 and the positive polarity at z>0, the
excitation voltage becomes 90◦ out-of-phase from the beam current. The output
voltage for angle induced signal is determined similarly, as the position signal: voltage
is integrated along the angled trajectory.

V out
010 is the leakage/tail of TM010 mode through the band-pass filter. Since the

TM010 mode does not have a node point at the cavity center and the field pattern is
almost flat, the electron beam always induces a constant voltage. Hence it is called
"the common mode". In the case of the EuPRAXIA@ SPARC_LAB application, the
electron beam has to be controlled to maintain the beam very close to the central
axis, and the cBPM signal of TM110 mode becomes much smaller than the TM010
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Table 4.5. The main characteristics of the 5.1 GHz prototype

Parameter Numerical
calculation

TM010 TM110 Reference
fGHz 3.419 5.100 5.100
Q0 2800 2200 1400
QL − 450 410
Damping time,τ ns 28.17 25.6
R
Q ,Ohm 52 0.5 48
Vout − 4.9 V/nC/mm 36 V/nC
angle/position signal ratio [deg/mm] − 0.0163 −
Theoretical resolution − 12.15 nm −

mode. Therefore, even a very small leak of TM010 mode can deteriorate the BPM
accuracy.

By the last term, VN , thermal noise in the detector circuit is denoted. The
thermal noise in the head amplifier limits the position resolution. The equivalent
thermal noise is

VN =
√

4kT∆fRNF (4.3)
Here, k is the Boltzman constant, T is the absolute temperature (K), ∆f is the

bandwidth of the signal (Hz), R is the circuit resistance (Ω), and NF is the noise
figure of the head amplifier.

For the bandwidth of the signal we have

∆f = fresonance
Qloaded

= 11.3 MHz (4.4)

As the absolute temperature, room temperaturre is considered T = 293K. For
circuit resistance R we have 50 Ω. NF depneds on the particular read-out electronics
system, for simplicity we will just consider it as equal to 10. Hence, for last member
of Equation 4.2 we get VN=9.5781× 10−06

For the output signal induced by the tilted trajectory of the bunched beam
V angle

110 , we consider this term equal to 0, assuming that bunch trajectory is paralell
to the central axis.

As for the monopole mode leakage, one can assume the output signal for the
minimal mechanical errors, resulting in an additional 50 µ V contribution in total
V total
out .
To evaluate the theoretical resolution, V out

110 should be larger than the sum of the
other terms.

V out
110 = V angle

110 + V out
010 + VN (4.5)

The output signal is linearly dependent on the bunch offset; this means that one
can represent V out

110 as a multiply of offset δx and a. Here a represents the coefficient,
which is related to the bunch charge and can be determined from Equation 2.24
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a · δx = 5.9578× 10−05 (4.6)

The relative displacement of the bunch will be sensed if V out
110 >5.9578× 10−05.

Finally, for δx we get δx = 12.15 nm.
Usually, a system using one pick-up antenna is followed by a band-pass filter.

Read-out electronic systems that are usually employed in the case of cavity beam
position monitors will be discussed in the following chapter. In this equation, the
noise signal limits the spatial resolution of the cBPM system, while the TM010 mode
signal causes an electrical zero-point shift. It also causes saturation of the head
amplifier and limits the dynamic range.
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Chapter 5

Conclusion and Outlook

An assemblage of procedures to design a C-band RF cavity BPM for electron
accelerators with low repetition rate bunches is displayed in this thesis. The required
fundamental study topics, such as a mechanically less advanced prototype design,
possible manufacturing flaws, affecting the monitor’s RF properties, and decreasing
its performance was studied. The analysis of these topics performed in detail with
different simulation platforms.

5.1 A prototype with a working frequency of 6.1 GHz

As reviewed in Chapters 3 and 4, different designs, which meet project requirements,
were studied.

A prototype with a working frequency of 6.1 GHz and length, dimension across
the beampipe, ≈ 90mm. To meet the requirement regarding decay time τ ≈ 30 ns,
the position cavity length was set to be 8 mm. Loaded quality factor QL is 1019.
The width of the coupling slots between the waveguides and the position cavity
is 1.5 mm. The cavity radius limits the slot length, resulting in limited coupling
coefficient β = 3 for dipole mode.

The coaxial load position on the short-circuited waveguide was optimized to
transmit the induced dipole mode signal more effectively. For the coupling method,
capacitance coupling was chosen. Due to its much looser tolerance concerning the
spacing between the flat bead and the waveguide wall. That is 0.7 mm instead
of 0.22 in the case of using just a wire. The bead’s geometrical shape was like a
pill, with slight rounding on the edges, 0.5 mm as a curvature radius, 2 mm as a
bead radius itself, and 1.2 as height. The |S12| and |S11| parameters at 6.1 GHz are
respectively ' 0.998 and 0.003.

Simulations regarding fabrication errors and evaluating the mechanical tolerances
of the device were performed. We observed that orthogonal port isolation was
influenced more by the coupling slot rotation than by its shift from the symmetric
axes. Slot rotation simulated gap from 0 to 2◦. Isolation was below -30 dB, even
when the slot was inclined by 0.5◦ to its symmetric axis. The isolation remained
below -40 dB even if the slot shift from its ideal position was about 1 mm.

A beam crossing the resonator at an angle concerning the resonator axis produces
a signal at the working frequency even if the average trajectory is centered. By
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division of angle signal to the position offset voltage
∣∣∣ Vangle

Vposition

∣∣∣ = 0.052
This monitor’s sensitivity for a bunch with 1 nC charge and 1 mm offset from

the central axis is 2.3 V/nC/mm.

5.2 One cavity cBPM design

When this design was prepared, the longitudinal size of cBPM was one of the crucial
parameters. Due to this, we started studying cBPM design with only one cavity.
Single cavity BPM needs a more complicated and expensive read-out electronic
system and more tight mechanical constraints. Indeed such devices will exploit
two different modes of the same cavity that must have a fixed frequency difference;
tuning such difference can be extremely difficult and impractical. It was decided
to mention it in a thesis as a possible solution, especially when longitudinal size is
critical. Even though the RF design provides the same order of magnitude output
voltage for dipole mode, treating the signal gets very complicated from the read-out
electronics point of view. Currently, the number of cBPMs on the EuPRAXIA
project reduced down to only 2. Thus, the device’s longitudinal dimension is not
worth a complicated read-out electronics system; hence, this design is currently no
longer considered for the EuPRAXIA project.

5.3 A cavity BPM design with a dipole mode frequency
at 5.1 GHz

The spatial dimensions of the waveguide adapter, as the length of the position cavity
L=5mm, have been chosen to reduce overall device length. The mechanical design
was optimized to decrease performance degradation due to fabrication errors.

We use the direct coupling method to simplify the prototype design in terms of
manufacturing. Simulations dedicated to improving the dipole mode signal transition
from the position cavity to a coaxial coupler shoved that, placing the conductor
near the upper wall of the waveguide concerning the electromagnetic center of
CBPM increases its loaded quality factor up to QL = 450 with acceptable output
voltage value Vout = 4.9 V/nC/mm. Determined QL gives a sufficient decay time
τ = 2∗QL

ω0
= 28.31 ns to take averages of the signal with read-out electronics.

Since the position cavity length reduced to 5mm, the bunch angle sensitivity
decreased even more than in the 6.1 GHz cavity case. By division of angle signal to
the position offset voltage

∣∣∣ Vangle

Vposition

∣∣∣ = 0.016.
Simulations showed that higher mechanical accuracy of the order of 10µm is

required with cavity radius since its changing reflects dramatically on the resonance
frequency of the dipole-mode 1mm ← 137 MHz. On the other hand, the coaxial
load position significantly influences loaded quality factor QL.

The RF properties and the EM response of the cBPM design were evaluated
by simulations using the Eigenmode, frequency-domain, and time-domain solvers
of different simulation software. The simulation results from the solvers we cross-
examined.
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The time-domain simulation predicted the output signal sensitivity, from an
electron bunch with 1 nC charge and 1mm offset, to be ≈ 4.9 Vout. We also simulated
wake potential with the same bunch parameters, where the bunch length was, σz =
5 mm. With the wake impedance simulation, we estimated how good is isolation
between the position cavity and the reference cavity. The distance separating the
cavities is 41.5 mm.

The S-parameter measurements performing a simulation with a wire placed 1mm
offset from the central axis across the simulated vacuum part of the device showed
that the transmission |S13| was up to 0.44, while the maximum reflection was -8.2
dB at one of the ports. The Q values calculated using the coupling constant ”β”.

Different fabrication errors, which can degrade the orthogonal ports isolation and
cause the field’s rotation, including generating the coupling with the fundamental
mode, were studied by simulation recreating the possible issues.

The isolation amid ports was more sensitive to the waveguide adapters’ rotation
than their shifts from the symmetry axes. However, it did not result in a dramatic
change of the resonant frequencies. At the dipole-mode frequency, the orthogonal
port isolation, when they are orthogonal, is better than 50 dB. Never the less, if one
of the waveguides is rotated by 0.2◦ to the symmetry axis, the output voltage that
will cross-couple to this port will be 0.6 V/nC/mm. The sensitivity is much less to
the waveguide shift, 0.03 V/nC/mm for 0.3 mm shift.

The device is assembled from three parts, using the clamping method.
In particular, the method implements the new realization technique, called the

“Gasket-Clamping technique”. The technique has developed at the INFN laboratory
in Frascati [38]. This method allows the fabrication process to circumvent the
brazing process by using special RF-vacuum gaskets that simultaneously provide the
radiofrequency contact and vacuum sealing while the different manufactured parts
are clamped together.

An enhanced understanding of the operating principle of a cBPM was developed
by comparing different simulations. The simulation studies provided a detailed
estimation of the influence of different fabrication errors on the performance of a
cBPM.

The presented design of cylindrical cBPM is economical and efficient.

5.4 Outlook

Once the first prototypes will be fabricated, test-bench measurments and beam tests
will be performed.

Such a new test-bench for cBPMs at SPARC-LAB at INFN-LNF was designed
and will be used in the prototype tests.

The test-bench consists of three Cavity BPMs installed on independent stages
and moveable in the transverse plane in both directions through remote movers.

Immediately after the three cBPMs, a stripline BPM [60] is also installed to
perform comparison measurements.

The test bench aims to perform measurements on the manufactured cBPMs.
The main reason for these is to investigate further the prototype presented in this
dissertation and their properties, dealing with the new challenges related to beam
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diagnostics for the EuPRAXIA.
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Mechanical drawings

Figure .1. Mechanical drawing of the 5.1 GHz prototype, dimensions of the device.
Dimensions are in mm.
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Figure .2. Mechanical drawing of the 5.1 GHz prototype. Dimensions are in mm.
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