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Abstract 
In PSI’s dedicated proton therapy facility PROSCAN a pulsed 250 MeV proton 
beam is delivered by a superconducting cyclotron. During the proton-irradiation 
treatments, there is a need to accurately measure beam current, in the range of 
0.1-10 nA, and beam position (required accuracy 0.5 mm). The beam current is 
directly associated with the dose-rate in the treatment and the beam position with 
the quality of the dose distribution in the patient. However, the presently used 
measurements compromise the beam quality. Nevertheless, it is a necessity to 
perform these measurements online and with minimal beam disturbance. This 
thesis reports on the development of two types of cavity resonators to perform 
non-interceptive measurements of these beam parameters, within the required 
accuracy.

For beam current measurements, a single cavity resonator has been built. For the 
beam position measurements, a cavity resonator consisting of four separate 
segments has been built. Both cavity resonators have been tuned to the second
harmonic of the beam pulse rate, i.e., 145.7 MHz. In test bench experiments and 
with proton beams, a good agreement between the expected and measured 
sensitivity of these resonators has been found. The cavity used to measure beam 
current can measure currents down to 0.15 nA with a resolution of 0.05 nA. The 
cavity for measuring beam position delivers position information with the 
required accuracy and resolution demands of 0.5 mm. The design, tests and 
performance in the beam as well as special applications, future improvements and 
limitations are discussed.
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Chapter 1: Introduction

1.1 Radiation therapy
Cancer therapies have the objective to remove or destroy cancerous tissues 
(tumors) with limited damage to healthy organs. Typically, the treatment of 
tumors is a multimodality approach [1], which includes surgery, chemotherapy, 
radiation, and immunotherapy. For any treatment modality, when there is no 
recurrence of the same tumor type at the same location within five years, the 
cancer is considered to be cured. 

Radiation therapy is a treatment method for well-localized tumors, where the dose 
delivered should be as conformal as possible. This is to ensure the tumor tissue 
gets a high radiation dose with surrounding healthy tissues receiving as low dose 
as possible. This demands a precise administration of the dose. 

Figure 1.1: Depth-dose distributions from a monoenergetic photon beam (15 MV) and a 
monoenergetic proton beam (190 MeV) [2]. The beam enters from the left. For photons, the 
maximum dose is close to the entrance and decreases with depth. For the protons, the dose depth is 
characterized by the deposition of maximum energy per path length close to the end of the range, 
given by the Bragg peak.

Proton radiation therapy has its depth-dose distribution characterized by a well-
defined peak, called Bragg peak [3], as shown in Figure 1.1. In this peak, protons 
stop and deposit their maximum dose, beyond which the dose falls to zero within 
millimeters. Because of the Bragg peak nature, the dose deposition can be highly 
localized within the tumor volume, and the dose delivered to the healthy tissues 
can be strongly reduced as compared to that in conventional radiotherapy. Also,
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in the lateral direction, proton beams give a sharply bounded dose distribution. In 
order to be sure that the dose is delivered correctly, the beam current and its 
position have to be carefully prepared. To achieve this, reliable and accurate beam 
diagnostics are needed in the beam transport system. Using a well-controlled 
beam, protons offer more flexibility in administering the dose distribution as 
compared to photons. Furthermore, the total energy deposited is at least a factor 
three lower than photon therapy [1].

However, the higher costs associated with proton therapy, as compared to 
conventional radiation therapy, is possibly the reason for the limited clinical 
adoption of proton therapy. 

Paul Scherrer Institut (PSI) has a radiation therapy facility PROSCAN [4], which 
is using proton beams. Here one uses the irradiation technique called spot 
scanning, which is able to deliver dose accurately to the shape of the tumor, which 
is generally irregular. 

1.2 PROSCAN: COMET, its beamlines and diagnostics 
The PROSCAN project was initiated at the Paul Scherrer Institut in 2000 with the 
objective to develop the PSI Spot-Scanning technology in a hospital environment 
[4]. The PROSCAN facility consists of a dedicated 250 MeV cyclotron, followed 
by a degrader and energy selection system splitting into multiple beamlines that 
lead to therapy machinery (gantries, eye-treatment facility) and an 
experimentation beamline. A brief description of the constituents of the 
PROSCAN is given below. 
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1.2.1 COMET cyclotron

Figure 1.2: Schematic representation of the COMET cyclotron. Mentioned are the power 
consumption, its weight, and external diameter [4].

The COMET cyclotron was manufactured by ACCEL Instruments in 
collaboration with PSI based on the design of H. Blosser et al. [5]. The cyclotron,
whose magnetic field is produced by a set of superconducting coils, delivers a 
continuous wave proton beam with an energy of 250 MeV. Thanks to the 
superconducting magnet, the COMET is a compact system that reliably delivers 
a beam with all-year-round availability. A Schematic of the COMET is shown in 
Figure 1.2, with its key parameters listed in the Appendix (1TA 1).

1.2.2 Degrader

Since the cyclotron delivers a proton beam with a single, fixed energy, the energy 
modulation of the proton beam required for proton therapy is produced with a 
variable thickness carbon-wedge degrader in the beamline. The degrader is an 
assembly of a pair of multiple wedges providing an energy setting in the range of 
238-70 MeV. The degrader is mounted in a vacuum chamber, which is also 
equipped with beam current monitors, beam profile monitors, a beam stopper 
before the degrader, and a beam size defining collimator after the degrader [6].
The schematic layout of the degrader is shown in Figure 1.3. Following the 
degrader, the beam is guided to the treatment rooms through multiple beamlines,
as shown in Figure 1.4.
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Figure 1.3: The carbon-wedge degrader unit consisting of its diagnostics, a beam stopper, pair of 
multi-wedges, and a collimator system [4].

1.3 PROSCAN beam diagnostics
PROSCAN incorporates checkpoints to comply with the safe operation of the
beam that is based on verification of certain beam parameters such as current, 
position, energy, etc. In the PROSCAN facility, the control and monitoring of the 
beam parameters are performed with several beam diagnostic elements [7]. The 
beam current plays a critical role as it is directly linked to the dose-rate applied to 
the patient. Therefore, it requires accurate and precise determination during 
standard operation [8]. This puts a demand on the diagnostics to deliver highly 
accurate signals with minimum beam disturbance [9].

The beam current, which is in the range of 0.1-10 nA, is monitored by ionization
chambers (ICs) and secondary emission monitors. Their default state (i.e., in or 
out of the beamline) depends on the thickness of these monitors (thick and thin 
monitors). For instance, the presence of a thick monitor in the beamline during 
patient treatment will trigger the interlocks of the transmission verification system 
[4]. For error detection, halo monitors (ICs) provide reliable measurements of the 
beam position. A multi-layer Faraday cup (FC) inserted in the beamline provides 
fast measurements of the beam energy and momentum spread [10].

Detailed information on the performance and limitations of the above-mentioned 
monitors can be found in [11]–[14].

1.3.1 Drawbacks of the existing diagnostics

Some of the beam diagnostics in PROSCAN continuously monitor the previously 
mentioned parameters as a safety measure. These measurements are performed 
with thin profile monitors to prevent excessive multiple scattering [7], which 
would compromise the beam quality. Moreover, the current dependent 
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recombination effects from these monitors should be less than 5%. However, for 
small beam diameters, the recombination effects become dominant for higher 
beam currents. Due to the associated multiple scattering issues, the thin monitors 
also will increase the beam emittance [13].

The thick monitors have the drawback of afterglow problems due to activation. 
Moreover, the insertion of these monitors during operation could result in 
eigenmode excitations of the foils, which could lead to microphonic noise by 
nearby moving actuators. Experience shows that this microphonic noise could be 
up to 0.2 nApeak-peak equivalent signal at 1 kHz, while in Secondary Emission 
Monitors (SEMs), the microphonic noise could account even up to 25 nApeak-peak

from noise due to mechanical vibrations. Driving the degrader actuator alongside 
increases this noise level to 60 nApeak-peak.

For beam loss measurements at the coupling points of the gantries to the 
beamline, the halo monitors provide a beam current resolution of 10 pA with the 
lowest-detection threshold ion in the order of 0.1 nA, at the expense of new halo 
generation and scattering, especially at higher beam currents [12], [13].

Figure 1.4: PSI PROSCAN layout. Multiple beamlines after degrader lead to multiple gantries (1,2 
and 3). Optis 2 is dedicated to ocular tumor treatment. The red highlighted area represents the Proton 
Irradiation Facility (PIF).

1.4 Beam diagnostic measurement specifications for PROSCAN
The PROSCAN facility provides to the user a beam with specified characteristics. 
At certain checkpoints in the beamlines the user verifies these specified 
characteristics of the beam with the aid of diagnostics, namely current, position,
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and energy. The diagnostics at certain locations such as those in front of the 
degrader, at the checkpoint before the gantry (i.e., coupling points), and the beam 
stoppers (FCs) constitute the most important diagnostics of the beamline [11].
The beam current brought to the gantries, generally in the range of (0.1-10 nA), 
needs to be measured accurately with minimal disturbance. These invasive 
monitors, susceptible to multiple Coulomb scattering and inelastic nuclear 
scattering, causes the beam to broaden. 

A maximum beam current of 10 nA in the energy range of 230 MeV –
70 MeV [7].can be delivered to the therapy machinery (i.e., the gantries). Since 
the beam current and its position have a direct correlation to the quality of the 
applied dose distribution, there is a demand to measure the beam parameters 
accurately with minimal beam disturbances. Therefore, a detection threshold of 
0.1 nA with a resolution of 50 pA is required at low beam currents. Similarly, the 
position resolution for the beam position should be better than 0.5 mm. 

1.5 Parameters of Interest: Beam Current and Beam Position
This thesis deals with the non-intercepting measurement of beam current and 
position. On that account, a brief description of these beam parameters serves as 
a basis for the comfort of the reader. 

During the standard operation of a particle accelerator, the beam current is one of 
the most important parameters to be measured. Usually, beam current (number of 
protons per second) is expressed as an electric current (A). Different 
terminologies are expressing the time structure of the used beam, shown in Figure
1.5. These are:

Figure 1.5: The time structure of different currents from a pulsed beam structure [15].
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• The mean current Imean represents the long time average (units of A)
• The pulse current Ipulse is the time average while the beam is on 

(units of A)
• The bunch current Ibunch represents the instantaneous beam current 

(units of A), which is very high as it is concentrated in a very short time.

COMET is a continuous wave (CW) accelerator; it delivers bunches continuously 
at a high RF frequency of 72.85 MHz. A non-periodic macro pulse structure, 10-
1000 Hz, will be present in the beam transport system when the spot scanning 
procedure (beam delivery) is applied at the treatment. Due to the CW character 
of the continuous RF acceleration by the cyclotron [15], the Ipulse equates Imean, 

with no alteration in the bunch structure. 

The next parameter of interest, beam position, is the information on the position 
of the centroid of the beam within the vacuum chamber [16]. For the transfer lines 
from the COMET to the gantries, the beam position information helps to measure 
and correct beam trajectories. Generally, the position information of the beam 
relates to the (X, Y) coordinate, where X = Y = 0 represents the axis of the beam 
transport system and X = horizontal (+ = right) and Y = vertical (+ = up).

Both these parameters are traditionally measured with interceptive monitors, as 
discussed in section 1.3. A brief description of their working principle is given 
below. 

1.6 Interceptive Beam Diagnostics
At PROSCAN, the most commonly used beam diagnostics are FCs, ICs, and 
SEMs, as discussed before in section 1.3. A brief review of their characterization 
is given below. More information is presented in [15], [17].

1.6.1 Faraday cups (FCs)

The simplest way to measure beam current is by capturing it and reading it with 
a current meter. Technically, an FC is a beam stopper connected to a sensitive 
pre-amplifier. Especially for lower beam currents down to even a few pA [15],
measurements have been successfully performed with Faraday cups. With a 
careful mechanical design, this measurement is five orders of magnitude more 
sensitive than a sensitive dc current transformer [18]. One of the major concerns 
is the event of backscattered particles (mostly electrons from secondary emission 
following the proton interactions) that may escape, which then demands a design 
of a narrow cup entrance and/or a ring at negative high voltage. Another concern 
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is the power of the spent beam that can affect the stability of the measurement,
which can be mitigated by effective cooling. Faraday cups used for high beam 
currents can be found in [15].

1.6.2 Ionization chambers (ICs)

For medium current ranges from 104 to 109 particles per second, the beam current 
is best determined by the ionization it produces in a gas-filled chamber [15].
Along the trajectory of a proton, a number of electron-ion pairs are produced due 
to the ionization of molecules of the gases inside the ionization chamber [15]. In 
most cases, nitrogen, air, or pure argon is used, where the active gas volume is 
confined between two metalized plastic foils. The thickness of the foils is an 
important consideration in the design of ICs as they determine the amount of 
energy loss in them. The measured ionization current primarily depends on the 
number of incident beam particles as well as their energy. For energies lower than 
approximately 1 GeV/u, the energy loss per nucleon is strongly dependent on the 
energy; thus, it is necessary to know the beam energy for high accuracy beam 
current measurements. The lower detection threshold of the ionization chamber 
is a beam current of 1 pA [19], thus making it a suitable choice for low current 
measurements, however, with some associated issues as mentioned in subsection 
1.3.1.

1.6.3 Secondary Emission Monitors (SEMs)

For current ranges beyond 108 particles per second, predominantly SEMs are 
used, which measure the yield of secondary electrons emitted from a metallic foil
inserted in the beam. The setup consists of three metallic foils, mostly around 
100 µm thick Al-foils. The outer two foils are biased at 100 V to sweep away the 
free electrons towards the middle foil that is connected to a sensitive amplifier 
[15]. The secondary emission, given by the Sternglass formula [20], demands an 
experimental calibration prior to the measurement to obtain a high accuracy value 
of the secondary electron emission coefficient. The actual value of the secondary 
electron emission coefficient is also dependent on the surface structure of the 
material, thus affecting the accuracy depending on the production and cleaning 
methods of the foil. Radiation hardness of the foil material is important, as they 
are most often inserted in the beam because material degradation will change the 
secondary electron emission coefficient.
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1.7 Non-interceptive beam diagnostics
In the previous section, we have reviewed the working principle of the most 
dominantly used beam diagnostics in PROSCAN. In this section, we review the 
non-interceptive beam diagnostic techniques that are conventionally used in 
particle accelerator facilities for the measurement of beam current and position. 
Cited along are their detection threshold, drawbacks, and supplementary 
recommendations for their efficient usage. Most of the non-interceptive beam 
current or position monitors employ either the electric or the magnetic field 
created by the passing charged particle beam for detection [21].

More detailed information on the principle of operation and limitations of the 
monitors mentioned can be found in [22].

1.7.1 Beam Current Transformers (BCTs)

Beam current transformers (BCTs) couple to the magnetic field of a charged 
particle beam. The magnetic field induced by the beam current at a particular 
point is given by the Biot-Savart law [23]. The schematic setup of a beam current 
transformer [15] is to pass the beam, which acts as the primary winding through 
a ferrite torus around which an insulated wire is wound that acts as the secondary 
winding with a given inductance. The torus guides the magnetic field lines of the 
beam such that only the azimuthal component is measured, thus making the 
measurement position-independent. The design criteria of a BCT are given in 
detail in [15]. The BCTs are used only for pulsed beams since they are only 
sensitive to changes in the B-field flux. Passive transformers are used only for 
beam pulse length between 1 ns and 10 µs. Active transformers find their use for 
beam pulse length longer than 10 µs. Most of the BCTs are not suitable for the 
measurement of low current charge particle beams due to their detection threshold 
limit of ~100 µA [24]. Moreover, at higher frequencies, they are sensitive to both 
beam position and bunch length, thus affecting signal sensitivity. Integrated 
Current Transformers such as at the National Synchrotron Light Source – II
(NSLS-II) facility [25] and also from Bergoz Instrumentation [26] have 
demonstrated better signal sensitivity than conventional BCTs. However, the 
pulse charge should be at least a few pC. 

1.7.2 Capacitive monitors

For beam current and position measurements of low bunch charges, capacitive 
monitors, which couple to the electric field of the charged particle beam, might 
be a practical solution. These capacitive monitors are constructed as opposing 
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metallic electrodes within the beam pipe such that their difference in the signal 
provides position information, and summation of their signals provides beam 
current information. Linear-cut or shoe-box capacitive monitors find their use 
where the frequency of the charged particle bunch is less than 10 MHz [22]. For 
frequencies higher than 10 MHz and up to 3 GHz, button monitors are the 
preferred choice due to their compact installation. For instance, button monitors 
in the Argonne Wakefield Accelerator (AWA) have demonstrated a detection 
threshold of the button monitors down to 100 fC [27]. Stripline monitors that are
more suited for short bunches provide higher position and time resolution of the 
signal due to higher azimuthal coverage of the beam at the expense of more 
complex mechanical realization [28].

1.7.3 Wall Current Monitors (WCMs)

The wall current or image current is the representation of the beam image with 
no dc component. Similar to the beam, the wall current is an ideal current source 
with infinite output impedance. Thus, measuring this current across a resistor, as
in the case of resistive wall current monitors, provides a measurable voltage. The 
resistors are in general constructed in parallel such that the total resistance is 
typically 1 Ω. Resistive WCMs are limited by their high detection threshold as at 
Injecteur de Protons à Haute Intensité (IPHI) in Saclay [29]. Similar to the 
resistive WCMs, inductive WCMs, which employ inductive pickups sensing the 
azimuthal distribution of the image current, is limited by parasitic inductance as 
in CLIC Test Facility 3 Drive Beam Linac (CTF3 DBL) [30]. These WCMs (both 
resistive and inductive) have bandwidth limitations that can be improved by 
placing ferrite cores as recommended by [31], [32]. WCMs are also limited in 
performance due to wakefield contamination, which requires a microwave 
absorber as implemented in the Fermilab Tevatron project [33].

1.7.4 Cavity resonators

Cavity resonators have shown to be suitable for beam intensities in the range of a
few nA and when beam bunches are shorter than 1 µs. These monitors can 
measure a position with high-resolution demands [34], and as they can provide 
information even without the need for averaging possibilities. The requirement
for high resolution and low detection threshold is achieved by the excitation of 
TM modes (Transverse Magnetic) within the cavity resonator [35]–[38].
Geometrically speaking, the cavity resonators can be classified into pillbox and 
reentrant cavity monitors [39]. A reentrant cavity monitor provides the advantage 
of a compact size compared to the pillbox with the added advantage of separation 
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of the induced electric and magnetic fields within the cavity volume (for the 
choice of pickup). 

The mode of interest for the beam current measurement is the monopole mode 
i.e., (TM010), which has a maximum of the electric field in the center of the cavity 
that is proportional to the beam current. The boundary condition of the TM010

mode is such that its E-field is terminated on the cavity metallic walls, so for a 
classical pillbox cavity, the diameter is at least half the wavelength corresponding 
to the resonance frequency [38], [34].

Similarly, the dipole mode (TM110) of the cavity provides beam position 
information. The field patterns of the dipole mode are such that only off-centered 
beams excite it. The dipole mode amplitude is proportional to the bunch charge 
and beam position offset but without information on the sign of the offset. The 
sign of the offset is determined by the phase measured with respect to a reference 
cavity whose TM010 resonance frequency is the same as that of the dipole mode 
cavity i.e., TM110 resonance frequency. Thus, for effective position measurement, 
i.e., information on the bunch offset and its sign, two separate cavities are needed. 
To achieve position resolution from a cavity BPM in the range of nm, such as in 
the extraction line of the KEK Accelerator Test Facility (ATF) [38, 39], the 
amplitude of the TM010 mode at the resonance frequency of the TM110 mode has 
to be minimized. Due to the finite quality factor of the cavity and the relatively 
stronger TM010 mode, the frequency separation between the TM010 and the TM110

mode is recommended to be at least a few 100 MHz to minimize its influence on 
the measurement. 

The cavity monitors’ major advantages include their radial symmetry, which 
allows simple and accurate manufacturing [41], and a lower noise floor compared 
to its closest competitor, i.e., capacitive monitors, due to its narrowband 
characteristics. Some of the disadvantages in the functioning of a cavity resonator 
are, among others, the need for another monitor for calibration and the excitation 
of the monopole mode at the resonance frequency of the dipole mode in position 
cavity monitors.

1.8 Aim of the thesis
For beam current and position measurements of the proton beam in the 
PROSCAN beamlines, the interceptive monitors of the types discussed in section
1.6 offer the service of a watchdog. However, these monitors have issues related,
as described in section 1.3. Therefore, to resolve these issues, the use of a non-
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interceptive beam current and position monitor is considered. Following a critical 
analysis of the existing and conventionally used non-interceptive beam 
diagnostics, the principle of the cavity resonator has been identified as a potential 
candidate to measure the beam parameters of interest. The required specifications 
of the cavity resonators are to measure the beam current for proton beams in the 
range 0.1- 10 nA with a beam current resolution of 50 pA and to measure the 
beam position with a resolution of 0.50 mm for proton beams with energies of 
238-70 MeV. 

The objective of the thesis is to report on the performance of the cavity resonators 
in the beamline as a monitor of both beam current and position. The beam current 
monitor is a TM010 cavity resonator, and the beam position monitor is a TM110

cavity resonator, both tuned to 145.7 MHz. This is the second harmonic of the 
beam repetition rate (i.e., 72.85 MHz) to have a reasonable amplitude of 
resonance excitation (i.e., measured signal), without considerable RF 
interference. 
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1.9 Overview of the Thesis
Chapter 2 shortly presents the theoretical background of an LC resonator as a 
beam current monitor and its parameters of interest such as quality factors and 
coupling constant, and formulation of the beam-cavity interaction. Chapter 2 lays 
the foundation for the Beam Current Monitor (BCM) prototype design with the 
help of the design code ANSYS High-Frequency Structure Simulator (HFSS). A 
good agreement between the simulated and the analytical estimate of the pickup 
signal for a given beam current provides confidence for the design and 
manufacture of the prototype. 

Chapter 3 deals with the experimental characterization of the prototype BCM on 
a stand-alone test-bench and in the beamline. This Chapter looks into the source 
of resonance frequency drift in the prototype with the help of S-parameter 
measurements. Chapter 3 validates the BCM prototype design and its 
performance for low beam current (0.1-10 nA) in the energy range of 70-
230 MeV. 

Chapter 4 introduces the principle of a cavity Beam Position Monitor (BPM) 
working on the dipole mode of excitation from the perspective of a conventional 
pillbox cavity. Chapter 4 establishes the foundation for the choice of a fourfold 
dielectric-filled reentrant cavity over the conventional pillbox design. ANSYS 
HFSS is used to determine the mechanical dimensions of the BPM prototype,
whose dipole mode resonance frequency is tuned to 145.7 MHz. The reliability 
of the design is confirmed with good agreement between the simulated and the 
analytical estimate of a pickup signal for a given beam offset position. 

Chapter 5 characterizes the BPM prototype with measurements on a stand-alone
test-bench and in the beamline. The test-bench characterization identifies the 
deviations in the performance of the BPM prototype in an ideal measurement 
scenario. Chapter 5 provides the reader with brief information on the source of 
errors causing these deviations, highlighting the importance of mechanical 
symmetry of the BPM components and RF isolation. Chapter 5 validates the BPM 
prototype in the proton beam at two different energies of 138 MeV and 200 MeV, 
using a simple spectrum analyzer over a current range of 0.1-10 nA and with a 
position resolution of 0.5 mm. In addition, a new improved BPM design, that is 
expected to deliver twice better position sensitivity than the prototype is 
described. 
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Chapter 6 contains a summary of justifications for our design considerations, 
measurement observations, and performance of the BCM and the BPM. Chapter 6
ends with the pros and cons of the cavity BCM and BPM designed compared to 
existing interceptive monitors in the PROSCAN beamline. Chapter 6 concludes 
the thesis by pointing out the potential for cavity resonators based on future 
developments in proton therapy. 



Chapter 1

15

1.10 Appendix
1TA 1: Key parameters of the COMET cyclotron (latest information) [5]

General Properties

Type Isochronous Sector

Extracted energy 250 MeV

Extracted beam current 1000 nA

Extraction efficiency 80%

Number of turns 650

Ion Source Internal cold cathode

Total weight 90 tons

Outer diameters 3.4 m

Magnetic properties

Average magnetic field 3.8 T at center

Stored field energy 2.5 MJ

Operating current 160 A

Rated power of cryo coolers 40 kW

RF System

Frequency 72.85 MHz

Operation 2nd harmonic

Number of dees 4

RF power consumption 300 kW
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Chapter 2: Design and Simulation of a Dielectric-

filled Reentrant Cavity Resonator as Proton Beam 

Current Monitor

This Chapter is summarized in the following paper:

Srinivasan, S.; Duperrex, P.-A. Dielectric-filled Reentrant Cavity Resonator as a Low-Intensity 
Proton Beam Diagnostic. Instruments 2018, 2, 24
Doi: https://doi.org/10.3390/instruments2040024.

2.1 Introduction
In the previous Chapter, we discussed that cavity resonators find their use in most 
of the accelerator facilities thanks to their ability to measure low beam current 
and to deliver a high signal sensitivity, compared to other non-invasive diagnostic 
devices. When excited by a passing charged particle bunch, specific field 
configurations resonate within the cavity at specific frequencies. For the beam 
current measurement, we want to excite the cavity at a specific resonant mode 
known as the monopole mode (TM010). We have designed a cavity that the 
resonance frequency of this mode coincides with the frequency of the 2nd

harmonic of the beam pulse repetition rate of 72.85 MHz, i.e., at 145.7 MHz. 
Since the resonator consists of a closed metal structure, the induced 
electromagnetic fields oscillate within that boundary [1]. We can realize such a 
cavity either in the form of a pillbox cavity or a reentrant coaxial cavity, as shown 
in Figure 2.1. However, before we decide whether to use a pillbox cavity or a 
reentrant coaxial cavity, it is important to understand the fundamentals of this 
monopole mode. 
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Figure 2.1: Outline of a pillbox and a reentrant coaxial cavity.

2.1.1 Maxwell equations in a simple pillbox RF Cavity

Since we wish to design the cavity resonator in a cylindrical form, the fields of 
the excited mode can be solved in cylindrical coordinates (r,φ,z) with Maxwell’s 
equations in their differential form as given in [1], [2]. Resonating cavities 
classified by electromagnetic modes can be represented as Transverse Magnetic 
(TMmnp) and Transverse Electric (TEmnp) mode cavities [1]. In cylindrical 
coordinates, these indices m, n, p represent as defined by:

• (m=0) Zero full period sinusoidal variation of the field components along 
the azimuthal direction. 

• (n=1) One zero crossing of the longitudinal field components in the radial 
direction. 

• (p=0) Zero half-period sinusoidal variation of the field components in the 
longitudinal direction. 

The simplest solution for the standard wave equations given in [3] for a circular 
geometry (cylindrical cavity) of radius R and length L that has an axial electric 
field is the TM010 mode. A cylindrical cavity can be regarded as a section of a
cylindrical waveguide [4]. The Eigen frequency of the waveguide is independent 
of the cavity length. 
Since the TM010 mode has no axial dependence, for a simple cavity closed at Z = 0
and Z = L and with a radius r = a with perfectly conducting walls, the axial electric 
and azimuthal magnetic fields are given as in [4]
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Here 𝜒𝜒𝜒𝜒01 is the first zero-crossing of the Bessel function oJ . The resonance 
frequency of the mode TM010 is then given by
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(2.2)

where, 𝜒𝜒𝜒𝜒01 = 2.405. 
The Bessel function of the order m = 0 has a weak dependence on the radius r 
close to the cavity center since the derivative of the Bessel function is zero for r 
= 0. Hence, the monopole mode TM010 amplitude is proportional to the beam 
charge independent of its position close to the cavity center [5]. The field 
configuration of the TM010 mode is as shown in Figure 2.2.

Figure 2.2. Fields of the Monopole mode in a simple pillbox cavity [6].

For a design resonance frequency of 145.7 MHz, we can calculate the radius of 
the pillbox cavity from Eq. (2) as 0.78 mr a= = .
Since we are limited to a confined space in the beamlines of COMET, a simple 
pillbox cavity is not suitable due to its large transversal size. Hence, we need to 
build a more compact system that still delivers a bunch charge information based 
on the TM010 mode. We can achieve this by constructing a cavity as a lumped 
element circuit such as an LC resonator [7]. This is equivalent to a coaxial cavity 
with a short-circuit at one end and a capacitively-loaded gap at the other end [8].
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The walls of the coaxial structure then act as a distributed inductance. We 
summarize in the next section its working principle and the transmission line 
analogy, which helps to evaluate first-order dimensions of a reentrant coaxial 
cavity.

2.1.2 Approximation of the coaxial cavity from an LC model

The reentrant coaxial cavity resonator is modeled by evolution from the lumped 
element model. The lumped element model with the ideal coupling loop and the
current source is as shown in Figure 2.3. The translation of the lumped element 
model into a geometrical structure results in a physical picture of a reentrant 
coaxial cavity, as shown in Figure 2.4. In the reentrant coaxial cavity, there is a 
Transverse Electromagnetic (TEM) field configuration in the separate 
transmission lines (coaxial line and the radial line, see Figure 2.9). However, due 
to the cavity’s geometry, the field distribution in the coaxial cavity is a quasi-
TEM, similar to when a coaxial line will be bent or in the case of inhomogeneous 
dielectric in the cavity as described in [9].
As expressed in [10], the TEM mode field configuration in the radial line section 
(reentrant capacitive part) of the coaxial cavity can be approximated as the TM010

mode in a circular cylindrical cavity such as a pillbox since the field solutions are 
the same. Moreover, at resonance, the capacitor plates (Cgap) retains the majority 
of the induced electric field, and the cavity walls acting as the coaxial inductor 
(Lcoax) retain most of the induced magnetic field as discussed by Feynman [7].
Moreover, we have observed that the signal level for a given beam current from 
the TM010 mode analysis matches the simulation estimate (shown later in this 
Chapter) and the measurement (Chapter 3). Thus, we approximate the fields in 
the cavity by the TM010 mode. 
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Figure 2.3: Lumped element circuit of an LC resonator with an ideal coupling loop represented as 
an ideal transformer. I1is current source with infinite impedance, R1 represents resonator losses, 
R2 represents output impedance, the mutual inductance between the two inductances L2 and L3 
represent ideal transformer coupling.

Figure 2.4: Reentrant Coaxial Cavity transition from an LC resonator. Relevant field configurations 
are shown here as an approximation of the TM010 mode. The complete field distributions of the 
TEM modes can be seen in Figure 2.9.

The impedance of the equivalent circuit (of the coaxial cavity) is given by

gap
coax

1Z(ω)=
1 1+ +jωC

R1 jωL

(2.3)

For a loaded gap capacitance, Cgap (because of the central hole) is given by
( )2 2

r o max min
gap

ε ε π r -r
C =

d
(2.4)
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with rmax and rmin being the outer and inner radius of the capacitor plates and d is 
the gap between the two plates. εr is the relative permittivity of the material filling 
the gap, and εo is the vacuum permittivity.
The angular resonance frequency is then given by 

o
coax gap

1ω =
L C

(2.5)

An improved estimate of the resonance frequency and the dimensions of a 
reentrant coaxial cavity are determined from the properties of a coaxial 
transmission line as given below, which is a summary from [11]. Here the inner 
radius of the outer conductor is b, the outer radius of the inner conductor is a, 
length of the coaxial line is h, εr the relative permittivity of the dielectric in the 
coaxial section. The magnetic circuit formed by the cylindrical sleeves of the 
coaxial transmission line contributes Lcoax, the equivalent inductance. The 
expressions for the inductance, capacitance, and characteristic impedance (Zo) of 
a coaxial transmission line (see Figure 2.4) can be found in Feynman [7].
The general expression to evaluate the input impedance of a lossless coaxial line 
can be found in [12].
Since one end of the coaxial line is shorted, the load impedance is ZL = 0, and the 
above equation takes the form

i o
0

2πhZ =jZ tan
λ

 
 
 

(2.6)

From the above equation, the impedance is an inductive reactance (tan (2𝜋𝜋𝜋𝜋ℎ
λ𝑜𝑜𝑜𝑜

) is 

positive) for length h smaller than λ𝑜𝑜𝑜𝑜/4. To obtain a reentrant coaxial cavity 
resonator, the input impedance of the coaxial line is compensated by the 
capacitive reactance of the gap gapC , which gives the condition for resonance and 

is given by

0

0 gap o

λ2πh =arctan
λ 2πcC Z

 
  
 

(2.7)

where λ𝑜𝑜𝑜𝑜 is the free-space wavelength and c is the propagation velocity.
The above equation for the transmission line length normalized to the desired 
free-space wavelength, h/λ𝑜𝑜𝑜𝑜, versus the free-space wavelength normalized to the 
loaded transmission line characteristics, λo/2πcCgapZo, is plotted in Figure 2.5.
From the above transmission line analogy, we find that for values of 
λo/2πcCgapZo ranging between (0.5-1.0), the normalized transmission line 
length h/λ𝑜𝑜𝑜𝑜 varies in the range (0.10-0.15). Hence, any capacitive loading of an
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LC cavity for a given size results in a reduction of the resonance frequency and 
thus a for a given resonance frequency [13] a reduction in size as compared to the 
unloaded case. 

 

Figure 2.5: Universal tuning curve to determine the reentrant cavity resonator length normalized to 
the free-space wavelength of the microwave frequency in the resonator [11].

2.1.3 Cavity Parameters: Q (Quality Factor) and coupling coefficient

The beam current measurement is performed by coupling power out of the cavity 
resonator. The location, size, orientation, and the type of measurement probe 
(electric coupling, magnetic coupling, direct coupling or window coupling) as 
described in [14], determines the matching condition, which in turn affects the 
performance of the cavity. This characterization is based on the rate of energy 
loss of a resonator and is given by the Q (Quality) factor.
For an air-filled cavity made of a non-perfect conductor like aluminum or copper,
the dominating losses at resonance are the ohmic losses, and in the presence of a 
lossy-dielectric in the cavity, the dominating losses are from the dielectric. Hence, 
the cavity exhibits a driven, damped harmonic oscillation. 
Thus, a cavity is characterized for a given excited mode by its resonance 
frequency and its Q-factor[4]. It is defined as the ratio between the stored energy 
in the cavity resonator at any time and the energy dissipated per oscillation period 
[15, 16], which can be expressed as [17]:

res

o max
L

d=total cond diel rad ex ω=ω

ω W
Q =

P =P +P +P +P
 
 
 

(2.8)

where, Wmax is the maximum energy stored in the resonator and Pd is the average 
dissipated power.
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Thus, a term called loaded Q factor as QL (measurable Q) can be defined which 
takes into account the power lost in the conducting walls (Pcond), in lossy 
dielectrics (Pdiel), in radiation (Prad), and in external circuits (Pex). Q factor 
measurements in the frequency domain are performed as the transmission type 
measurement [18], which provide the QL from the 3 dB bandwidth of the 
resonance frequency as

0
L

3dB

ω
Q =

Δω
(2.9)

The above Eq (2.8) can be then be written of the form 

L 0 ext

1 1 1= +
Q Q Q

(2.10)

The unloaded Q factor, Qo, depends purely on the geometry and materials for the 
construction of the resonator such that, with a shunt impedance R1 (see next 
section):

cond diel

o o max o gap

P +P1 1= =
Q ω W ω C R1

(2.11)

and Qext is the external Quality factor under the assumption the radiation loss is 
zero:

ex

ext o max

P1 =
Q ω W

(2.12)

The coupling coefficient κ is defined as the ratio of coupling strength between 
the cavity and the external circuit and is given by 

o

ext

Q
κ=

Q
(2.13)

2.1.4 Beam cavity interaction

In this subsection, we provide an analytical formulation to estimate the output 
signal from a cavity resonator for a given bunch charge. When a bunched beam 
traverses an “empty” cavity, it transmits energy to the cavity through the 
electromagnetic field associated with the moving charge [19]. This energy loss of 
a charged particle by passing through the cavity and the stored energy gain of the 
cavity, are related to the properties of the cavity Eigenmodes. This allows 
calculating the amplitude of any given resonance mode of a cavity by the beam 
passing through it.
The voltage of a resonance mode excited in a cavity by a passing beam can be 
derived from [19]
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exc o
o

R1V =ω q
Q

 
 
 

(2.14)

where q is the beam charge, and R1 represents the resonator losses, as shown in 
Figure 2.3. R1 is in circuit theory known as the shunt impedance and is given by

2

total

Eds
R1

2P
≡
∫ (2.15)

where E is the induced electric field of the resonance mode, ∫ds is the path length 
along the cavity gap, Ptotal is the total dissipation power of the cavity for the 
resonance mode. Thus, R1/Qo is the normalized shunt impedance, which 
characterizes the energy exchange between the beam and the cavity, is given by

2
exc

o o max

VR1 =
Q  2 ω W

(2.16)

The above Eq (2.14) does not take into consideration the bunch length along the 
beam direction. When the bunch length (σz) is non-negligible compared to the 
wavelength of the excited mode, the effective signal amplitude is reduced. This 
is because particles in the bunch pass the cavity at different times, which induces 
a phase shift with respect to the excited mode during the passage. The total excited 
voltage of a resonance mode at a cavity for a gaussian shaped bunch is given by

2 2 2 2
totalexc exc o zV =V exp(-ω σ /2 c )β (2.17)

The maximum stored energy in a cavity can then be written as
2

2 2 2 2 2totalexc o
max o z

o
o

o

V ω R1W = = q exp(-ω σ / c )
2 QR1 2 ω

Q

β
 
 
 

(2.18)

From Eq (2.10) Pex, the power coupled out to the measurement device is then 
given by

o max
ex

ex

ω W
P =

Q
(2.19)

Detecting this power over an impedance Z gives the peak output voltage as

2 2 2 2
out ex o o z

ex o

Z R1V = 2ZP ω q exp(-ω σ /2 c )
Q Q

β≡ (2.20)

The analytical estimate from subsections 2.1.2, 2.1.3, and 2.1.4 gives approximate 
dimensions of the cavity resonator, quality factors, and expected output voltage 
for a given resonance frequency. A full simulation is needed to obtain accurate 
results. 
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2.2 Second harmonic matching
For the PROSCAN situation, with a bunch repetition rate of 72.85 MHz, we chose 
one of the harmonics as the resonance frequency to prevent direct background 
contributions from the cyclotron accelerating cavities. The second harmonic, i.e.,
145.7 MHz, is chosen since it contains more energy than the higher harmonics. 
Moreover, for smaller harmonics, their relative contribution is less affected by 
changes in the bunch shape compared to higher harmonics.
Before we design the reentrant coaxial resonator at the design frequency of 
145.7 MHz, we estimate the available signal level of the 2nd harmonic at the 
cavity. We assume a rectangular pulse of length 2 ns as the proton bunch length 
(expected at the degrader exit). The Fourier spectrum of this bunch will provide 
the value of the harmonic component contributions represented as the amplitude 
of the Sinc function. The various harmonic components of the signal are directly 
proportional to the beam current [20]:

n
AΔ sin(nΔ/T)X =
T nΔ/T

(2.21)

where Xn is the harmonic component contribution, A the amplitude of the bunch, 
∆ the bunch length, T the bunch repetition period, and n the harmonic. AΔ is the 
pulse area, hence is proportional to the number of protons (bunch charge) and 
AΔ/T is proportional to the beam intensity. The amplitude of the various 
harmonics, calculated according to Eq (2.21), is shown in Figure 2.6 for two 
scenarios, where the bunch length is 2 ns and 4 ns, respectively, for a bunch 
repetition period T of 13.72 ns (corresponding to 72.85 MHz). This highlights 
how the increase in the bunch length along the beamline when the beam has 
energy spread can reduce the harmonic components in the bunch structure. With 
decreasing energy, this effect will become larger due to a larger beam energy 
spread created in the degrader. Thus, there will be an energy spread dependent 
decrease in the beam-induced signal. 
The location of the cavity resonator in the beamline will therefore play a role in 
determining the amount of beam signal available for excitation of the cavity at 
the design resonance frequency of 145.7 MHz. A detailed discussion of the 
second harmonic dependence on bunch length elongation is given in the next 
Chapter on measurements with a beam.
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Figure 2.6: Plots representing 2 ns and 4 ns bunch width at the same beam intensity with a repetition 
rate of 72.85 MHz and its corresponding Fourier series represented as Sinc function. AΔ is 
maintained constant.

2.3 Simulation objective
Since in PROSCAN, we are dealing with beam currents in the range 0.1-10 nA, 
the design consideration for the cavity resonator is to deliver maximum beam 
induced signal to the measurement electronics. The cavity parameters are 
generally measured with the help of a network analyzer via a two-port 
measurement (transmission coefficient for a multiple port device). Hence, the 
goal is to simulate the network analysis of the cavity and optimize the design for 
maximum pickup signal from the beam at the required frequency. 
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The transmission coefficient between beam and measurement signal expressed as 
Scattering parameter Sji (between i = input port, j = output port) in terms of the 
loaded and unloaded quality factor is given by

L
ji ij

o

Q
S , =1-

Q
(2.22)

The Sji plot (see Figure 2.7) is a graphical representation for lower vs higher 
loaded quality factor. By coupling-out more signal power from a measurement 
port, the loaded quality factor is expected to reduce. In such a scenario, a 
resonance frequency offset of a few 100 kHz from the design demands would not 
have a strong influence on the transmission coefficient. For a real cavity, a 
resonance frequency offset of a few 100 kHz due to machining tolerances and 
assembly errors can generally be accepted. Moreover, in unforeseen 
circumstances where the temperature stability could not be maintained, the cavity 
dimensions or the properties of the filling of the cavity (such as a dielectric) could 
be affected due to thermal loading, which can result in shifting of the resonance 
frequency. A system with a lower loaded Q provides a safety window in such a
situation. 

Figure 2.7: Higher vs lower loaded Q factors from the Sbeam-pickup transmission plots.

Considering the above factors, the cavity resonator should be designed to have 
maximum pickup coupling for a beam excitation, to have a higher output signal 
into the measurement electronics.

2.4 ANSYS HFSS
ANSYS HFSS is a High-Frequency Structure Simulator [21], which we use to 
design the reentrant coaxial resonator. The solution to the model is derived from 
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the differential form of Maxwell’s equations. We chose ANSYS HFSS as it is a 
high-performance full-wave electromagnetic field simulator. HFSS integrates 
simulation, visualization, and solid modeling, which provides accurate results, 
and is therefore used for design and network analysis of the reentrant coaxial 
cavity resonator prototype. 
The workflow of the HFSS involves the following:

• Parametric model generation: geometry, boundaries, excitations
• Analysis setup: solution setup and frequency sweeps
• Results: reports and field plots
• Solve loop: automation of the solution process

 

Figure 2.8: HFSS workflow for the simulation process to solve a model.
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From the above Figure 2.8, two solution types that are used for the design and 
characterization of the cavity resonator are:

• Eigenmode solution type to identify Eigenmodes or resonance 
frequencies, unloaded quality factor, and EM-fields associated with the 
model at those frequencies. The criteria for convergence of the solution 
is the condition that the calculated resonance frequency differs less than 
0.01% for the desired resonance frequency.

• Driven modal solution type to provide Scattering (S) - parameters for 
intra-pickup coupling, beam-pickup coupling, and the loaded quality 
factor. The criteria for convergence of solution between two successive 
iterations is given by Δ�𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 �≤ 0.02 dB.

2.4.1 Design overview

As mentioned in previous subsection 2.1.2, we design a coaxial resonator taking 
into consideration certain dimensional limitations, choice of material, and choice 
of dielectric filling. The objective for the choice of material and dielectric filling 
is to keep the manufacturing process simple and its costs low, as it is a proof of 
principle prototype. 

Limitation of certain dimensions
The PROSCAN beamline has a beam pipe of radius 45 mm. To install the 
reentrant cavity resonator in the beamline, we need the waveguide sections (i.e.,
cavity extensions on entry and exit ports) to match with the beam pipe 
dimensions. To provide easy installation of the prototype, the inner coaxial 
cylinder is chosen with a radius of 50mm. Since the inner coaxial cylinder will 
also support the capacitor plate at one end, we choose the inner radius of the 
dielectric ring also as 50 mm. 

Choice of metal
The material from which the resonator is built has to contain the field (shielding)
and therefore, should have the highest possible electrical conductivity. The 
standard choice of material to build such resonators generally should possess high 
conductivity, good mechanical resilience, and high mechanical rigidity. At higher 
frequencies (tens of MHz and beyond), the RF shielding effectiveness is a 
function of seam and penetration integrity, which is mainly affected by assembly 
and machining techniques [21]. Due to this fact, the two most commonly used 
materials are copper and aluminum. Aluminum is chosen for the construction of 
the resonator due to its better strength-to-weight ratio and lower costs. 
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Choice of the dielectric filling (Reentrant gap)
The loaded gap capacitance that terminates the coaxial line determines the 
required value of the inductance and can be used to determine the dimensions of 
the coaxial line according to Eq (2.7). Vice-versa, for a given length of the coaxial 
part (and its characteristic impedance Zo), the gap capacitance can be chosen to 
tune the resonance frequency given by Eq (2.4) and Eq (2.5).
For a vacuum-filled coaxial resonator to be installed within a given length in the 
beamline, the reentrant gap (i.e., capacitive loading) can be designed either as a 
large capacitance (transverse space costs) or as a small capacitance (longitudinal 
costs). Similarly, the coaxial impedance could be used to optimize the LC 
resonator design at similar expenses as above. 
However, by choosing to fill the reentrant gap with a dielectric, whose dielectric 
constant is higher than that of vacuum, we can establish relaxed machining and 
assembly tolerance of the capacitive gap in the resonator. Moreover, we can tune 
resonance frequency offset corrections as per Eq (2.4) by adjusting the 
dimensions of the dielectric. For instance, with a fixed reentrant gap (i.e.,
dielectric thickness), the cross-sectional area of the dielectric can be altered to 
match the resonance frequency and vice-versa. 
For the choice of dielectric, we chose macor ceramic over alumina ceramic (its 
closest competitor), as macor is readily available, cheaper, and can be easily 
machined compared to alumina ceramic due to its low hardness. We summarize 
the relevant material properties for the construction of the resonator in Table 2.1.

Table 2.1: Important material properties of aluminum (taken from HFSS material library) and macor
as provided by the supplier [22].

Properties Aluminum Macor

Bulk Conductivity, S/m 3.8E+07 -
Relative Permittivity, εr 1 6.0 at 1 kHz
Relative Permeability, µr 1.000021 1
Dielectric Strength, kV/mm - 45
Loss tangent - 0.005 at 1kHz

We can evaluate multiple combinations of dimensions to match the resonance 
frequency of 145.7 MHz. By taking into consideration the universal tuning curve 
Figure 2.5, an overall compact system can be achieved by predefining the gap 
capacitance in the range of a few pF. Higher values of gap capacitance will not 
provide a compact system in transverse space.
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With these above-mentioned geometrical limitations, we will evaluate the other 
dimensions of the resonator with the help of Eigenmode and Driven Modal 
solutions. 

2.4.2 Eigenmode Solution Setup

A gap capacitance of 50 pF is assumed as the reference to evaluate the primary 
dimensions. Using Figure 2.5 and the standard coaxial inductance equation, we 
evaluate the effective inductance of the coaxial line in the range of 20 nH. With 
these values for the gap capacitance and the coaxial inductance, an isolated 
resonator (i.e., no pickup ports), is designed to match the resonance frequency 
and to evaluate the unloaded Q. The solution setup used for solving the model is 
summarized in Table 2.2. The description of how the Eigenmode solver finds the 
resonance frequencies and their field configurations can be found in [24]. Here, 
the Eigenmode solutions provide the unloaded Q taking into consideration all the 
power loss terms mentioned in subsection 2.1.3 except the exP term.
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Table 2.2: Summary of the solution setup model. Included are some of the fundamental derived 
design parameters. B – Beam pipe diameter, d – inner diameter of the inner coaxial cylinder, C –
outer diameter of the macor ring, t – dielectric thickness, W – outer diameter of the capacitor plate, 
D – inner diameter of the outer coaxial cylinder, M – air dielectric thickness in the coaxial line 
section.

Materials Vacuum, Macor

Boundaries
Aluminum finite 
conductivity on faces

Excitation None for Eigenmode

Mesh 
Operations

Curvilinear, Skin-depth on 
Tau mesher

Analysis

Minimum 
Frequency

100 MHz

No. of Modes 1
No. of passes 20
Convergence, 
Δf

0.01%

Initial Mesh
λ 
refinement

Refinement 
per pass

20%

Order of Basis 
functions 
(solutions)

2nd order

Results
E, H plots, Resonance 
Frequencies, 0Q

The maximum stored energy, Wmax ≈ 10-16 J, is calculated by integrating the 
electric field and its conjugate within the cavity volume. The losses associated 
with the cavity metal (Pcond ≈ 10-11 W) and the dielectric (Pdiel ≈ 10-10 W) are 
calculated by integrating the surface loss density over the cavity metal surface 
and the volume loss density over the dielectric volume from the HFSS solutions. 
The number of modes the solver has to determine is limited to one as we are 
interested in the fundamental mode only. For accurate results from the model, the 
convergence criteria for the model is chosen as the Δ frequency ≤ 0.01%. 
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Results

Figure 2.9: E and H field (both magnitude and vector) configurations of the reentrant coaxial cavity 
at resonance. In the separate transmission lines of the cavity (coaxial and radial), the field 
configuration is of a TEM wave. 

The Eigenmode solver gives the fundamental resonance at 145.7 MHz with an 
unloaded Q as 267≈0Q for the above model corresponding to Eq (2.11). We 
clearly observe the influence of macor in the reentrant gap. By solving the same 
model without macor, the resonance frequency of 225.0 MHz and an 
unloaded Q, Qo = 5085, is achieved for the model. The reduction in the Qo by the 
insertion of the macor in the reentrant gap shows it is a lossy dielectric 
(dissipation of energy in an alternating electromagnetic field), and as a result,
more power is lost compared to lossless. Thus, it is important to minimize internal 
losses of the cavity for the future design considerations.
However, prior to fine-tuning the model in the Driven modal setup, it is necessary 
to confirm that the excited mode of resonance is the desired mode. This we can 
confirm by plotting the E and H magnitude and vector plots in Figure 2.9.
We fine-tune the resonator using the Driven modal solver, which takes into 
account the presence of a beam analogon and the influence of multiple inductive 
pickups.
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2.4.3 Driven modal Solution Setup

In the previous subsection, we evaluated the primary dimensions of our prototype 
but as an isolated cavity. The solutions of the Driven modal provides us with 
transmission or reflection coefficients Sji (scattering parameters) and quantifies 
how RF energy propagates in a multi-port network. These values will provide us 
with information on the amount of signal that could be coupled out of the cavity. 
This provides information on the external quality factor of the cavity as per 
Eq (2.10). To study the resonator under the influence of beam, we cannot define 
an actual beam, so we use a beam analogon, i.e., a straight wire of a perfect 
electric conductor with a small diameter to minimize capacitive coupling between 
the wire and the inner coaxial cylinder. By placing the stretched wire at the center 
of the cavity, we put the beam equivalent excitation in the center of the beamline. 
Generally, signals are coupled out either with an antenna or a loop. An antenna is 
used to couple to the electric field, while a loop couples to the magnetic field. If 
we choose an antenna, we have to place it such that it protrudes in the reentrant 
zone where the maximum electric field exists. We can then calculate the voltage 
coupled out of the cavity as

V= E.dl
→ →

∫ (2.23)

If we choose a loop, we have to place it in the inductive zone. From the field plots 
in the previous section, we clearly see that the inductive zone provides more 
freedom to locate the loops along the length of the coaxial line section. Moreover, 
we can design a loop of any shape. The voltage coupled out is given by

A

dBV = da
dt∫




 (2.24)

where A is the area of the loop, and the signal level is expected in the range of 
nV for beam currents in the range of nA. Hence, an inductive loop is chosen to 
couple out information. We wish to have four loops, two large and two small 
loops, since in our prototype, we want more flexibility in the operation of the 
resonator in cases where if the measurement pickup does not function properly 
due to connection issues. A large loop is designated as a measurement port and 
the other large loop could be used as a resonance trombone, which is a constant 
impedance adjustable coaxial line, to tune the resonance frequency offsets. In 
practice, we can achieve this by attaching a simple coaxial RF cable and cut it at 
the required length. We will use the smaller loops for online verification of the 
functioning of the cavity. 
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The next question in the design is to find the location of these pickups in the 
resonator, especially the larger pickups, to couple out maximum signal power. 
Since inserting pickups adds insertion loss, we expect it to somewhat modify the 
resonance frequency at which the maximum power is transferred to the 
measurement system. The location and the size of the loops play a role in 
determining maximum power transfer from beam-induced signals. 
Network analysis is performed to achieve maximum power transfer from the 
beam with a parametric investigation of the resonator dimensions such as pickup 
position, dielectric width, and thickness

Parametric Model 
The parametric geometry from the Eigenmode solver is imported into the Driven 
modal setup. The location of the pickups is defined in the Driven modal also 
parametrically. The defined pickup dimensions are those of inductive pickups 
previously designed for PROSCAN at PSI. These are simple conducting wires of 
1.8 mm diameter made of copper. We realize the large inductive loop by 
connecting the copper wire to the inner conductor through the outer conductor (of 
the coaxial section) and the small loop with the outer conductor (of the coaxial 
section) forming a rectangular loop shape as shown in Figure 2.10.

Figure 2.10: Geometry of the resonator. The surface of the model is assigned with aluminum
conductivity. Waveport excitation is assigned on all ports with impedance termination of 366 Ω 
(coaxial impedance of the stretched wire with the beam pipe) for ports 1 and 2 (beam entrance and 
exit). All the measurement ports are normalized with 50 Ω impedance. Ports 3 and 5 represent the 
large inductive loops. Ports 4 and 6 the small loops. All the loops are at the same height.
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Boundary conditions
By applying finite conducting boundary conditions to the model, an imperfect E 
boundary is defined. Based on the material properties for this boundary, HFSS 
calculates the loss as a function of frequency. HFSS forces the tangential E-field 

such that tan s tanE =Z ( n×H )
∧

• Etan is the E field component tangential to the surface
• Htan is the H field component tangential to the surface
• 𝑍𝑍𝑍𝑍𝑠𝑠𝑠𝑠 is the complex surface impedance of the boundary

Excitations
A thin wire with a cross-section of 0.2 mm with perfect electric conductor 
definition (for qualitative and quantitative calculations) represents the beam 
analogon. Because of the perfect electric conductor definition, the electric field is 
perpendicular to the thin wire surface. For each port, waveport excitations are 
assigned as HFSS assumes the model to be enclosed in a conductive shield. This 
means that waveport excitations need to be defined at the locations where energy 
enters and leaves the system, this includes the beam entrance, beam exit, and the 
pickup loops. With the assignment of the waveport excitation, HFSS considers 
each waveport as a semi-infinitely long coaxial port with the same cross-section. 
The impedance assigned on the beam entrance and the exit is the characteristic 
impedance of the coaxial line between the beam analogon and the beam pipe. The 
measurement ports are assigned a 50 Ω impedance. For every waveport 
excitation, we also have to define the number of modes and the type of modes 
allowed inside the model by defining an integration line. 

Analysis setup 
The analysis is performed for two different cases:

• with the beam analog: to optimize pickup position and ceramic 
dimensions

• without beam analog: to simulate mutual coupling between pickups and 
evaluate loaded Q-factor of the cavity

The analysis setup is summarized in Table 2.3. HFSS employs adaptive meshing 
by searching for the biggest error in the electric field gradients and sub-dividing 
the mesh in those regions. HFSS compares the S-parameters between consecutive 
passes and the model is considered converged when the maximum ΔS ≤ 0.02 dB 
is reached as mentioned in Table 2.3. The resonator is a narrow-band device, due 
to which, the adaptive solution frequency is set as a sinewave whose frequency is 
the design resonance frequency of 145.7 MHz. In order to evaluate the 3 dB 
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bandwidth of the final resonator model, a frequency sweep is defined over the 
range 130-161.4 MHz such that the center frequency is the resonance frequency.

Table 2.3: Driven Modal solution setup and Frequency sweep conditions.

Driven Modal Analysis setup

Solution Frequency 145.7 MHz
Maximum No of passes (Adaptive) 20
Maximum ΔS (Adaptive) 0.02 dB
Initial mesh options λ refinement
Maximum Refinement per pass 
(Adaptive)

20%

Order of Basis functions 2nd

Maximum ΔZo 2%
Frequency Sweep (Fast) 130-161.4 MHz (0.1 MHz step size)

Parametric investigation
Pickup position, Ceramic width, Ceramic 
thickness

The parametric investigation of the ceramic dimensions and pickup positions is 
performed with the beam analog in the model. Sji plots (j - large pickup loops and 
i - beam entrance port) are used to determine design parameters of the optimized 
cavity resonator. The optimized model is shown in Figure 2.11 and in Table 2.4
is summarized for the design values of the cavity resonator tuned to 145.7 MHz.

Figure 2.11: Dielectric-filled reentrant cavity resonator as a beam current monitor. P-3 and P-5 are 
the large inductive pickups. P-4 and P-6 are small pickups in the other plane. 
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Table 2.4: Parametric dimensions of the prototype.

Parameters [mm] Parameters [mm]
B, Beam pipe diameter 90 M, inductive zone width 35

C, External diameter of the 
ring

160 t, dielectric thickness 12.425

d, Inner diameter of the inner 
cylinder

100 s, pickup diameter 1.8

L, Overall length 221 l, internal length 171
D, Inner diameter of the outer 

cylinder
180 h, pickup height 35

NOTE: All the following Sji plots are between beam entrance and a large pickup. The 
unused pickup ports are terminated with a 50 Ω impedance and the beam entrance and 
exit ports with the characteristic impedance of the coaxial line between beam analog and 
beam pipe.

Ceramic width and thickness

Here, we investigate the influence of dielectric dimensions (ceramic width and 
thickness) on the resonance frequency and the signal coupling.

Figure 2.12: Sji transmission plots of a large pickup loop with respect to the beam entrance port as 
a function of frequency for multiple dielectric widths (for a given dielectric thickness). Markers 
represent the resonance frequencies and the coupling coefficients at different dielectric widths. The 
resonance frequency is inversely proportional to the dielectric width.
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Figure 2.13: Sji transmission plots of a large pickup loop with respect to the beam entrance port as 
a function of frequency for multiple dielectric thicknesses. Markers represent the resonance 
frequencies and the coupling coefficients. The resonance frequency is directly proportional to the 
dielectric thickness. 

We evaluate the optimized dielectric dimensions of the macor ring from the effect 
of the dielectric width (Figure 2.12) and dielectric thickness (Figure 2.13)
analysis on the system properties. For a given thickness, increasing the dielectric 
width increases the capacitance, which results in a decrease in the resonance 
frequency. On the contrary, for a given dielectric width, increasing the thickness 
decreases the capacitance, which increases the resonance frequency. Both of these 
behaviors are observable as expected. Moreover, we observe that the dimensions 
of the dielectric do not noticeably influence the beam- pickup coupling 
coefficient. This indicates that dielectric rings of different cross-sectional widths,
for a given thickness, can be used to tune the resonance frequency without 
compromising the level of the extracted signal. 
The dielectric dimensions: width=30 mm (ring outer radius=50+30 mm), 
thickness=12.42 mm are considered the optimal dimensions of the macor ring.
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Pickup position

Figure 2.14: Sji transmission plots of a large pickup loop with respect to the beam entrance port as 
a function of frequency for multiple pickup height (dimension ‘h’ in Figure 2.11). Markers represent 
the resonance frequencies and the coupling coefficients. Signal level increases with increasing 
pickup height as expected and results in a decreasing loaded quality factor consequently. 

We study the influence of the pickup position on resonance frequency, Q factor, 
and S-parameters as plotted in Figure 2.14. From Figure 2.14, we observe two 
behaviors:

• Increasing the height of the pickup increases the resonance frequency 
minimally. An increase in the pickup height by a factor ~2.5 increases the 
resonance frequency by approximately 800 kHz.

• Increasing the pickup height increases the signal coupling, i.e., S31 and 
consequently, the loaded quality factor decreases. A lower loaded quality 
factor means a lower external quality factor and as per Eq (2.20), this 
should result in a higher signal level. This is because, as we increase the 
pickup height, we are lowering the Qex by coupling out more power as 
per Eq (2.10). For pickup height > 35 mm, the beam-pickup coupling 
does not increase significantly but the QL is lowered considerably.

The pickup position = 35 mm is chosen for all the pickup loops in the prototype. 
The S31 (port 3 (large pickup loop) for the beam at port 1), which provides the 
beam-pickup coupling for a centered beam analog in the final resonator model 
(i.e., with chosen dielectric dimensions and pickup position) is -6.83 dB at 
145.7 MHz. The output voltage from the loop for a given beam equivalent current 
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through the beam analog can be evaluated from the above S31 coefficient. Since 
the characteristic impedance of the beam analog-beam pipe coaxial equivalent 
(Z10 = 366 Ω) and the port impedance (Zport = 50 Ω) are not the same, the transfer 
impedance between the beam entrance port and the pickup port is given by

31 31 10 portZ = S Z Z (2.25)

The S-matrix for the beam analog model is given in the Appendix.
For instance, for a sinewave with an amplitude of 1nA and a frequency of 
145.7 MHz at port 1 as a source of excitation, we can expect the pickup voltage 
approximately as 61 nV. For a bunch with a repetition rate of 72.85 MHz and a 
rectangular bunch length of 2 ns, the amplitude of the second harmonic 
component (i.e., 145.7 MHz) constitutes approximately 25% of beam current. 
Thus, for an actual beam current of 4nA at 72.85 MHz, the pickup will return the 
signal level of 61 nV. 

Mutual Pickup coupling

The intra-pickup coupling between a large pickup and a small pickup (for 
example, between port 3 and 4) of the final design of the resonator is shown in 
Figure 2.15. One of the ports is driven and the remaining unused pickup ports are 
terminated with 50 Ω port impedance for the simulation. The loaded quality factor 
QL is evaluated as per Eq (2.12). The loaded quality factor (QL), the resonance 
frequency, and peak coefficients (dB) for every pickup combination over 50 Ω
port impedance is summarized in Table 2.5.
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Figure 2.15: Sji transmission plots for no-beam analog simulation (a measurement of mutual
coupling between a large and a small loop) with and without port impedance normalized to 50 Ω
(for all the ports of the cavity). With the 50 Ω impedance, the resonance frequency is 145.7 MHz 
with a loaded quality factor of 40.58. Without normalized port impedance (when the impedance is 
the characteristic impedance of the coaxial port of the pickup), the resonance frequency is 
145.1 MHz with a loaded quality factor of 61.70. 

The effect of 50 Ω normalization on the coupling coefficient is clearly seen in the
above figure by comparing the mutual coupling (between a large and a small 
pickup) without the 50 Ω termination. It is important to remember, this does not 
take into effect the losses associated with cables, which will be used for the 
measurement. By terminating with 50 Ω, we observe the transmission between a 
large and a small pickup has increased which results in lowering of the QL and 
Qex.

Table 2.5: Simulated S-parameter coupling between pickup combinations for the resonator tuned to 
145.7 MHz. Mentioned also the simulated loaded Q for all these combinations.

S-parameter Resonance Frequency (MHz) S-peak (dB) Q-Value

S-34 145.7 -23.38 40.58
S-35 145.7 -1.53 40.58
S-36 145.7 -23.38 40.58
S-45 145.7 -23.38 40.58
S-46 145.7 -45.22 40.58
S-56 145.7 -23.38 40.58
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Field plots

Figure 2.16: E and H fields induced inside the LC resonator (with the beam analog) at 145.7 MHz. 
The maximum E field is in the same plane as the maximum E of the beam. The same is the case for 
the H-field.

2.5 Analytical vs Simulation of the pickup amplitude
For the analytical evaluation of the pickup voltage from the inductive loops of the 
beam current monitor prototype, we use the loaded and unloaded Q factor of the 
prototype from the HFSS simulation results. 
Values of parameters that we use for the evaluation is as follows:
𝜀𝜀𝜀𝜀𝑟𝑟𝑟𝑟, dielectric constant of macor = 6.0
Beam current = 1×10-9 A
Bunch repetition rate = 72.85×106 Hz; period = 13.72×10-9 s
Bunch duration = 2×10-9 s
For a given beam intensity, we can evaluate the total number of charged particles 
in the 2 ns bunch at 1 nA beam intensity using the formula:

/
/ 86

beam

beam

I eN dt
N I dt e protons

=
= ≈

(2.26)

Hence, the bunch charge q
171.36 10−= = ×q Ne C (2.27)

Taking the dimensions of the macor ceramic from Table 2.4
rmax is the outer radius of the dielectric ring = 80 mm
rmin is the inner radius of the dielectric ring = 50 mm
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d is the dielectric thickness = 12.425 mm
Then, Cgap yields 50 pF (approximately) as per Eq (2.4).
To determine the pickup voltage for a given beam intensity, we need to calculate 
R1, the shunt impedance of the resonator at the resonance frequency 𝜔𝜔𝜔𝜔𝑜𝑜𝑜𝑜. This we 
evaluate as:

o o gapQ =ω R1C (2.28)

According to the HFSS Eigenmode solver simulation, Qo = 267. Substituting Qo

in the above formula, we evaluate the shunt impedance as R1 = 5865 Ω. The 
quantity defined as R1/Qo is a figure of merit for the shape of the cavity is 
independent of the choice of material, which yields 22 Ω. 
We take QL of the cavity resonator as 40.6 from the HFSS Driven modal 
S-parameter solutions (mutual pickup coupling). We then evaluate Qext as 47.3 as
per Eq (2.10). Now, substituting all the terms in the Eq (2.20) provides pickup 
voltage for 1nA beam intensity with a repetition rate of 72.85 MHz as per 

2 2 2 2
out o o z

ex o

Z R1V ω q exp(-ω σ /2 c ) 11 nV
Q Q

β≡ ≈

This shows the agreement between the simulation estimate of 15 nV and the 
analytical estimate is satisfactory.

2.6 Conclusion
A dielectric-filled reentrant coaxial cavity has been designed such that its 
fundamental mode of resonance is at 145.7 MHz. The induced E and B fields in 
the separate transmission lines of the cavity represent a TEM mode configuration, 
but what we have really is a quasi-TEM. Since the field solutions of the TEM1

mode in the capacitive region (dominant) and of the TM010 mode in a pillbox are 
the same and as confirmed by the reasonable agreement between the simulation 
and TM010 mode analytical estimate, this cavity will be further on referred to as
TM010 (monopole) mode cavity. 
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2.7 Cut-plane of the prototype resonator
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2.8 Appendix

Frequency S:1:1 S:1:2 S:1:3 S:1:4 S:1:5 S:1:6

145.7 MHz S:1:1 0.457 0.545 0.455 0.037 0.456 0.037

S:1:2 0.545 0.453 0.457 0.037 0.457 0.037

S:1:3 0.455 0.457 0.543 0.037 0.457 0.037

S:1:4 0.037 0.037 0.037 0.996 0.037 0.003

S:1:5 0.456 0.457 0.457 0.037 0.542 0.037

S:1:6 0.037 0.037 0.037 0.003 0.037 0.996
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Chapter 3: Prototype Tests of the Proton Beam 

Current Monitor (BCM)

This Chapter is summarized in the following paper:

Sudharsan Srinivasan, Pierre-André Duperrex, Jacobus Maarten Schippers, Beamline 
characterization of a dielectric-filled reentrant cavity resonator as beam current monitor for a 
medical cyclotron facility, Physica Medica, Volume 78 ,2020, Pages 101-108, ISSN 1120-1797.
Doi: https://doi.org/10.1016/j.ejmp.2020.09.006.

3.1 Introduction
In the previous Chapter, we characterized the cavity resonator with the help of 
HFSS Eigenmode and Driven modal solvers. The simulation results of the cavity 
resonator provided an estimate of the signal level that we could expect in beam 
current measurements. Moreover, the simulation provides properties of the 
cavity, which include mutual pickup coupling and the loaded quality factor. These 
serve as the foundation to validate the cavity in the real-world before beamline 
installation. 

In this Chapter, the test-bench characterization of the cavity is described. The 
results of the test-bench characterization are compared with the simulation 
results, which provides confidence in the signal estimate and the properties of the 
cavity. Also discussed in this Chapter are the beamline measurements of the 
cavity resonator for proton beam energies in the range 238-70 MeV for the beam 
current in the range 0.1-10 nA.

3.2 Purpose of a test-bench 
For any beam diagnostic element, before its installation in the beamline, it is 
important to characterize it as a stand-alone device in the lab. For this purpose, a 
test-bench environment has been developed, similar to the simulation world. The 
main function of the test-bench is to perform network analysis of the cavity 
resonator (Device Under Test (DUT)) as a multiport device. The network analysis 
measurements of the DUT provide the resonance frequency and its 3 dB 
bandwidth, which provides information on the loaded quality factor QL. In 
addition, the mutual pickup coupling coefficients and the beam-pickup coupling 
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coefficients are derived from the S-parameter (Scattering) measurements. These 
measurements serve as the basis for the validation and characterization of the 
prototype. The test-bench characterization is performed in two stages of the S-
parameter measurement similar to the simulation:

• Without a beam analog, to measure cavity properties such as mutual 
pickup coupling as S – parameters, and loaded Q (to validate the 
prototype). The mutual pickup coupling provides information on the 
loaded quality factor of the stand-alone cavity. The external quality factor 
is derived from the loaded quality factor measurement (Chapter 2). 

• With a beam analogon, to measure the S-parameters between the beam 
entrance port and a large pickup port (to measure the pickup signal). 
These S-parameters help to determine the pickup signal in units of 
voltage as a function of beam current. 

3.3 Stand-alone test-bench and its components
The fundamental design concept for the test-bench is a vertical mounting of the 
BCM prototype along with its main stand elements. The main stand elements 
include two reference boxes on either end of the beam pipe extensions. We prefer 
such a design as it is easy to accommodate different prototypes (also for BPM
later in Chapter 5). This design aids in realizing a beam analog, i.e., a stretched 
wire passing through the hollow center of the prototype. In this way, wire bending 
due to gravity is prevented and orthogonality to the cross-sectional plane of the 
prototype is maintained. Figure 3.1 represents the design sketch of the test-bench
with DUT and the lab environment of the same setup. The description of the test-
bench elements is provided in the following subsection. 
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Figure 3.1: Design sketch and lab environment of the stand-alone test-bench. In the lab 
environment, ZNB8, a network analyzer from Rohde and Schwarz is used to make S-parameter 
measurements. FCL100 series linear drives move the stretched wire. The cavity characterization is 
performed to determine mutual pickup coupling, loaded quality factor and the beam-pickup 
coupling between the stretched wire and a large pickup.

3.3.1 Beam Current Monitor and its assembly components

The BCM is the DUT that we characterize on the test-bench. We designed the 
prototype (design parameters discussed in Chapter 2) with beam tubes with an 
inner diameter of 90 mm (standard PROSCAN beam pipe dimension) as pipe 
extension and four measurement ports (two large pickup loops and two small 
pickup loops). The purpose of having four measurement ports is discussed in 
Chapter 2 (subsection 2.4.3). The prototype is attached with non-rotatable flanges 
on either side for easy installation on the test-bench.

The test-bench consists of two reference boxes (top and bottom) sandwiching the 
prototype in-between. The linear drives are mounted in XY configuration inside 
the top reference box, as shown in Figure 3.1. The linear drives are used to 
position the stretched wire at multiple positions in order to measure the position 
dependence of the beam current monitor response and later for test-bench 
characterization of the beam position monitor (BPM) discussed in Chapter 5. The 
linear drive is a motorized precision stage with a maximum travel range of 
100 mm on an integrated stepper motor/controller [1] with a guaranteed on-axis 
position accuracy and bi-directional repeatability of ± 2.5 µm. 
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3.3.2 Beam analog 

A copper wire of 0.2 mm diameter serves as a beam analogon for the estimation 
of pickup signals for a given beam current. This is equivalent to the beam 
analogon used in the HFSS simulation. The copper wire is suspended with a 
hanging weight in an oil well. The stretched wire setup replicates a coaxial line 
equivalent to the simulation setup performed in Chapter 2. Since network 
analyzers have a source impedance of 50 Ω, a resistor of 316 Ω is connected in 
series to the beam analogon at the excitation port to match the characteristic 
impedance of the coax line consisting of the beam pipe and the stretched wire. 
This minimizes reflections and provides undisturbed excitation signals as shown 
in subsection 3.4.3. The influence of reflection on the beam analogon is 
considered negligible anyway since the length of the stretched wire is small 
compared to the wavelength of the resonance frequency. To verify the position 
independence of the monopole mode of the beam current monitor, Sji (j is the 
pickup port and i is the beam entrance port) measurements are performed at the 
center position (0, 0) and at an offset position (20, 20).

The BCM characterization, both with and without beam analog, is performed with 
a ZNB8 vector network analyzer [2]. Calibration techniques and the network 
analyzer functioning are described briefly in the Appendix. More detailed 
information can be found in [3].

NOTE: The structural analysis of the test-bench with the prototype was performed with 
the Autodesk Inventor suite [4]. The test-bench is a safe platform that does not induce 
mechanical deformation that could shift the resonance frequency.

3.4 S-parameter measurements
S-parameters are used as the reference to characterize the beam current monitor 
[5]. The S-parameters measured with a vector network analyzer are 
fundamentally the complex ratio of wave quantities while exciting the DUT with 
a stimulus at its various ports. In the previous Chapter, we mentioned the 
transmission Sji as the ratio of output power (port j) to input power (port i) and as 
a means to measure mutual pickup coupling coefficients and to measure pickup 
signal sensitivity. Since for both measurement scenarios, the Sji transmission is 
measured as a two-port measurement; the representation of the S-parameters for 
a two-port model is shown in Figure 3.2.
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Figure 3.2: Two-port S-parameter model

Each port has a transmission index represented as ‘a’ and a reflective index 
represented as ‘b’. For example, S21 is the transmission coefficient for a wave 
with port 1 as a source and port 2 as a receiver such that S21=b2/a1. Similarly, S11

is the reflection coefficient at port 1 given by S11=b1/a1. For the characterization 
of the prototype, we consider the transmission coefficients for comparison with 
simulation results. Moreover, it is important that we terminate the ports of the 
DUT not in use with a 50 Ω termination, as we simulated the prototype with such 
boundary conditions, as mentioned in Chapter 2. In the following, the mutual 
pickup transmission coefficients and the optimization of the resonance frequency 
will be discussed, followed by the results of the transmission coefficient 
measurement between the beam analogon and the pickups. 

3.4.1 Mutual pickup S-transmission (Sji) results

The mutual pickup S-transmission coefficient measurements are performed in the 
absence of the beam analogon. In this subsection, the measured mutual pickup 
coupling between a large (j=3) and a small pickup (i=4) is shown in Figure 3.4.
The measurement and simulation results of the Sji coefficients for all possible 
pickup combinations are summarized in Table 3.1. Also included are the 
resonance frequency, and the loaded quality factor, QL. We represent an example 
measurement scheme, S34, in Figure 3.3.
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From the above results, the observations could be summarized as:
• The average of the measured resonance frequency (i.e., 148.65 MHz) is 

2 % higher than the design resonance frequency of 145.7 MHz.
• The measured Sji is higher than the simulated Sji for all mutual pickup 

combinations.
• The measured loaded quality factor of the prototype is in good agreement 

with the simulation.
• The coupling between two large pickup loops (S35) corresponds in 

voltage ratio is Vout/Vin ≈ 0.85. The coupling between two small pickup
loops (S46) is Vout/Vin ≈ 0.0081. The coupling between a large and a small 
pickup loop (S34, 36, 45, 56) is Vout/Vin ≈ 0.081.

Comparing the transmission coefficients of S34 vs S46, we can deduce that the 
sensitivity of the large pickup is approximately factor 10 higher than the small 
pickup. This agrees with the ratio of the area between the large pickup loop 
(1172 mm2) and the small pickup loop (114 mm2).
The measured coupling coefficients, especially between two small pickups (S46)
or between a small pickup and a large pickup (such as S34, 36, 45, 56) is minimum
2 dB higher than the simulation. Some construction issues that we cannot exclude
might have contributed to these differences. Nevertheless, the mutual pickup 
coupling of the two large pickups (S35) is in good agreement with the simulation 
(see S34 between simulation and measured in Table 3.1) and as these loops are 
used to measure the beam-pickup coupling, the differences in mutual pickup 
coupling for S34, 36, 45, 56, 46 are not of major concern. 

The only deviation of concern is the resonance frequency with respect to the 
simulation, which is optimized (i.e., tuned) as shown in the next subsection.
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Figure 3.4: Measured S-34, transmission coefficient between a large and a small pickup of the 
prototype.

3.4.2 Resonance frequency optimization

The source of error for the difference in the resonance frequency is the difference 
in the dielectric constant of the macor. The equivalent dielectric constant is 
estimated as 5.7 at approximately 150 MHz compared to 6.0, which was used to 
determine the ring dimensions. This constitutes to 5% decrease in the equivalent 
capacitance, which results in approximately 2% (square root) increase in the 
resonance frequency i.e., 148.64 MHz as observed. This difference could be due 
to the frequency dependence of the dielectric constant [6], in combination with a 
different dielectric constant of the material supplied.

HFSS simulation results as shown in Figure 3.5 confirms the above assumption 
of the 2% increase in the resonance frequency. As seen in Chapter 2, the 
resonance frequency can be optimized by varying the dimensions of the dielectric. 
Since the prototype is already manufactured, the resonance frequency can be 
tuned only by changing the dielectric width. From parametric analysis studies, a 
dielectric width of the optimized macor ring of 33 mm is chosen as the optimal 
macor width dimension. The beam current monitor with the modified macor ring 
is used to characterize the pickup sensitivity in the presence of a beam analog, as 
described below.
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Figure 3.5: Updated S-34 plot of the beam current monitor with a dielectric constant of 5.7.

3.4.3 Beam-Pickup S-transmission parameter

Figure 3.6: Test Scenario for Beam-pickup S-transmission measurement. The Vector Network 
Analyzer (VNA) provides a source signal at 145.7 MHz with a span of 30 MHz (130.0 MHz-
160.0 MHz).

We performed an S-transmission coefficient measurement between the stretched 
wire (beam analogon) and one of the large pickups. This provides the pickup 
sensitivity for a given beam current transiting through the stretched wire, which 
is compared with the simulation results. Since the stretched wire forms a coaxial 
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line with the DUT, to minimize reflections, impedance matching is implemented. 
The impedance is matched only at port 1, as shown in Figure 3.6, as the other end 
of the stretched wire is suspended in an oil well with a hanging weight. As 
discussed in subsection 3.3.2, the impedance matching at port 1 is achieved by 
placing an ohmic resistor of 316 Ω to match (to 366 Ω characteristic impedance). 
For the beam-pickup measurement, the voltage ratio is not used since the two 
ports are not terminated with the same impedance values. Hence, the power ratio 
is used to determine beam-pickup coupling from S31 measurements. For a pickup 
port terminated with 50 Ω, we can expect the pickup voltage in the range as given 
in Chapter 2.

S31 is measured at two different beam positions similar to the simulation: at (0,0),
the center position and at (20,20), a position that corresponds to 60% of the beam 
pipe radius as shown in Figure 3.7. The measured resonance frequency is 
145.7 MHz. It is important to see the good agreements between measurement and 
simulation after replacing the macor. The position dependence of the cavity 
resonator sensitivity is approximately 0.03%/mm up to 60% of the beam pipe 
radius. This is because the Bessel function of the order m = 0 is nearly 
independent of the radius close to the cavity center [7].

Figure 3.7: S31 measured at (0,0) and at (20,20) in the test-bench, confirming the position 
independency of the resonator.

The measurements confirm that for a beam current of 1nA at 72.85 MHz, we can 
expect the pickup signal to be at approximately 15 nV (rms) and the
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corresponding power is -143 dBm. To read such low signals into the measurement 
system, we need high-gain low-noise amplifiers and high-resolution Analog-to-
Digital Converters (ADCs). It is important to consider the losses (≈4 dB) 
associated with long measurement cables, connectors, ADCs and amplifiers in 
the operational situation, as in the test-bench measurements and in the simulation, 
these were not considered. Thus, the thermal noise floor for a 50 Ω is raised 
to -170 dBm (≈0.7 nV) from -174 dBm for a measurement bandwidth of 1 Hz. 
For the beam current of 1 nA, we expect the SNR at approximately 
27 dB (-143 dBm +170 dBm). 

3.5 Beamline characterization
The validation of the prototype has been completed with beamline measurements. 
For the resonator to deliver the same signal sensitivity independent of the beam 
energy, the resonator must be located not too far downstream of the degrader. 
Otherwise, with decreasing proton energy, the bunch length is increased due to 
the contribution of the degrader to the energy spread in the beam as described in 
Chapter 1. This will lower the amplitude of the second harmonic component in 
the bunch, which will reduce the resonator sensitivity at lower proton energies. 
Thus, to measure the beam current in the energy range 238-70 MeV with an 
energy independent sensitivity, the resonator should be located close to the 
degrader exit in the ideal case. However, this may not be the location where the 
beam current has to be or can be measured. The effect of the distance between the 
resonator and the degrader on the sensitivity of the resonator is described in the 
following subsection. 
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3.5.1 BCM location in the PROSCAN layout and the effect of bunch 
length

Figure 3.8: PROSCAN beamline layout with the beam current monitor location highlighted.

The PROSCAN facility is temperature-controlled (28.5 ± 0.5 °C), in order to 
have stable operating conditions for its beamline elements. In PROSCAN, 
delivery of multiple beam energies in the range 238-70 MeV is achieved by means 
of a carbon wedge degrader [8]. The degradation of the beam energy results in 
the growth of the emittance and energy spread [9]–[11]. To have the required 
beam quality at the patient location, the beam is shaped by a set of collimators 
and an Energy Selection System (ESS) that helps in controlling the energy spread 
at the patient location. An emittance of 30 𝜋𝜋𝜋𝜋 mm mrad and a maximum 
momentum spread of ±1.0% is allowed to match the acceptance (emittance and 
momentum) of beamlines and gantries [8]. The increase of the energy spread 
leads to an energy-dependent decrease in bunch amplitude and an increase in 
bunch length down the beamline in the beam current. Thus at 16 meters from the 
degrader where the cavity resonator is positioned as marked in Figure 3.8, the 
second harmonic of the beam repetition rate is reduced because of this effect.
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For beamline validation of the cavity resonator, multiple energies are chosen as 
given in Table 3.2. The energy spread induced by the degrader at these energies 
is calculated as per [12] and is within an acceptable range of the measured energy 
spread as given in [13]. For energies lower than 180 MeV, the ESS helps in 
reducing the momentum spread to ±1%, but at the energies 231 MeV and 
201 MeV, the momentum spread is smaller than 1% and therefore not limited by 
the ESS.

The bunch length at the location of the resonator is estimated from the momentum 
spread for different energies. Due to the momentum selection in the ESS, a 
rectangular distribution can be assumed for the shape of the beam bunches. 
Therefore we have assumed that the harmonic amplitude factor for the second 
harmonic is only affected by the lengthening of the bunches and not by a shape 
change [14]. The estimate of the second harmonic amplitude factor, A2, which is 
normalized to the average beam current, decreases with increasing bunch length 
as given in Table 3.2.
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Table 3.2: Estimate of the second harmonic amplitude factor for a rectangular bunch shape [14] at 
the resonator location for different beam energies. A bunch length of 2 ns at the degrader exit is 
assumed as reference for the calculation. 

Energy,

MeV

Energy Spread,

MeV
Momentum 
spread, %

Bunch length 
at resonator, 

ns

2nd

Harmonic 
Amplitude 
Factor (A2)

79 4.4 1.0 3.24 0.67

109 4.2 1.0 3.08 0.69

139 3.9 1.0 2.97 0.71

171 3.3 1.0 2.91 0.73

201 2.7 0.84 2.71 0.76

231 1.7 0.70 2.56 0.79

3.5.2 Measurement chain 

For the beam current measurements with the cavity resonator, a PSI developed 
measurement system called VME MESTRA is used [15]. The measurement 
system is configured to convert the amplitude of the 145.7 MHz RF-signal from 
the cavity into a proportional voltage signal. The measurement chain, as shown 
in Figure 3.9, starts with a measurement port, i.e., a large inductive loop of the 
cavity resonator. The other large inductive loop is connected to a resonance 
trombone for tuning capabilities. The pair of the small inductive loops are 
terminated with 50 Ω. The cavity signal is amplified with a low-noise amplifier 
of 29 dB gain [16]. The amplified signal is then bandpass (BP) filtered (40 dB 
suppression) with a customized cavity-type filter from KL microwave [17]. The 
bandpass filter has its center frequency at 145.0 MHz with a 3 dB bandwidth of 
8.24 MHz. The filtered signal is further amplified by a 40 dB gain with a FEMTO 
wideband low-noise amplifier [18]. The filtered and amplified signals from the 
cavity enter the main sub-system of the measurement system, whose components 
are:
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• 2× 25 dB preamplifier [19]
• 16-bit Digitizer (30µV resolution) (ADC3110) [20] with 

50.0 MSamples/s sampling rate, maximum input power 
10 dBm (2 Vpeak-peak)

• Digital Down Converter (DDC)

Figure 3.9: Measurement chain representation from the resonator to the electronic cubicle. Two 
low-noise amplifiers with gains of 35 dB and 40 dB, a passband filter with a center frequency of 
145.0 MHz (3 dB bandwidth = 8.24 MHz), Sucofeed RF cables, VME MESTRA are the 
measurement chain elements. The small inductive loops are terminated with 50 Ω. The switches 
before Stage 2 indicate the two different measurement scenarios. Scenario 1 represents 50 Ω on the 
input of the measurement chain represents Stage 2-4. Scenario 2 represents the resonator connected 
to the measurement chain represents Stage 1-4.

The digitized signal is down-converted through a Field Programmable Gate Array 
(FPGA) on the Digital Down Converter (DDC). The DDC results in an output 
signal, Res DDC (in counts), with 50 k samples/s following a reduction with a 
factor of 1000 of the input signal. The DDC filters the input noise power of the 
digitized signal with its 18 kHz (3 dB) bandwidth in order to get a high attenuation 
for the stopband and a flat passband. For a beam current of 1 nA at the resonator 
location, the power budget of the measurement system, integrated over 1 second, 
is given in Table 3.3.
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Table 3.3: Power budget of the measurement system for 1nA beam current as excitation for the 
cavity resonator.

Stage measurement system elements
Gain 
(dB)

Cumulative power level 
(dBm)

1 Resonator - -143.0

2 Local amplifiers +69.0 -74.0

3
½” H&S SUCOFEED cable 

50 m
-2.0 -76.0

4
VME MESTRA total 

amplification
+50.0 -26.0

3.6 Measurement results

3.6.1 No-beam response with and without the resonator

Prior to the in-beam characterization of the cavity resonator, the no-beam 
response is measured without resonator (scenario 1 marked in Figure 3.9) and 
with the resonator (scenario 2 marked in Figure 3.9) in the measurement chain. 
This measurement was performed while the cyclotron RF was switched on but 
with no beam traversing the monitor for both the scenarios. 

Without the resonator, the DDC output signal for a 50 Ω termination on the 
measurement cable (scenario 1, Figure 3.9) was recorded as 40000 counts (noise) 
with a standard deviation of 1.3%. The measurement offset, which is the no-beam 
resonator response (scenario 2, Figure 3.9) is recorded as Imeasoff = 63007 counts 
with a standard deviation of 1.3% (approximately 800 counts). This is 
representative of the RF interference of the resonator from the cyclotron and the 
noise floor of the measurement chain. The difference between the two values is 
the amplitude of the RF interference in counts.

3.6.2 In-beam resonator response

The resonator response is measured for beam current sweeps in the 
range 0-2.5 nA for the beam energies given in Table 3.2. For the calibration of 
the cavity resonator as a beam current monitor, an IC [21], [22] is used as a 
reference monitor, as marked in Figure 3.8. The reference monitor immediately 
behind the resonator was used for this in order to have the same beam current 
amplitude. The measured resonator response with respect to the beam current at 
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231 MeV is shown in Figure 3.10. The standard deviation of the measured 
response at every beam current is approximately 800 counts.

Figure 3.10: Resonator response (ResDDC) in counts at 231 MeV for multiple beam currents. 
Marked are the non-linear and the linear range of the resonator response with beam current. The 
dotted line represents the trend of the measurement.

As marked in Figure 3.10, for high beam currents, the relation between the 
resonator response (given as IResDDC in counts) and the absolute beam current 
(given as Ibeam in nA) can be considered linear after neglecting the measurement 
offset contributions (smaller effect on the measurement):

ResDDC beamI = kI (3.1)

where k is the resonator sensitivity whose unit is counts/nA. However, for low 
beam intensities, as marked in Figure 3.10, the relation between IResDDC and the 
Ibeam is non-linear since the IResDDC is close to the measurement offset, Imeasoff. For 
lower beam currents, the relationship can be given by 

2 2 2 2
ResDDC measoff beamI =I +k I (3.2)

where the power of the measured signal (I2
ResDDC) is the sum of the individual 

power of the measurement offset (I2
measoff) and the power of the beam current 

response (k2I2
beam). Such a relation is possible under the consideration that the 

beam current response and the measurement offset are uncorrelated. 
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Figure 3.11 represents the beam current measurement represented in power form,
i.e., I2

ResDDC, with respect to the power of the beam current, i.e., I2
beam, for all 

energies. The linear fit is of the form as represented in Eq (3.2) where the intercept 
term of the linear fit equations is the power of the measurement offset I2

measoff and 
the slope term is square of the resonator sensitivity, i.e., k2. The measurement 
offset and the resonator sensitivity are given as the square root of the intercept 
term and of the slope term from Figure 3.11 and are summarized in Table 3.4.

The measurement offset derived from the fit intercept term for all energies is 
within an acceptable range of the no beam resonator response, i.e., 63007 counts. 
This indicates that there has been no presence of unexpected noise contributions 
during the measurement. The measured resonator sensitivity, k_meas (in units of 
counts/nA), given in Table 3.4, decreases with beam energy as expected (i.e.,
expected resonator sensitivity, k) due to the energy-dependent decrease in the 
relative amplitude of the second harmonic. This trend is clearly represented in 
Figure 3.12.
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Table 3.4: Measurement summary for resonator at different energies. The fractional uncertainty of 
the evaluated measurement offset and the resonator calibration factor is derived from the in-beam 
measurements through error propagation. The value of the normalizing term, C=212042 counts/nA. 
A2 is taken from Table 3.2.

Proton Beam 
Energy 
(MeV)

Measured Resonator 
sensitivity, k_meas (±1.35%)

(counts/nA)

Expected 
Resonator 

sensitivity, k 
(=A2*C)

(counts/nA)

Measurement 
offset, Imeasoff

(±1.26%)

(counts)

79 138202 142068 62418

109 139821 146309 63008

139 151327 150550 62737

171 153493 154791 62169

201 161152 161152 62104

231 168434 167513 60308

Figure 3.12: Resonator sensitivity and measurement offset dependence on beam energy. The 
resonator sensitivity decreases with energy due to the energy-dependent beam current. The data 
points are represented with one sigma deviation. Marked as dotted lines are the trend of the expected 
resonator sensitivity (blue) and the measurement offset agreement with no-beam resonator response 
(black).
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The expected sensitivity, k, calculated from the expected relative dependence of 
the sensitivity as a function of energy, is within one sigma of the measured 
sensitivity, k_meas, for all energies except for 109 MeV (≈3 sigmas) and 79 MeV 
(≈2 sigmas). This could be due to higher correction applied for the signal losses 
in the IC due to its geometrical limitation (measurement window of the IC smaller 
than bunch width for lower energies). The product of the second harmonic 
amplitude factor, A2, (from Table 3.2) with a normalizing term, C, provides the 
expected resonator sensitivity, k, in Table 3.4. The value of the normalizing term, 
C = 212042 counts/nA (C=161152/0.76), is derived by comparing the measured 
sensitivity, k_meas, with A2 of 201 MeV.

Table 3.4 and Figure 3.12 show that the energy dependence of the resonator 
sensitivity is in reasonable agreement with our expectations. Thus, the linear-fit 
equations given in Figure 3.11 are used to determine the lowest detectable beam 
current. 

We defined the lowest detectable beam current by the condition that the resonator 
response (i.e., IResDDC) is at least three sigmas (defined resolution) higher than the 
measurement offset. This condition provides the lowest detectable beam current 
as 0.15 nA with a resolution of 0.05 nA for all energies as derived from the fit 
equations given in Figure 3.11.

3.7 Discussion
The prototype cavity resonator has been validated as a beam current monitor both 
in the test-bench environment and in the beamline. The test-bench 
characterization of the cavity without the stretched wire helped to identify a 
difference of approximately 5% in the dielectric constant of macor. A new macor
ring with the final optimal width 33 mm and thickness of 12.42 mm has been 
installed in the prototype before estimating the beam-to-pickup sensitivity in the 
test-bench. A good agreement of the signal estimate and the loaded quality factor 
with respect to simulation results was found. The position dependency of the 
cavity resonator is only 0.03%/mm up to a distance corresponding to 60% of the 
beam pipe radius. Compared to Fast Current Transformers, whose position 
dependency is greater than 1%/mm [23], we conclude that cavity resonators are 
better suited for position independent beam current measurements.

The energy dependence of the resonator sensitivity is in reasonable agreement 
with our expectations and indicates that a calibration of the cavity resonator 
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should be made for different energies and momentum slit apertures in the ESS at 
each location where it is installed.

Especially for energies 109 MeV and 79 MeV, the higher deviation between the 
expected and the measured sensitivity calls for an accurate correction for the 
signal losses (in the IC due to geometrical limitations). In other words, an absolute 
measure of the beam current and momentum spread is necessary to have a good 
calibration of the resonator, which would provide a good agreement of the 
sensitivity within one sigma with respect to the expected trend of the sensitivity. 
Although most treatments are done with the same maximum momentum spread 
(set by ESS slit aperture), the dependence of the sensitivity on the actual 
momentum spread should also be calibrated. 

It is also important to remember that the measured sensitivity is valid only for the 
present location of the resonator, i.e., 16 meters from the degrader. Any relocation 
of the resonator requires a new calibration for each individual energy and the 
transmitted momentum spread. The need to calibrate individually at multiple 
energies can be replaced by single energy calibration with the relocation of the 
resonator at the immediate proximity of the degrader exit. This is because the 
bunch length elongation due to the beam energy spread induced by the degrader 
is then smaller and for more downstream located cavity resonators, the energy 
dependence is then only determined by the (fixed) distance to the degrader. 

The calibration performed should be considered invariant with time since 
PROSCAN is a temperature-controlled environment. Thus, reliable beam 
currents can be measured with the sensitivity derived from the measurements. 

The good agreement between the no-beam resonator response and the 
measurement offset from the in-beam measurements suggests that the cavity 
response and the measurement offset are uncorrelated. 

Although beam currents down to 0.15 nA can be measured with 0.05 nA 
resolution with the existing setup, measurement of beam currents down to 0.1 nA 
could be achieved. This is possible with an ideal RF isolation of the cavity, which 
can lower the measurement offset to 40000 counts. This also improves the 
sensitivity by a factor of 1.5 approximately and an improved signal resolution of 
0.03 nA. 

Further performance improvements of this resonator are possible with the design 
of the resonator as a single port or with improved impedance matching (with 
matching circuits) at the measurement port in the multiport resonator. Both 
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methods are expected to improve the signal level by up to 50% for a given beam 
current. 

The cavity resonator can provide beam current information for the 
range 0.1-10 nA with 0.05 nA resolution using an integration time of 1 second. 
This limits the functionality of the resonator in patient treatments. The cavity 
resonator can be used for optimizing the beam transport properties as well as in 
controlling the operation parameters within the normal ranges. 

In circumstances such as daily quality checks and high beam current irradiation,
as in FLASH (very high dose rate) experiments, a cavity resonator is 
advantageous and could replace ICs. Especially, FLASH experiments could pose 
a risk for ICs due to the space charge effect that could result in a non-linear 
response. The use of the cavity resonator will relay all the necessary measures 
[24], required for the proper functioning of the ICs. Moreover, if proton FLASH 
therapy becomes available for clinical treatment in the future (possible only for 
high energies with existing accelerators), a cavity resonator could be used during 
patient treatment since the beam currents are in the range of hundreds of nA [25].
This would lower the integration time to a few tens of microseconds enabling 
real-time beam monitoring and feedback to the control system.

3.8 Conclusion
In this work, we have demonstrated successful non-invasive beam current 
measurements at a proton therapy facility in the range 0.1-10 nA for the energy 
range 231-79 MeV. This relative beam current measurement has been achieved 
with a resolution of 0.05 nA with the help of a dielectric-filled reentrant cavity 
resonator. To our knowledge, this is the first time, non-invasive beam current 
measurement has been achieved at a proton therapy facility. These results indicate 
that cavity resonators have the potential to replace several of the ICs for beam 
current measurements at proton therapy facilities.
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3.9 Appendix
FCL100 Linear Drive

3TA 1: Mechanical specifications and load characteristics of the FCL100 series linear drive

Specifications FCL100

Travel Range (mm) 100

Minimum incremental motion (µm) 0.15

Bi-directional repeatability (µm) 5

On-axis accuracy (µm) 5

Pitch (µrad) 100

Yaw (µrad) 100

Axial load capacity (N) 40

Weight (kg) 3.6

ZNB8 Vector Network Analyzer

The vector network analyzer is with a source impedance of 50 Ω and with 4 test 
ports. The frequency range of operation is from 9 kHz to 8.5 GHz. In a 
transmission measurement, the analyzer transmits a stimulus signal to the input 
port of the Device Under Test (DUT) and measures the transmitted wave at the 
DUT’s output port. Before any measurement, it is recommended to preset the 
instrument to establish a well-defined instrument state. Prior to any measurement, 
it is also important to calibrate the test-bench measurement setup, as we can 
eliminate systematic, reproducible errors from cables and setup. The TSOM 
(Through, Short, Open, and Match) calibration with the help of the provided 
calibration kit has been used to minimize the systematic measurement errors.
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Chapter 4: Design of a Four-quadrant Dielectric-

filled Reentrant Cavity Resonator as a Proton 

Beam Position Monitor (BPM) Using HFSS 

Simulation

This Chapter and the next Chapter are combined in the following paper, which is 
under submission for a peer-reviewed journal.

S. Srinivasan, P-A. Duperrex, J. M. Schippers, S. Brandenburg, Development of a Four-quadrant
Dielectric-filled Reentrant Cavity as a Beam Position Monitor (BPM) for Proton Radiation Therapy 
Facility at Paul Scherrer Institute (PSI)

4.1 Introduction
In Chapter 2 and Chapter 3, we designed and characterized the beamline 
performance of a non-invasive beam current monitor based on the excitation of 
the monopole (TM010) mode resonance in a reentrant coaxial cavity. These results 
provided the motivation to investigate the feasibility of a resonant cavity as a 
beam position monitor (BPM). However, a TM010 mode excited cavity does not 
provide any position information as discussed in Chapter 2 and experimentally 
demonstrated in Chapter 3. Therefore, the excitation of other electromagnetic 
(EM) modes has been investigated.

Beam position measurements are based on transducers that are sensitive to the 
beam position with respect to them by detecting the electromagnetic fields 
induced by the beam. The distortion of these fields depends on the beam position, 
which allows for accurate beam position measurement [1]. To measure the beam 
position with a good resolution, the beam current is an important baseline 
parameter, as it determines the signal-to-noise ratio (SNR).

For PROSCAN, the small beam-induced signals for beam currents in the range 
0.1-10 nA limit the sensitivity of conventional non-invasive BPMs such as 
capacitive pickups and Wall Current Monitors (WCMs). Hence, at PROSCAN, 
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beam position information is measured by interceptive techniques such as multi-
strip ionization chambers (ICs) and secondary emission monitors [2]. The 
downside of using these monitors is that they affect the beam properties due to 
multiple scattering. In order to get rid of these scattering effects, a non-
interceptive beam position monitor is considered for the PROSCAN beamlines. 

An off-centered beam will excite a dipole mode (TM110) excitation in a resonant 
cavity [3]. Therefore, it could be a good candidate for non-interceptive beam 
position measurements. Cavity resonators excited in the TM110 mode directly 
provide a signal amplitude per unit of displacement [3] for off-centered beams 
only. The position information from a resonant cavity with a TM110 mode 
excitation is directly available as discussed in Chapter 1. In comparison to other 
non-interceptive monitors, in which the position information is generally 
provided by the difference between signals of two opposing pickups, the cavity 
resonator proposed here does not require the subtraction of signals to derive
position information. In this Chapter, we investigate the TM110 mode excitation 
in a reentrant cavity as a potential candidate to measure beam position at the low
beam currents in PROSCAN. 

At PROSCAN, the COMET cyclotron delivers a proton beam in bunches with a 
repetition rate of 72.85 MHz. The cavity is designed such that the resonance 
frequency of theTM110 mode in the reentrant cavity resonator is at 145.7 MHz,
which is the second harmonic of the beam bunch repetition rate. This frequency 
is chosen for reasons already discussed in Chapter 2.

4.1.1 Dipole mode (TM110) cavity characterization

Prior to designing a TM110 mode cavity for monitoring beam positions, it is 
important to have a general overview of the TM110 mode and to have an analytical 
estimate of the pickup signal for a given position offset of the beam. The detailed 
description of the theoretical background used in this section can be found in [3]–
[6].

Here, the characterization of a TM110 mode cavity is explained from the 
perspective of a generic pillbox cavity. The TM110 mode, a transverse magnetic 
mode, is antisymmetric and its amplitude is linearly dependent on the gap radius 
of a conventional pillbox cavity [5]. The TM110 mode, represented in cylindrical 
coordinates (r,𝜙𝜙𝜙𝜙,z) where r is the radial distance, 𝜙𝜙𝜙𝜙 is the azimuth angle, z is the 
longitudinal distance) has no longitudinal magnetic field component ( Bz=0) and 
a non-vanishing longitudinal electric field component (Ez≠0). The excited TM110



Chapter 4

83

mode in any resonator is defined by the cavity geometry. For a simple pillbox 
cavity design, the cavity radius Rres and the gap length l define the cavity 
geometry as shown in Figure 4.1. The TM110 mode is represented in cylindrical 
coordinates (r,𝜙𝜙𝜙𝜙,z) with the indices m, n, p (TMmnp) as defined in ref. [4]

• (m=1) One full period sinusoidal variation of the field components along 
the azimuthal direction. In cylindrical resonators:
𝐸𝐸𝐸𝐸,𝐵𝐵𝐵𝐵 ∝  cos(𝑚𝑚𝑚𝑚𝜙𝜙𝜙𝜙) or sin(𝑚𝑚𝑚𝑚𝜙𝜙𝜙𝜙)

• (n=1) One zero crossing of the longitudinal field components in the radial 
direction. In cylindrical resonators: 𝐸𝐸𝐸𝐸𝑧𝑧𝑧𝑧,𝐵𝐵𝐵𝐵𝑧𝑧𝑧𝑧  ∝  𝐽𝐽𝐽𝐽𝑚𝑚𝑚𝑚(𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿/𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠) where,
amn are zeros of Jm, the Bessel functions of the first kind. 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿 is the beam 
position offset with respect to the central axis and Rres is the radius of the 
cylindrical resonator

• (p=0) zero half-period sinusoidal variation of the field components in the 
longitudinal direction. In cylindrical resonators:
𝐸𝐸𝐸𝐸,𝐵𝐵𝐵𝐵 ∝  cos(𝑝𝑝𝑝𝑝𝜋𝜋𝜋𝜋𝑝𝑝𝑝𝑝/𝑙𝑙𝑙𝑙) 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 sin(𝑝𝑝𝑝𝑝𝜋𝜋𝜋𝜋𝑝𝑝𝑝𝑝/𝑙𝑙𝑙𝑙). l is the gap length in the cylindrical 
resonator

The resonance frequency of such a mode is given by [6]

( ) ( )2 2
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μ ε
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Rμ ε

(4.1)

The fields of the TM110 mode, ignoring the effects of coupling ports and beam 
pipe, are given by [5], [7],
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where C110 represents the amplitude of the oscillation. 
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Figure 4.1: Schematic representation of the induced TM010 (red field lines) and TM110 modes (black 
field lines) in a generic cylindrical cavity (pillbox). The magnetic field amplitude of an offset beam 
is shown in the central figure. An offset beam excites both modes. The TM110 mode amplitude is 
proportional to both beam current and offset. The TM010 mode amplitude is proportional only to 
beam current. Same offset but in the opposite direction induces the same signal but with opposite 
phase (continuous and dotted lines) [5].

According to the fundamental theorem of beam loading [8], an acceleration a 
charged particle gets while passing an empty cavity is exactly one-half of its own 
induced voltage. The energy stored in a mode within the cavity then can be 
expressed as 

2

mnp o z,mnp
V

1W = ε E dV
2 ∫ (4.5)

The voltage along the longitudinal direction of the particle beam in a cavity at the 
TM110 mode is represented as [9]

2
110 110

110 110 110
110 o 110

V ω RV =2 q k  with k = =
4 W 2 Q

 
 
 

(4.6)

where, q is the bunch charge in Coulombs; k110 is the loss factor of the TM110

mode in V/C and 𝜔𝜔𝜔𝜔110 is the angular TM110 resonance frequency. R is the shunt 
impedance for TM110 mode and as per circuit theory, its expression can be found 
in [3]. Q0 is the unloaded Quality factor of the TM110 mode within a cavity (cavity 
walls: σ is conductivity, µ is permeability) given by

11011
o

res

λa1Q =  where, δ is the skin-depth
R2π δ1+

l

(4.7)

Rres
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The quantity (R/Q0)110 is the normalized shunt impedance of the TM110 mode and 
its expression at the location of the maximum electric field (δx = 0.48R) in a 
generic pillbox is given by

max 2 2
20 1 tr
tr2

o resres o 11 11110

2 Z  (J )  TR = 130.73  T
Q Rπ R J (a ) a

l l 
≈ 

 
(4.8)

where a11 = 3.83 is the first zero of 𝐽𝐽𝐽𝐽1; 𝐽𝐽𝐽𝐽1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  = 0.582 the maximum of the first-
order Bessel function; 𝐽𝐽𝐽𝐽𝑜𝑜𝑜𝑜(𝑎𝑎𝑎𝑎11) = 0.402 is the root (solution) of the zero-order 
Bessel function that corresponds to the first zero of the first-order Bessel function. 
Zo = 377 Ω is the free-space characteristic impedance. The location of the 
maximum electric field is given by the ratio of the location where the maximum 
of the first-order Bessel function is, to the location of the first zero of the same 
Bessel function. Ttr, the transit-time factor, is the maximum energy gained in the 
cavity normalized to the cavity voltage [10] and is as given in [11] for low energy 
beams. 

The voltage induced in the TM110 mode by a charge q for a given position offset 
δx can be evaluated by taking the line integral of Eq (4.2) along the particle 
trajectory. The induced voltage for any arbitrary offset can then be expressed as

in max max in 110 11
110 110 1 11 1 110 max

1 res

2k q a δx
V /V =J (a δx)/J , V =

2J R
(4.9)

The Bessel function J1(x) can be replaced by x/2 for small offsets, so the voltage 
becomes linearly proportional to δx (the error of this approximation is less than 
1% for δx up to 15% of Rres). Substituting Eq (4.6) and (4.8), in the above 
equation, provides us the general expression of induced voltage for a given offset 
δx

2
in tr11

110 110 max 3
o 1 res res110

0.2474 δx q Ta δxRV (δx)=ω q =
Q 2J R R

l 
 
 

(4.10)

where, q is expressed in pC and l in m. The voltage coupled out from the cavity 
into a 50 Ω measuring system can then be expressed as

0.5

out in L
110 110 c 110

o L 0 L 0110 110

QR 50Ω χ R 50ΩV (δx)= ω q B =V (δx) 1-
Q Q 1+χ Q Q Q

−
    
         

(4.11)
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where, χ is the pickup coupling coefficient given by χ=Qo/Qext. Qext can be 
calculated from subsection 2.1.3. Bc is the beam coupling coefficient and is 
equivalent to the angle bracket term in Eq (4.10).

4.2 Design Considerations

4.2.1 TM110 mode polarization

In Figure 4.1, it can be seen that both the TM110 mode and the TM010 mode are 
excited at r ≠ 0. Since we are interested in the TM110 mode, it is important to 
minimize the amplitude of other modes (especially TM010 mode) at the resonance 
frequency of the TM110 mode. This can be achieved by having a high quality 
factor of the TM010 mode and a large resonance frequency separation between the 
TM010 and the TM110 modes. However, by opting for a strong coupling due to the 
demand to measure position information for low beam currents (0.1-10 nA), the 
quality factor of these modes would be lowered, which will result in an increased 
amplitude of the TM010 mode at the TM110 mode frequency. 

The TM110 mode is a combination of both horizontal and vertical polarization for
an arbitrary beam position (X, Y) as represented in Figure 4.2. For a pure X offset 
(i.e., Y = 0), the vertical polarization is not excited and is vice-versa.

Figure 4.2: TM110 mode as a combination of horizontal and vertical polarization. Plotted are the H
→

vectors from the Eigenmode solution of the BPM prototype as a non-coupled model (No pickup 
ports).

For a beam offset in a cavity, as shown in Figure 4.3, the total field strength is a 
combination of both the TM010 and the TM110 mode amplitudes [12]. At the left 
side of the cavity, these mode amplitudes add up vectorially, while at the right 
side, they subtract. This changes with the beam offset in the opposite direction. 
However, as can be seen in Figure 4.1, the amplitude of the TM110 signal only 
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gives the magnitude of the beam offset, but not the sign (direction) of the 
displacement. Subtracting Left and Right signals will zero the TM010 mode and 
double the amplitude of the TM110 mode for a given beam offset. When the TM010

mode presence at the TM110 mode frequency is minimized, the amplitudes of the 
L and R signals are hardly affected by the TM010 contribution. In this case, a 
separate reference cavity, whose TM010 mode frequency is the same as the TM110

mode position cavity, should be placed at a known distance before the TM110

mode position cavity to determine the sign of the beam displacement. The sign of 
displacement is then decided by the phase of the L and R signals with respect to 
the phase of the signal from that separate TM010 mode cavity [13].

Figure 4.3: B field representation of the TM010 and TM110 modes of a generic cylindrical geometry. 
The left image has no TM110 mode for a centered beam. The right image shows the additional 
existence of TM110 mode with its polarities for an offset position in the X-axis.

However, it is important to note, that in our case, such a separate reference TM010

mode cavity might not be necessary to determine the sign of the beam offset. This 
is because we expect that the vectorial superposition of the TM010 and TM110

modes will help to determine the sign of the beam offset, as shown in Figure 4.3.

4.2.2 Choice of Cavity type: Pillbox vs Dielectric-filled Reentrant

In this cavity BPM design, the TM110 mode resonance frequency is fixed at the 
second harmonic of the beam repetition rate. At this frequency, RF interference 
from the cyclotron RF cavities is minimized and the beam signal amplitude for 
excitation of the TM110 mode is larger than other higher harmonics. The choices 
of design for the BPM cavity are limited by space constraints in the PROSCAN 
beamline as already discussed in Chapter 3. For a pillbox design, the radius of the 
pillbox cavity would be approximately 1.27 meters by substituting 11a =3.83 in 
Eq (4.1). A dielectric-filled reentrant cavity, on the other hand, is much more 
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compact than a pillbox for the same resonance frequency, as we have seen in 
Chapter 2.

The fundamental idea for mechanical simplicity is to have a common dielectric 
in the reentrant gap of the four floating cavities, suspended within a common 
grounded cylinder. Such a design is expected to save on the required volume at 
the expense of more complex mechanical design and potentially mode 
interference due to the necessity to couple more signal power from the cavity. It 
could also have limitations because of stray field coupling between the floating 
cavities, i.e., mutual pickup coupling and the coupling of the individual cavities 
with the ground cylinder. The mutual pickup coupling (crosstalk) could affect the 
measurement sensitivity as it is expected to be the dominant stray field coupling 
term that affects the TM110 mode. 

With a stronger beam coupling coefficient, we expect to couple out more power,
which will result in a lower loaded quality factor. As a consequence, the 
dielectric-filled BPM cavity is expected to have a higher output voltage for a 
given beam current, compared to a conventional pillbox cavity as per Eq (4.11).
This is due to the fact that the normalized shunt impedance is higher for a 
reentrant cavity system than for a pillbox cavity as per Eq (4.8).

4.2.3 Choice of Coupling: Magnetic

Beam position information can be coupled out of the cavity either by probing the 
H-field or by probing the E-field. Coupling out information with a simple pickup 
(as either a loop or an antenna) has the drawback of coupling out all excited modes 
simultaneously. Using an intrinsic design such as a slot or a waveguide [9] that 
acts as a high-pass filter can help in minimizing the signal contributions at other 
frequency components. However, for our scenario, this is not possible due to 
space constraints. Thus, we keep the choice of coupling as a loop in the inductive 
region of the cavity BPM similar to the large pickups in the BCM design. With 
this choice of coupling, it would be possible to determine the amplitude 
contributions from both the modes by measuring the phase of the cavity signal 
with respect to the cyclotron RF in contribution with a model that provides 
information on the phase difference between the TM010 and the TM110 modes for 
a given position offset. 

4.2.4 Choice of materials and dimension limitations

Regarding the dielectric, the material of choice is not macor as used in the BCM. 
Since macor is a relatively high loss dielectric, the unloaded quality factor of the 
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TM110 mode in a reentrant cavity BPM with macor would be low, resulting in low 
signal amplitude. Since the amplitude of the TM110 mode within a cavity is close 
to the cavity center generally weaker than that of the TM010 mode, the priority is 
to keep the unloaded quality factor of the TM110 mode as high as possible. This 
will result in a larger amplitude of the TM110 mode excitation within the cavity 
for a given beam current and thus give a higher amplitude of the signal coupled 
out of the cavity. However, this demands the stability of the TM110 mode 
resonance frequency under temperature variations, external vibrations, etc. To 
realise a high quality factor, 99.5% aluminum oxide [14] is chosen as dielectric 
(εr=9.8 and loss factor given by δ ≤ 0.0001). This ensures minimum power loss 
in the dielectric unlike in the BCM. Polyether ether ketone (PEEK) (εr=3.0, 
δ ≤ 0.003) will be used to suspend the floating cavities within the ground cylinder 
to ensure there is no electrical contact between them. This is an important design 
feature, which keeps the overall system compact for the 145.7 MHz resonance 
frequency. A conductive (metallic) contact between all the floating cavities would 
be equivalent to a single dielectric-filled cavity realization within a ground 
cylinder whose TM110 mode signal amplitude for a given position offset would be 
expected to be lower compared to the floating cavity design as verified with the 
simulation. 

The choice of material for the BPM prototype is aluminum and its relevant 
material properties are listed in Table 2.1. The same design limitations as 
considered for the cavity BCM in Chapter 2 applies to the design of the cavity 
BPM. The dimensions are limited to 45 mm (beam pipe radius) for the inner 
radius of the alumina ring and the inner radius of the inner coaxial cylinder 
(floating cavity). The inner radius of the outer coaxial cylinder (of the floating 
cavity) is limited to 90 mm. Tuning the other dimensions of the BPM system to 
obtain the TM110 mode resonance frequency of 145.7 MHz has been done with 
the help of Eigenmode and Driven Modal solvers of ANSYS HFSS. The next 
section describes the evolution of BPM design through parametric investigation 
of cavity, dielectric, support materials, and pickup position.

4.3 ANSYS HFSS simulations
The ANSYS HFSS uses two solvers to evaluate the dimensional parameters of 
the BPM that corresponds to the design TM110 resonance frequency of 
145.7 MHz. The two solvers are:

• Eigenmode to evaluate Eigenmode frequencies of the BPM, the unloaded 
quality factors, and fields associated with it. The criterium for the 
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simulation convergence is the frequency difference with respect to the 
145.7 MHz frequency of the second harmonic of the cyclotron RF 
frequency. Convergence criteria is ΔFrequency ≤ 0.01%.

• Driven modal solver to determine the S-parameter coupling coefficients 
such that it has maximum beam-pickup coupling coefficients and 
minimum mutual pickup coupling coefficients. The optimal design 
dimensions are evaluated from Driven solutions. The criterium for 
simulation convergence is the change in Sji from one iteration to the next 
given as Δ�Sji� ≤ 0.02 dB.

4.3.1 Eigenmode Solution Setup

The Eigenmode solution setup is used to determine certain fundamental design 
parameters of the cavity BPM. As mentioned earlier, the BPM is evolved from 
the cavity BCM design described in Chapter 2. Four LC cavities are suspended 
within a common grounded cylinder. Two cavities are mounted in the horizontal 
and two cavities in the vertical plane to probe the X-plane and Y-plane TM110

modes, respectively. 

The curved surface area of the common grounded cylinder volume is assigned 
with the conductivity of aluminum. The properties of the other boundaries are 
directly determined by HFSS by assigning a material type for individual cavities 
(aluminum), the common dielectric (alumina ceramic), and the supporting PEEK. 
180° degree mirror symmetries were imposed on the model in the simulation. The 
accuracy of calculation is determined by the convergence criteria in the 
Eigenmode solver.

The Eigenmode solution setup is summarized in Table 4.1.
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Table 4.1: Summary of the solution setup model indicating some of the fundamental design 
parameters. d – inner diameter of inner coaxial cylinder and diameter of beam pipe, C – outer 
diameter of the alumina ring, t – dielectric thickness, W – inner diameter of the ground cylinder, D 
– inner diameter of the outer coaxial cylinder, p – PEEK (support ceramic) thickness (diameter = 
20mm), alumina width =28mm. All floating cavities are separated by 40mm with respect to each 
other. 

Materials
Vacuum, Alumina,

Aluminum

Boundaries
Aluminum finite conductivity 
on curved surfaces of the 
ground cylinder

Excitation None for Eigenmode

Mesh 
Operations

Curvilinear, Skin-depth on 
Tau mesher

Analysis

Minimum 
Frequency

100 MHz

No. of Modes 4

No. of passes 20

Convergence, 
Δf

0.01%

Initial Mesh
λ 
refinement

Refinement per 
pass

20%

Order of Basis 
functions 
(solutions)

2nd order

Results
E, H plots, Resonance 
Frequencies, Qo
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Results

Figure 4.4: E and H fields (magnitude and vector) of the TM110 mode (both horizontal and vertical 
polarization) excited within the cavity. The field plots are extracted from the Eigenmode solver of 
HFSS. E field is plotted in the center plane of the dielectric. H field is plotted at a plane 30 mm 
above the base of the floating cavities. The outer line represents the conducting surface of the outer 
grounded cylinder. The edges where the field terminates represent the conducting surface (boundary 
termination) of the floating cavities. The TM110 mode is localized within the floating cavities. 



Chapter 4

93

The Eigenmode solution provides the fundamental dimensional parameters of the 
BPM prototype such that the TM110 mode resonance is matched to the design 
frequency of 145.7 MHz. Moreover, the Eigenmode solution provides 
information on the unloaded quality factor (Qo). Since the TM110 mode is a 
combination of both horizontal and vertical polarization, the Eigenmode solution 
finds the TM110 mode resonance frequency of 145.7 MHz (along with Qo) for each 
of the polarization. The unloaded quality factors for both polarization are 
Qo = 3158 (H); 3163 (V) with their resonance frequencies as f110 = 145.06 MHz 
(H); 145.08 MHz (V). The small differences in the values are indicative of the 
accuracy achieved in the simulation. An important observation is the influence of 
the alumina in the reentrant gap. In the absence of the alumina, the TM110 mode 
resonance frequency of the model is approximately at 274.7 MHz and the 
unloaded quality factor is 4200. The alumina in the reentrant gap brings the 
resonance frequency down to approximately 145 MHz while the unloaded quality 
factor is reduced to 3160. Macor in the reentrant gap would have reduced the 
unloaded quality factor by approximately 95% from Qo = 3160 to 267. This 
clearly indicates that alumina is an almost loss-free dielectric as compared to 
macor. The presence of PEEK as a support material also does not influence the 
quality factor of the TM110 mode drastically (1% higher without PEEK supports). 
This important feature is confirmed by the Eigenmode solution. The induced 
fields of the non-coupled BPM cavity is shown in Figure 4.4 (both magnitude and 
vector).

The Eigenmode solutions are exported to the Driven modal setup to perform fine-
tuning of the resonator by taking into consideration the influence of the inductive 
pickups and the beam analogon acting as the drive signal, which is modeled as a 
sinewave in a perfect electric conductor. 

4.3.2 Driven modal Solution Setup

The Eigenmode solver provides the solutions of the unloaded cavity BPM design 
(without beam pipe extensions and pickup ports). However, we need pickup ports 
to extract the induced field that contains information on the beam position. The 
Driven modal solution setup helps to characterize the BPM by quantifying the RF 
energy propagation within a multiport network taking into consideration the beam 
pipe extensions and the pickup ports. The solutions of the Driven modal are 
represented as Sji (Scattering parameters) being either transmission or reflection 
coefficients. As mentioned in Chapter 2, the Driven modal solver helps to analyze 
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the BPM in the presence of a beam analog such as a stretched wire of narrow 
cross-sectional area that is defined as a perfect electric conductor. 

The signal-coupling scheme is similar to the BCM in Chapter 2. For an inductive 
loop, the output signal is given as the surface integral of the scalar product of 
H ���⃗ and loop area, as already described in Chapter 2. The BPM is equipped with 
four loops, one for each floating cavity. Unlike the BCM, the BPM is designed 
with all four loops having the same size. Since each loop is a measurement port, 
the possibility to use a resonance trombone for tuning purposes is not available 
in the BPM. This places a strict limit on the dimensional tolerances of the 
individual floating cavities, the dielectric and the measurement loops. 

Parametric Model 

As described in Chapter 2, the model from the Eigenmode solver is imported into 
the Driven modal setup. The fundamental parameters mentioned in subsection 
4.3.1 are transferred as parameters to investigate their role in exciting the TM110

mode at the design frequency of 145.7 MHz. Moreover, the parametric 
investigation provides insight into the prospects of modifying the performance of 
the cavity BPM by altering the loaded quality factor, improving signal sensitivity, 
minimizing TM010 mode presence, minimizing stray capacitances, etc. 

The definitions of boundary conditions and the excitations are given in Chapter 2.

Analysis setup 

We summarize the analysis setup in Table 4.2. The Driven modal analysis is 
performed for two different cases; with a beam analog to optimize dimensions
and without a beam analog for the optimized design to evaluate XY isolation, i.e.,
crosstalk and TM110 mode coupling, i.e., XX/YY isolation. The description of 
how the solver provides the solution by adaptively converging has already been 
described in Chapter 2.
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Table 4.2: Driven modal solution setup (solver conditions) and frequency sweep conditions to solve 
the model and extract S-parameters

Driven Modal Analysis setup

Solution Frequency 145.7 MHz

Maximum No of passes 
(Adaptive)

20

Maximum ΔS (Adaptive) 0.02 dB

Initial mesh options λ refinement

Maximum Refinement per 
pass (Adaptive)

20%

Order of Basis functions 2nd

Maximum ΔZo 2%

Frequency Sweep (Fast 
sweep with 0.1 MHz step 
size)

130-161.4 MHz (with beam analog) & 10-510 MHz 
(without beam analog)

Optimized parameters
Gap between the cavities, Gap between the ground 
cylinder and the cavities, Ceramic width, Ceramic 
thickness, Pickup position

The parametric investigation of certain parameters mentioned in Table 4.2 will 
be presented in the following subsection. These parameters were considered to 
tune the TM110 mode resonance frequency as well as to optimize the signal output 
from the measurement ports. According to Eq (4.1), we can tune the resonance 
frequency by modifying the radius of the resonator. Using Eqs (4.10) and (4.11),
we can maximize the signal output for a given bunch charge and offset by:

• Increasing normalized shunt impedance, (R/Q0),110, by reducing the 
effective gap radius (through the inter-cavity gap or dielectric width) and 
increasing the gap height (dielectric thickness).

• Increasing beam coupling coefficient, Bc, by reducing effective gap 
radius (through the inter-cavity gap or dielectric width).

• The QL, (i.e., loaded quality factor) can be influenced by the pickup 
position, the inter-cavity gap or the intra-cavity gap.
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Parametric investigation results

The parametric investigations provide insight into the impact of certain 
dimensions on cavity characteristics and extracted signal strengths. All 
parametric investigations are performed with a beam analog offset of 2 mm. Ports 
1 and 2 represent the beam entrance and exit ports, which are normalized on their 
characteristic impedance to minimize reflections within the model. Ports 3 to 6 
are measurement ports terminated with 50 Ω impedance. A sketch of the 
simulation setup is represented in Figure 4.5. We investigated the effect of the 
following parameters on the TM010 and the TM110 mode resonance frequencies, 
their loaded quality factors, and the signal sensitivity for a given position offset:

• Gap between individual cavities (Inter-cavity gap)
• Gap between Cavities and Grounded cylinder (Intra-cavity gap)
• Dielectric width and thickness
• Pickup position

Figure 4.5: 3-dimensional view of the BPM and the sketch of the parametric investigation setup.

• The gap between individual cavities (Inter-cavity gap)

The gap between the four LC cavities, called an inter-cavity gap, is investigated 
and its findings are summarized in Table 4.3.
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Table 4.3: Summary of the parametric investigation. The loaded Quality factors (both TM010 mode 
and TM110 mode) are evaluated from the Sxx. The Sxy and Sxx evaluated do not depend on the beam 
analog position.

Gap 
(mm)

FreqTM010

(MHz)
FreqTM110

(MHz)
ΔFreq 
(MHz)

QL,TM010 QL,TM110
ΔS2mm-

0mm (dB)

20 118.2 142.8 24.6 43 86 3

40 127.1 145.4 18.3 37 47 2

60 136.6 149.7 13.1 28 23 1

Increasing the inter-cavity gap increases the TM010 and the TM110 mode resonance 
frequencies since the cross-sectional area of the capacitive region in the LC 
cavities is reduced, as shown in Figure 4.6. The TM110 mode frequency is not 
shifted by the same extent as of the TM010 mode, probably due to the relatively 
stronger influence of the stray capacitance (i.e., includes the capacitance between 
the floating cavities (with each other) and the ground cylinder) on the TM110 mode 
lumped element equivalent circuit. Moreover, increasing the inter-cavity gap 
decreases the azimuthal coverage of the LC cavities, due to which the loaded 
quality factors of both the TM modes (QL,TM010 and QL,TM110) are reduced. This is 
because of increased power dissipation on the surface area of the ground cylinder 
that is now available due to the decreased azimuthal coverage of the floating 
cavities. Altogether, the combination of reduced frequency separation, ΔFreq and 
the decrease in the QL,TM010 and QL,TM110 results in lowering the signal sensitivity, 
ΔS2mm-0mm, (dotted lines in figures) for a given offset when increasing the inter-
cavity gap. 

The inter-cavity gap is chosen as a 40 mm gap for the BPM prototype, as it offers 
freedom for TM110 mode frequency offsets without too much compromise on the 
quality factor and the beam-pickup coupling. 
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Figure 4.6: Parametric investigation of the gap between floating cavities plotted as S(beam-pickup) over 
frequency span 100-200 MHz. Shown are the coupling coefficients at 2mm beam analog offset 
position for three different scenarios: 20 mm, 40 mm, and 60 mm gap between floating cavities. 
The dotted lines represent the S-parameter curve for the center position.

• The gap between Cavities and Grounded cylinder (Intra-cavity gap)

The effect of the gap between the LC cavities and the ground cylinder, called an
intra-cavity gap, is investigated and its findings are summarized in Table 4.4. This 
investigation is performed for the inter-cavity gap dimension fixed at 40 mm. 

Table 4.4: Summary of the parametric investigation. The loaded Quality factors (both TM010 mode 
and TM110 mode) are evaluated from the Sxx. The Sxy and Sxx evaluated do not depend on the beam 
analog position.

Gap 
(mm)

FreqTM010

(MHz)
FreqTM110

(MHz)
ΔFreq 
(MHz)

QL,TM010 QL,TM110
ΔS2mm-

0mm (dB)

15 127.4 147.2 19.8 31.5 45 2.3

25 127.1 145.5 18.3 37 47 2.0

35 127.1 144.4 16.3 42 46 2.0

The intra-cavity gap does not strongly affect the TM010 mode resonance frequency 
as the stray capacitance between the cavities and the ground cylinder does not 
affect the lumped element equivalent of the TM010 mode. However, the TM110

mode resonance frequency is affected due to a stronger influence of the stray
capacitance on the TM110 mode lumped element equivalent. Nevertheless, the 
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intra-cavity gap is considered a critical parameter, as it plays a role on the beam-
pickup coupling without affecting the loaded quality factors of both the 
TM modes (QL,TM010 and QL,TM110) drastically. Also, the signal sensitivity, ΔS2mm-

0mm, is nearly independent of the intra-cavity gap. Figure 4.7 shows the results of 
the parametric investigation of the intra-cavity gap for an inter-cavity gap of 
40 mm. 

The intra-cavity gap = 25 mm is chosen, which corresponds to a ground cylinder 
radius of 120 mm as this provides a relatively high loaded quality factor of both 
the modes, a good amount of frequency separation between them, and a smaller 
transverse size of the cavity BPM. 

Figure 4.7: Parametric investigation of gap changes between floating cavities and the grounded 
cylinder on plotted as S(beam-pickup) over frequency span 100-200 MHz. Shown are beam-cavity 3 
coupling for three different gap dimensions: 15mm, 25mm, and 35mm. The dotted lines represent 
the S-parameter curve for the center position.

• Dielectric width and thickness
The dielectric dimension is defined by the thickness in the beam direction and 
width as the difference between inner and outer radial dimensions. The 
investigation results of both the dielectric width and the thickness are summarised 
in Table 4.5 and Table 4.6. These parameters are investigated for an intra-cavity 
gap = 25 mm and inter-cavity gap = 40 mm. The dielectric width is varied by 
changing the outer radius of the ring for a fixed inner radius. The inner radius is 
not the variable parameter of the dielectric width as it could block the beam 
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passage area (i.e., the cross-sectional area of the beam pipe). The inner radius of 
the ring is fixed at 90 mm. 

Table 4.5: Summary of the parametric investigation. The loaded Quality factors (both TM010 mode 
and TM110 mode) are evaluated from the Sxx. The Sxy and Sxx evaluated do not depend on the beam 
analog position.

Width 
(mm)

FreqTM010

(MHz)
FreqTM110

(MHz)
ΔFreq 
(MHz)

QL,TM010 QL,TM110
ΔS2mm-

0mm (dB)

26 133.1 152.2 19.1 33 45.3 2.0

28 128.4 146.9 18.5 36 46.6 1.8

30 123.8 141.6 17.8 40 48.7 1.6

The dielectric width and thickness are considered the tuning parameters for the 
BPM’s mode frequencies. For a given thickness, increasing the dielectric width 
reduces both the mode frequencies by nearly the same extent without affecting 
the S(beam-pickup) at the TM010 mode resonance frequency. The S(beam-pickup) at the 
TM110 mode resonance frequency reduces, which is in agreement with Eq (4.10)
due to an increase in the effective gap radius. 

Figure 4.8: Parametric investigation of the BPM model as a function of dielectric width for an intra-
cavity gap=25 mm and an inter-cavity gap=40 mm. Provided are three different width dimensions: 
26 mm, 28 mm, and 30 mm. The dotted lines represent the S-parameter curve for the center position.
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Table 4.6: Summary of the parametric investigation. The loaded Quality factors (both TM010 mode 
and TM110 mode) are evaluated from the Sxx. The Sxy and Sxx evaluated do not depend on the beam 
analog position.

Thickness 
(mm)

FreqTM010

(MHz)
FreqTM110

(MHz)
ΔFreq 
(MHz)

QL,TM010 QL,TM110

ΔS2mm-

0mm

(dB)

10 127.1 145.4 18.3 37 47 2.1

12.5 139.3 158.9 19.6 29 47.5 1.9

15 150.3 170.7 20.4 25 50.5 1.9

Figure 4.9: Parametric investigation of the BPM model as a function of dielectric thickness with 
other dimensions held constant. Provided are three different width dimensions: 10 mm, 12.5 mm,
and 15 mm. The dotted lines represent the S-parameter curve for the center position.

On the contrary, for a given width, increasing the thickness increases both the 
mode frequencies by the same extent. The S(beam-pickup) of the TM110 mode increases 
with increasing dielectric thickness, which is in agreement with Eq (4.10).
Moreover, changing the dielectric width or thickness does not strongly affect the 
loaded quality factors of both the modes and the position sensitivity of the TM110

mode. These behaviors are clearly seen in Figure 4.8 and in Figure 4.9.

For the alumina ring, dielectric width of 28.57 mm is chosen for a dielectric 
thickness of 10 mm for the BPM prototype. These dimensions ensure the TM110

mode resonance frequency to be close to 145.7 MHz.
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• Pickup position

The effect of the pickup position on the system characteristics is summarized in 
Table 4.7. These investigations are performed for the selected dimensions of the 
intra- and inter-cavity gap and the dielectric width and thickness. 

Table 4.7: Summary of the parametric investigation. The loaded Quality factors (both TM010 mode 
and TM110 mode) are evaluated from the Sxx. The Sxy and Sxx evaluated do not depend on the beam 
analog position.

Loop 
position 

(mm)

FreqTM010

(MHz)
FreqTM110

(MHz)
ΔFreq 
(MHz)

QL,TM010 QL,TM110
ΔS2mm-

0mm (dB)

20 127.7 145.1 17.4 58 173 4.1

30 127.1 145.4 18.3 37 47 2.1

40 126.2 145.9 19.7 27.7 16.8 1.3

Figure 4.10: Parametric investigation of the BPM model as a function of loop position (pickup) for 
the previously confirmed dimensional parameters: dielectric dimensions and inter/intra-cavity gaps. 
Provided are three different pickup positions: 20mm, 30mm, and 40mm.

The pickup position has minimal influence on both the TM010 and TM110 mode 
resonance frequencies and is probably due to small changes in the loop inductance 
(proportional to loop area) as a function of its position. The S(beam-pickup) of the 
TM010 mode in Figure 4.10 increases with pickup height up to 30 mm before it is 
reduced for 40 mm position. This is probably due to excessive coupling compared
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to the critical coupling limit. The signal sensitivity, given by ΔS2mm-0mm, decreases 
with increasing pickup height. This is due to the reduced amplitude of the TM010

mode at the TM110 mode frequency for lower pickup height, which facilitates 
larger signal sensitivity. The pickup position is chosen as 30 mm.

All the above parameters selected for the BPM prototype construction take into 
consideration the relaxation of machining and assembly errors. For instance, a 
pickup position of 20 mm will provide better signal sensitivity but due to the 
higher loaded quality factor, the demand on the symmetry of the model becomes 
more stringent. Since the construction of the BPM with perfect symmetry is not 
feasible, a reduction of the loaded quality factor is accepted. The symmetry of the 
BPM prototype is defined by the overall tolerance (machining and assembly) in 
linear position up to 0.05 mm and in rotational up to 0.1 degrees.

4.4 Final BPM model and simulation results for position offsets
In the parametric investigation (previous subsections), we have studied the 
influence of certain important geometric parameters on the characteristics of both 
the TM010 and the TM110 modes. The mechanical dimensions of the BPM 
prototype whose TM110 mode excitation exists at 145.7 MHz are as shown in 
Figure 4.11.

Figure 4.11: Cut plane of the BPM prototype derived from HFSS simulation. Marked are the 
relevant dimensions of the prototype.

4.4.1 S-transmission for position offsets

A simulation estimate of the beam position-induced signal at multiple beam 
offsets is provided by the Driven modal solution at: 2 mm, 5 mm, 10 mm, and 
15 mm along with the center position (0 mm). The position-offset simulation is 
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performed only for offsets in the X-axis. Due to the symmetry of the TM110 mode, 
the S(beam-pickup) behavior of the Y plane cavities is the same for translation of the 
beam along the Y-axis. Moreover, for an arbitrary (X, Y) position, the pickup 
response is the sum of both the horizontal and vertical polarization because of 
linear superposition of their fields. In Figure 4.12, the S(beam-pickup) behavior of both 
the X and Y plane cavities for 2 mm displaced beam in the X-axis from the center 
towards cavity 3 (reference Figure 4.5) is displayed. Since the Y coordinate is 
zero, the S(beam-pickup) for the Y-plane cavities is representative of the center 
position and corresponds to the TM010 mode amplitude at the TM110 mode 
resonance frequency. 

Figure 4.12 represents the S-transmission plot for both X plane cavities with a 
span of 100 MHz for a 2 mm beam offset in the X-axis. The TM010 mode 
resonance frequency of the BPM prototype is at 127.1 MHz and the TM110 mode 
resonance frequency is at 145.7 MHz. For a given displacement towards cavity 
3, the polarity effect as observable in Figure 4.3 (top figure) determines the nature 
of the S(beam-pickup) plot of the X plane cavities as maximum (marker m1) and 
minimum (marker m2). 

Figure 4.12: S-transmission for X (ports 3 and 5) and Y (ports 4 and 6) plane cavities for a beam 
offset of 2 mm in the X plane. Ports 1 and 2 are the beam entrance and exit ports (Figure 4.5). 
Markers (Port 3 and 5) represent the beam-pickup coupling coefficient of the X plane cavities 
whose TM110 mode is excited and is shown as maximum and minimum of the S-plots. Markers 
(Port 4 and 6) represent TM010 mode resonance frequency and TM010 mode tail at the TM110 mode 
resonance frequency along with their beam-pickup coupling coefficients.
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For increasing beam displacement towards the cavity (port 3) in the X-axis, the 
S(beam-pickup) coefficient (maximum) at the TM110 mode frequency increases with 
no shift in its peak frequency, as shown in Figure 4.13. This is due to similar curl 
orientations for the cavity with measurement port 3 as indicated by the smaller 
relative phase difference between the TM010 and the TM110 modes in Figure 4.14.
However, for the cavity (port 5), with increasing beam displacement away from 
the center, the minimum of the S(beam-pickup) shifts in frequency since there is 
frequency dependency of both the amplitude and phase of the TM010 and the 
TM110 mode with respect to the drive signal. This is due to opposite curl 
orientations of the induced magnetic fields between the TM010 and TM110 modes,
as discussed in 4.2.1. For a sizeable beam offset such as 15 mm towards cavity
with port 3, the S(beam-pickup) of the cavity with port 5 soars above the zero position 
S(beam-pickup) coefficient. This is a result of a stronger TM110 mode magnitude than 
the TM010 mode magnitude at the TM110 mode resonance frequency. 
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Figure 4.13: S31 (top) and S51 (bottom) transmission plots as the beam traverses towards cavity
with port 3. The red line represents the center beam position indicative of scenario 2 in the 
fragmented image shown at the bottom left. S-transmission behavior of the cavity with port 3 is 
representative of scenario 1 in the fragmented image. S-transmission behavior of the cavity with 
port 5 is a representation of scenario 3 in the fragmented image. At displacements larger than 5 mm, 
another higher-order mode (i.e., TM210 mode) is excited at 152.5 MHz. 
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Figure 4.14: Phase plot of the measurement port 3 with respect to beam entrance port 1 for position 
offsets. The relative phase between the center position (TM010 mode phase at TM110 mode 
frequency) and the position offsets (TM110 mode phase) does not change drastically. Thus, the 
superposition of the modes does not shift the peak frequency in Figure 4.13 (top). 

For beam displacements larger than 5 mm, another higher-order transverse 
magnetic mode is excited at 152.5 MHz. The higher-order mode is categorized as 
the TM210 mode (confirmed by simulation) since it has two full period variations 
of the azimuthal field components and one zero-crossing of the longitudinal field 
components. This indicates that for beam offsets larger than 5mm, we might face 
the effects of mode interference also from TM210 mode. This can be determined 
in a calibration procedure, however.

For the measurement chain, the position signal level from the BPM prototype will 
be low and will have to be bandpass filtered to get rid of the fundamental 
frequency, i.e., 72.85 MHz, and its higher harmonics (≥ 3). For determining the 
beam displacement and its sign, we have to consider the combination of all the 
measurement ports to determine in which quadrant the beam belongs. The 
simulation results for position offsets of 2 mm, 5 mm, 10 mm, and 15 mm is 
evaluated as per Eq (4.12) [15] and are summarized in Table 4.8.

Ztr,i is the transfer impedance of a given pickup (i.e., measurement port) and could 
be used to evaluate the position signal from the BPM prototype. 

1i
tr,i o c

12

S
Z = Z Z

S
(4.12)
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where,
• S12 is the S-transmission between beam entrance and beam exit port;
• S1i is the transmission coefficient of a port (3,4,5 or 6) for a given offset
• Zo is the port impedance of 50 Ω and Zc is the characteristic impedance 

of the transmission line the beam analog forms with the cavity = 366 Ω.

NOTE: The S-transmission coefficients for the position offsets are provided in the 
Appendix.

Table 4.8: Summary of simulation results for displacements towards cavity 3. The pickup voltage 
is evaluated for a 50 Ω impedance system.

Position(mm) S31 (dB) Pickup Voltage (nV)

0 -18.45 16.2

2 -16.31 20.5

5 -13.78 27.5

10 -10.81 38.7

15 -8.63 49.7

4.4.2 Crosstalk (XX and XY)

For the crosstalk study of the BPM, the Driven modal analysis is performed in 
the absence of a beam analog. The nature of the XX and the XY crosstalk can be 
clearly seen in Figure 4.15.
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Figure 4.15: XX crosstalk (Mode strength) and XY crosstalk evaluated from the s-transmission 
plots in the absence of the beam analog. In the top plot, TM010 mode resonance frequency is at 
127.1MHz, TM110 mode resonance frequency at 145.7MHz and the TM210 mode (indicated as
Higher Order Mode (HOM)) resonance frequency is at 152.5 MHz. In the bottom plot, the XY 
coupling is representative of the horizontal-vertical crosstalk. The marker values are in dB. 

The frequency-dependent XX (or YY) crosstalk at the TM110 mode is especially 
high. This could affect the position sensitivity and the resolution along the 
corresponding axis, as it would be in a capacitive monitor since the signal 
generation is dominated by this crosstalk. However, in a cavity BPM, for a given 
offset in the horizontal (or vertical direction), the horizontal (or vertical) TM110

mode excitation is localized mostly between the two in-plane cavities but with 
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opposite polarity. For a cavity in which the TM110 has opposite polarity with 
respect to the stronger TM010 mode, the position information could be lost due to 
this opposition. This effect could be minimized by having a relatively stronger in-
plane crosstalk at the TM110 mode frequency compared to the crosstalk at the 
TM010 mode frequency. However, this is achieved at the expense of position 
sensitivity and resolution. The in-plane crosstalk is assumed to not affect the 
position resolution demand for PROSCAN, which is 0.5 mm.

What is greatly detrimental for the cavity BPM would be strong crosstalk between 
the horizontal and the vertical TM110 mode, represented by the XY crosstalk. This 
would create a parasitic excitation of the TM110 mode in the Y-(X-) direction for 
a beam position offset X- (Y-) direction. This would seriously compromise reduce 
the capability of the cavity BPM to measure beam position offset. 

Limiting the crosstalk between the adjacent pickups is thus important in the 
design of BPMs. This is traditionally achieved either by increasing the spacing 
between the adjacent pickups or with a more complicated geometry such as guard 
rings. The choice of a guard ring is not considered since we do not want to add 
more complexity to the already complex design of the cavity BPM.

Source of crosstalk: Shorted Stripline

Strong crosstalk arises mostly from capacitive coupling between X- and Y-
cavities. For a conventional pillbox, the crosstalk is only between the pickups,
i.e., inductive loops, whereas, for our BPM, the presence of four floating cavities 
represents an analogy of four capacitive electrodes. However, the electrodes are 
constructed as LC resonators (geometrically), which causes the BPM system as a 
whole to behave as a combination of resonators and capacitive probe. 
Specifically, the four LC resonators also represent themselves as stripline 
electrodes with a short termination at the base of the LC cavity and a load 
termination with 50 Ω (at measurement ports), which is similar to a shorted 
stripline BPM [16]. The combination of shorted stripline and resonating behavior
of the BPM prototype is clearly seen in the simulation results shown in Figure 
4.16.

Depending on the orientation of the BPM, it couples stronger to the beam when 
the beam enters such that it sees the cavity gap first, as shown in Figure 4.16.
When the beam enters from the opposite end, the pickup couples to the beam 
relatively weaker. This behavior is a clear indication of shorted stripline behavior,
which is generally used as a directional coupler. For a pillbox cavity, this behavior
is non-existent. 
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Thus, the source of stronger crosstalk between adjacent pickups arises from the 
capacitive coupling (between the cavities) along with the mode interference 
caused by the smaller loaded quality factor and frequency separation. 

Figure 4.16: S-transmission of the BPM system (cavity 3) with respect to beam entrance and exit 
ports (i.e., S13 and S23) at the TM010 mode resonance frequency. The S-transmission coefficient 
differs by approx. 1.5dB. The simulation is performed with a beam analog presence. Marker values 
are in dB.

Comparison with pillbox equivalent

The XX (or YY) crosstalk of the BPM is approximately 15% lower than that of a 
pillbox equivalent. However, the XY crosstalk of the BPM is threefold higher 
than the pillbox equivalent. Even though a pillbox system seems to offer much 
better XY isolation, for measurement with 1 nA, the absolute level of the signal 
for small position offsets is much closer to the thermal noise in a pillbox cavity. 
For instance, a 10 mm offset position in a pillbox BPM is expected to deliver a 
pickup voltage at approximately 3.5 nV. For the BPM prototype, the pickup is 
expected to deliver a ten times higher signal for the same offset at approximately 
39 nV. These signal levels are when the second harmonic amplitude from the 
bunch is 1 nA. For a bunch length of 2 ns (at the degrader exit), the second 
harmonic amplitude is approximately 25% of the average beam current. 

From the above observation, a cavity BPM built as a combination of four floating 
cavities offers a higher signal level for a given position offset and higher position 
sensitivity compared to a conventional pillbox cavity. Another advantage it offers 
is the compactness of the system and directivity.
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4.4.3 Cavity asymmetries

The cavity asymmetry study is performed on the BPM model to quantify its 
influence on cavity signal amplitude and on the TM110 mode resonance frequency. 
The cavity asymmetries that are considered for the study include:

• Cavity position error 
• Dielectric position error
• Dielectric properties error, εr

• Cavity rotation: Roll, Pitch, and Yaw

The asymmetry studies are performed on a single cavity within the model. The 
remaining cavities are not changed (i.e., no offsets induced). The left translation 
is indicative of negative displacements and the right translation of positive 
displacements. Rotational offsets are set in units of degree. The influence of these 
asymmetries on the TM110 mode resonance frequency and the S(beam-pickup)

coefficient is reported as these are the primary parameters of concern. 

Cavity position error

The cavity (X1) marked with the double arrow (red) is displaced to both left and 
right by 0.5 mm with respect to its optimal design position, i.e., the reference 
position. The results shown in Figure 4.17 are of the X2 cavity for a translation 
of the X1 cavity. 

Figure 4.17: Sji of the cavity X2 (beam offset of 2mm towards the right cavity) for translation errors 
of the opposite cavity, i.e., X1. The results are plotted for displacements of X1: -0.5mm; 0 mm; 
+0.5 mm. Port j represents the X2 cavity port and port i represents the beam entrance (into the page).
Color reference for the fragmented image can be found in Figure 4.5.



Chapter 4

113

The TM110 mode resonance frequency is shifted by approximately 600 kHz for a 
translation of 1 mm of a single cavity. In addition, the S(beam-pickup) coefficient of 
the X2 cavity reduces overall by 1 dB as the X1 cavity is moved from left to right 
by an overall translation of 1 mm. In other words, a translation error of a single 
cavity by 1mm (±0.5 mm from the center) could result in a variation of S(beam-

pickup) by approximately 1dB. With respect to the TM010 mode amplitude at the 
TM110 mode frequency, the signal level of the X2 cavity is approximately 5.8 nV 
higher for the - 0.5 mm displacement of the X1 cavity. Compared to the +0.5 mm 
displacement of the X1 cavity, the X2 cavity signal is 3.3 nV higher than the zero 
position. This increase in signal level of the X2 cavity by 2.5 nV is compensated 
by the decrease in the signal level of the X1 cavity and corresponds to a difference 
in position information by approximately 1.1 mm. There is little to marginal 
impact, i.e., 0.3% reduction in the XX (YY) crosstalk and 2.5% reduction in the 
XY crosstalk. The loaded quality factor is not influenced by the position error of 
a single cavity in the BPM model.

Dielectric position error

In Figure 4.18, the double arrow (red) indicates the displacement direction of the 
dielectric in the simulation. The dielectric (colored blue) is displaced by 0.5 mm 
to the right and 0.5 mm to the left from its reference position, i.e., its center
position. 

Figure 4.18: Sji of the cavity X2 (for a beam offset of 2 mm towards the right cavity) for translation 
errors of the dielectric. The results are plotted for displacements of the dielectric: -0.5mm; 0 mm; 
+0.5 mm. The Sji is plotted for the X2 cavity. Port j represents the X2 cavity port and port i represents 
the beam entrance (into the page). Color reference for the fragmented image can be found in 
Figure 4.5.
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From Figure 4.18, we clearly see that the position offset of the dielectric has no 
clear influence on the TM110 mode resonance frequency; however, the S(beam-pickup) 

of the X2 cavity is increased by approximately 2 dB for a total displacement of 
1 mm of the dielectric (+0.5 mm to -0.5 mm). With respect to the TM010 mode 
amplitude, the signal level of the X2 cavity is 7 nV higher when the dielectric is 
off from its reference position by -0.5 mm and is only 1.8 nV higher when the 
dielectric is off by +0.5 mm with respect to its reference position. This 
corresponds to the difference in the signal level of the X2 cavity by approximately 
5.2 nV and an overall difference (between -0.5 mm and +0.5 mm model) of 
2.4 mm in the position information. The volume of the dielectric that these fields 
have to propagate through determines the amount of beam-induced fields that 
terminate on the conducting walls. Thus, for identical signal-coupling by the LC 
cavities for a given offset, the symmetric position of the dielectric with respect to 
the floating LC cavities is essential. In other words, by inducing an offset in the 
dielectric position, the position sensitivity of the LC cavities is altered 
individually without noticeable changes in the loaded quality factor of the 
individual cavities. The XX (or YY) crosstalk is not affected by the dielectric 
position error; however, the crosstalk between X2-Y2 (/Y1) is increased by 7% 
approximately when the dielectric is displaced 0.5 mm towards X2 and reduces 
by 7% for a dielectric position error of 0.5 mm in the opposite direction. Due to 
the above influence on the crosstalk, the Y2 cavity shows a beam position offset 
of 0.3 mm towards it when in reality, the Y coordinate is actually zero.

Cavity rotation

The X2 cavity (reference Figure 4.18) is rotated by 1 degree with respect to the 
beam axis (longitudinal axis). The other LC cavities, alumina ceramic and the 
PEEK supports are at their symmetric position. With the rotation of a single cavity 
(X2), the beam-pickup coupling coefficient of the X2 cavity is increased by 
0.1 dB, which corresponds to an increase in the signal information by 0.5 nV 
(beam position error of 0.15 mm). In addition, the Y-axis cavities give a position 
offset of 0.4 mm due to the 1-degree rotation of the X2 cavity, instead of a zero 
Y coordinate. This is a consequence of the combination of amplified crosstalk 
(25% higher) between the X2-Y1, X1-Y2 cavities and diminished crosstalk 
between X1-Y1 and X2-Y2 cavities (25% lower). There was no frequency shift 
of the cavities observed in the simulation studies.
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Figure 4.19: X2 cavity rotated 1 degree towards Y1 cavity. The other components of the BPM: X1, 
Y1, Y2 cavities, the alumina ceramic and the peek rings are in their symmetrical (default position). 
Color reference for the image can be found in Figure 4.5.

The pitch and yaw rotational offsets, defined by the rotation of the cavity with 
respect to the beam’s transverse and normal axis, does not affect the S(beam-pickup)

coefficients and the crosstalk. The yaw asymmetry of the X2 cavity by 1 degree 
towards the center increases the TM110 mode resonance frequency by 100 kHz, 
which could be due to a reduction in the equivalent reentrant gap radius. 

4.5 Analytical evaluation 
We deduce from Eq (4.1), that the resonance frequency of the TM110 mode for 
our prototype is a function of Rres. From the geometry of the resonator BPM that 
has been designed in HFSS, we assume the E- field configurations of the TM110

mode are sustained mostly within the Rres= 90 mm and in the capacitive gap of 
l = 10 mm in the longitudinal direction, which is filled with the dielectric. 

For the analytical evaluation, certain parameters are taken from the HFSS 
Eigenmode solutions, which includes 

• Q0 = 3082 the unloaded quality factor of the TM110 mode. 
• δ = 6.78 µm skin-depth for aluminum at 145.7 MHz 

Substituting the resonator gap length l and the gap radius Rres into Eq (4.8), for a 
transit time factor Ttr = 1, we get 

max 2 2
20 1 tr
tr2

0 resres o 11 11110

2 Z   (J )  TR = 130.73  T 14.52 Ω
Q Rπ R  J (a ) a

l l 
≈ ≈ 

 

The transit time factor is nearly 1 for all the proton beam energies (238-70 MeV) 
as per [11].
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The voltage V110in induced by a bunch charge q (corresponding to 1 nA beam 
current at the drive frequency i.e., 145.7 MHz) in the TM110 mode at a given 
displacement of δx = 2.0 mm (at ϕ = 90), can be calculated using the Eq (4.10).

Substituting a11 = 3.83 (first zero of the first-order Bessel function), Rres and 
J1max = 0.582 (maximum of the first-order Bessel function) for the offset in the 
angle bracket term the beam-coupling coefficient is Bc=0.51. The induced voltage 
as per Eq for the bunch charge 

2
in tr11

110 max 3
1 res res110

8

0.2474 δx q  T  a δxRV (δx)=ω q == =92.30 nV
Q 2 J  R R

for ω=2πf =9.15×10  rad/s

l 
 
 

From the HFSS Driven Modal solution, the loaded quality factor, QL, of the cavity 
= 46 where,  𝜒𝜒𝜒𝜒 = Qo/QL is given as 66.

Substituting the derived parameters in Eq (4.11), provides expected output 
voltage for a 2 mm displacement as 

out
110 c

L110

R 50Ω χV (Δx)= ω q B =25 nV(approx.)
Q Q 1+χ

 
 
 

The order of magnitude matches with the simulation estimate (20.5 nV for 2 mm 
displacement). The simulation estimate being more precise will be used as a
reference. These signal levels are when the second harmonic amplitude from the 
bunch is 1 nA. For a bunch length of 2 ns (at the degrader exit), the second 
harmonic amplitude is approximately 25% of the average beam current. 

4.6 Conclusion
For the measurement of the beam position of a proton beam in PROSCAN 
beamlines, the use of a cavity resonator based on the principle of TM110 mode 
resonance is considered. 

The characterization of the TM110 mode described in subsection 4.1.1
demonstrates the linear response of the TM110 mode cavity for position offsets. In 
a traditional cavity BPM such as a pillbox, the TM110 mode resonance frequency 
is located at a few hundreds of MHz from the TM010 mode resonance frequency 
of the cavity to ensure minimum mode interference. However, our cavity BPM 
has its TM110 mode resonance frequency (145.7 MHz) within 20 MHz from the 
TM010 mode resonance frequency (127.1 MHz). This allows to take advantage of 
the mode interference exploiting by the opposite polarity between the TM010
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mode and the TM110 mode to determine the sign of the beam position offset as 
described in subsection 4.2.1.

The Driven modal solver provided mechanical dimensions of certain important 
design parameters, which includes

• Gap between individual floating cavities (inter-cavity gap)
• Gap between the ground cylinder and the floating cavities (intra-cavity 

gap)
• Dielectric dimensions: dielectric width and thickness
• Pickup position

The above-mentioned parameters were optimized to maximize the TM110 signal 
output at 145.7 MHz for a given bunch charge and a beam position offset. The 
cavity BPM dimensions are as shown in Figure 4.11. The advantages of the BPM 
over pillbox equivalent are the higher absolute signal level for a given offset, its 
better position sensitivity and its compactness. The analytical evaluation is also 
in good agreement with the simulation results, thus giving confidence in the 
expected response of the BPM prototype for ultra-low proton beam currents. The 
slope of the linear relationship shown in Figure 4.20 gives the position sensitivity 
of the cavity BPM. The offset at beam position zero (0 mm) is mostly caused by 
the signal from the TM010 excitation. The next Chapter discusses the test-bench 
and beamline measurements of the above-designed cavity BPM.

Figure 4.20: Theoretical position sensitivity of the cavity BPM estimated from simulation results
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4.7 Appendix
S-parameter Transfer Matrix for beam position offsets

4TA 1: S-transmission matrix (magnitude) for simulated beam position offsets. The diagonal 
elements of the matrix represent reflection coefficients. The other elements represent transmission 
coefficients. 1 and 2 represent beam entrance and exit. 3 and 5 are for X-axis cavities. 4 and 6 are 
for Y-axis cavities.

Position 
(mm)

S-11 S-21 S-31 S-41 S-51 S-61

0 0.02 0.97 0.12 0.12 0.12 0.12

2 0.02 0.97 0.15 0.012 0.08 0.12

5 0.03 0.96 0.20 0.12 0.04 0.12

10 0.05 0.94 0.28 0.12 0.05 0.12

15 0.08 0.90 0.36 0.11 0.13 0.11



Chapter 4

119

4.8 References
[1] R. E. Shafer, “Beam Position Monitoring,” AIP Conf. Proc., vol. 212, 

pp. 26–58, 1990, doi: 10.1063/1.39710.
[2] R. Dölling, “Ionisation chambers and secondary emission monitors at the 

PROSCAN beam lines,” in AIP Conference Proceedings, 2006, vol. 868, 
pp. 271–280, doi: 10.1063/1.2401414.

[3] R. Lorenz, “Cavity beam position monitors,” in AIP Conference 
Proceedings 451, 1998, pp. 53–73, doi: 10.1063/1.57039.

[4] F. Gerigk, “Cavity types,” in CAS - CERN Accelerator School : RF for 
accelerators, 2010, pp. 277–298, doi: 10.5170/CERN-2011-007.277.

[5] S. Walston et al., “Performance of a high resolution cavity beam position 
monitor system,” Nucl. Instruments Methods Phys. Res. Sect. A Accel. 
Spectrometers, Detect. Assoc. Equip., vol. 728, pp. 53–58, 2013, doi: 
10.1016/j.nima.2013.05.196.

[6] E. Jensen, “RF Cavity Design,” in CAS - CERN Accelerator School,
2007, no. 1, pp. 1–73, doi: 10.5170/CERN-2014-009.405.

[7] M. Viti, “Resonant Cavities as Beam Position Monitor Resonant Cavity 
and Beam Coupling,” no. May, pp. 1–9, 2009.

[8] U. K.Y.Ng (Fermi National Accelerator Laboratory, “Beam-Loading and 
Robinson’s Instability,” in Physics of Intensity Dependent Beam 
Instabilities, WORLD SCIENTIFIC, 2005, pp. 241–300.

[9] D. Lipka, “Cavity Bpm Designs , Related Electronics and Measured 
Performances,” in Proceedings of DIPAC09, 2009, pp. 280–284,
[Online]. Available: dipac09.web.psi.ch.

[10] N. Pichoff, “Beam dynamics basics in RF linacs,” CAS 2005 - Cern 
Accel. Sch. Small Accel. Proc., pp. 145–177, 2006.

[11] A. Facco, “Tutorial on low beta cavity design,” in Proceedings of the 
12th International Workshop on RF Superconductivity, Cornell 
University, 2005, pp. 21–33, [Online]. Available: 
http://accelconf.web.cern.ch/accelconf/SRF2005/papers/sua04.pdf.

[12] C. Simon et al., “Performance of a reentrant cavity beam position 
monitor,” Phys. Rev. Spec. Top. - Accel. Beams, vol. 11, no. 8, pp. 1–10,
2008, doi: 10.1103/PhysRevSTAB.11.082802.

[13] T. Nakamura, “Master Thesis Development of Beam-position Monitors 
with High Position Resolution,” The University of Tokyo, 2008.



4.8 References

120

[14] “Aluminum Oxide Ceramic Properties.” 
https://www.accuratus.com/alumox.html (accessed Jan. 24, 2020).

[15] A. Gallo, A. Ghigo, F. Marcellini, M. Serio, B. Spataro, and M. Zobov, 
“The transverse feedback kicker,” 1995. [Online]. Available: 
https://www.lnf.infn.it/acceleratori/dafne/NOTEDAFNE/CD/CD-5.pdf.

[16] P. Forck, P. Kowina, and D. Liakin, CERN Accelerator School Beam 
Diagnostics. CERN EUROPEAN ORGANIZATION FOR NUCLEAR 
RESEARCH, 2009.



121

Chapter 5: Prototype Tests of the Four-quadrant 

Dielectric-filled Reentrant Cavity Resonator as a 

Proton Beam Position Monitor (BPM)

5.1 Introduction 
In the previous Chapter, the design of a non-invasive cavity beam position 
monitor (BPM) based on the dipole (TM110) mode excitation has been described. 
It is important to compare the simulated estimation of the expected position 
sensitivity of the BPM and a test-bench characterization prior to its installation in 
the beamline. In this Chapter, the test-bench characterization of the cavity BPM 
is described. The test-bench results are compared with the simulation results to 
identify and correct for sources of error (RF interference, impedance mismatch, 
cavity asymmetries). As a result, the test-bench results after implementing 
corrections for the errors provides confidence in the signal estimate and the 
properties of the cavity. Following which, beamline measurements of the cavity 
BPM are performed for proton beam energies of 200 MeV and 138 MeV for the 
beam current in the range 0.1-15 nA. 

5.2 Purpose of a test-bench
The test-bench that is used to characterize the BPM is the same as that was used 
for the characterization of the BCM. The definition of the S-parameter 
measurements and the description of the test-bench can be found in Chapter 3.
The only component that is different in this test-bench characterization is the 
Device Under Test (DUT), which is the BPM. 

The BPM is constructed as a combination of four cavities that are suspended by 
insulators within a common ground cylinder made of aluminum. The four 
aluminum cavities are designed in the configuration of an LC resonator. These 
four cavities have a common dielectric in their capacitive part made from 99.5% 
alumina. The insulators that keep these cavities floating within the ground 
cylinder are made from PEEK. 
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The test-bench characterization of the BPM is performed under two schemes of 
S-parameter measurements:

• With a beam analogon, i.e., a stretched wire, to evaluate individual cavity 
position sensitivity from the S(beam - pickup) measurements.

• Without a beam analog, to validate the cavity characteristics of the BPM,
such as the resonance frequencies of the excited modes and the mutual 
pickup coupling S-parameters.

5.3 S-parameter measurements
As mentioned in Chapter 3, the Sji is the reflection (when j=i) or transmission 
coefficients of a multiport device under test (DUT), in this case, the BPM, as a 
function of frequency. As seen in the previous Chapter, the Sbeam – pickup, given in 
dB, of a given pickup, is a minimum for negative displacements (beam position 
shifted away from the cavity) and a maximum for positive displacements (beam 
position offset towards the cavity). With increasing negative displacements, the 
minimum of the Sbeam - pickup moves to higher frequencies. However, for increasing 
positive displacements, the maximum of the Sbeam - pickup is not shifted in 
frequency. Hence, the position sensitivity of individual cavities is measured only 
for positive beam displacements (i.e., for each cavity, the beam analogon moves 
towards the cavity) in the test-bench. In Figure 5.1, the relation between the 
displacement and the cavity used for the measurement is indicated. The 
Sbeam - pickup measurements for the cavities are performed individually with a center
frequency of 145.7 MHz and a span of 60 MHz.

As described in subsection 4.3.2, the beam position information is directly 
available from the individual cavity signals. For example, as shown in Figure 5.1,
the X1-signal for a beam displaced to the left and the X2-signal for a beam 
displaced to the right. It is essential to remember that the position information is 
not provided by the difference of the X-plane (Y-plane) cavities. All transmission 
measurements are performed with an accuracy < 0.05 dB for frequencies above 
9 kHz [1]. This corresponds to the pickup voltage accuracy < 0.5%.

NOTE: In our tests, position sweeps in X-axis are for zero position of the Y-coordinate 
and vice-versa.
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Figure 5.1: Reference for Sji measurement of individual cavities with respect to beam entrance port 
(into the page). The arrows represent the domain for beam position-offset for measurement of 
individual cavities (as positive displacements). Color reference for the image can be found in 
Figure 4.5.

5.3.1 Sbeam-pickup measurements

The S-transmission measurement (Sji) is performed where i represents the source 
port (beam entrance port) and j represents the receiver port (cavity pickup loop 
port terminated with 50Ω ). The measurement results are summarized and are 
compared with the simulation, as shown in Figure 5.3. The measured TM110 mode 
resonance frequency is for all the cavities, 145.7 MHz, which is the design 
requirement. Also, the other modes i.e., the TM010 (monopole) mode and the 
higher-order mode, TM210, show a good agreement at the simulated frequencies: 
127.5 MHz and 152.5 MHz. 

The important observations are summarized as:
• The absolute signal level of the zero position information, which is the

TM010 mode amplitude of the cavity, is 12 nV lower than the simulation. 
• With increasing position offset the difference in amplitude between 

measurement and simulation increases to approximately 30 nV for a 
position offset of 15 mm. The average measurement sensitivity is lower 
by approximately 58% as compared to the simulation.

• The absolute signal levels of the cavities differ with respect to each other 
(4%-6%). This is due to differences in the machining and assembly 
tolerances of the individual cavities, which cannot be avoided. This 
difference in signal level of the individual cavities with respect to each 
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other is within the tolerance limit of the dimensions defined from the 
simulation design. 

The reasons for the observed deviation between simulation and measurement for 
both position sensitivity and signal level could be the following:

• Spurious RF interference affecting the signal strength observed in the 
test-bench thus affecting overall signal sensitivity.

• Existence of impedance mismatch of the beam entrance port [2].
• Asymmetries in the cavity BPM such as cavity translation, dielectric 

translation error, or rotational asymmetries. These asymmetries could be 
a combination of two or more and present in one or more of the floating 
cavities.

Corrections for the above-discussed reasons are implemented by the following:
• The RF interference is minimized by isolating the beam analog (stretched 

copper wire) by covering the whole test-bench setup with aluminum foils. 
• The impedance mismatch is corrected by providing a ground connection 

for the hanging stretched wire.
• The cavity BPM system is reassembled following a metrological 

inspection to correct for asymmetries. 

The result of the above implementation is given in the following section.

NOTE: The cavity asymmetries are intrinsic due to the complex mechanical assembly, of 
which, specific commonly occurring asymmetries are discussed in subsection 4.4.3.

5.3.2 Conclusion on sensitivities

The observed difference in absolute signal level for position offsets and position 
sensitivities of individual cavities could be a combination of the above-discussed 
asymmetries, impedance mismatch and the RF interference in the lab 
environment. 

After reassembly and the implemented corrections (ground connection and RF 
interference isolation), we observed a shift of the resonance frequency of the 
TM110 mode in the X- cavities and in the Y-cavities to 146.0 MHz and 
148.1 MHz, respectively. The shift of the TM110 mode resonance frequency by 
2.4 MHz for Y-axis cavities is equivalent to a too-small reentrant gap radius of 
approximately 1.6% (1.4 mm reduction in the reentrant gap radius). For the X-
axis cavities, since the shift in their TM110 mode resonance frequency 
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(146.0 MHz) closest to the design frequency of 145.7 MHz, the XX crosstalk is 
used as a reference. 

In Figure 5.2, the Sji (between two X-axis cavities, i.e., XX crosstalk) in the 
absence of stretched wire measured before and after reassembly is compared with 
simulations. These indicate the sensitivities in practice, the effects of the above-
mentioned corrections in the reassembled cavity BPM. 

Figure 5.2: Sji for in-plane cavities (X-axis) before and after reassembly (and corrections) (with no 
beam analog) compared with simulation. Marked in circles are the modes that can be excited in the 
structure between 100-180 MHz. Port j and port i represents the pickup loop ports of the two X-
axis cavities. 

In addition, the influence of the prototype reassembly and the corrections (for 
impedance mismatch and RF interference) on XX crosstalk is clearly seen. Prior 
to the reassembly and corrections, the frequencies of all the excited modes within 
the span of 100-180 MHz were in good agreement with the simulation results. 
The measured coupling coefficients (strength) of these TM modes were, however, 
lower by approximately 3 dB as compared to the simulation. After reassembly
and the corrections, the coupling between the two in-plane cavities (for the TM010

and the TM110 modes) is enhanced but still short of the simulation results. On the 
contrary, the strength of the TM210 mode at 152.5 MHz is weakened. 
Concurrently, the TM010 mode is shifted closer to and the TM210 mode is farther 
from the TM110 mode by 2 MHz, which in itself is shifted by 300 kHz 
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approximately. These observations provide an insight into the role of cavity 
asymmetries on modes that can exist in the frequency domain 100-180 MHz. 

The S-transmission parameters between the beam entrance and each individual 
cavity are measured on the test-bench after reassembly and the results are 
summarized in Figure 5.3 and Table 5.1. The position sensitivity of the X-plane 
cavities and the Y-plane cavities are measured at 146.0 MHz and at 148.1 MHz, 
respectively, to provide position sensitivity at the maximum of the dipole mode 
excitation. The position sensitivity of the X-plane cavities (TM110 mode 
resonance frequency at 146.0 MHz), when measured at 145.7 MHz, is reduced by 
approximately 10%. The position sensitivity of the Y-plane cavities (TM110 mode 
resonance frequency at 148.1 MHz) if measured at 145.7 MHz is reduced by 
approximately 92%. 

Table 5.1: Comparison of S-transmission for individual cavities corresponding to positive 
displacements between simulation and measurements after the reassembly (and corrections). Cavity 
voltage represented in nV for 1nA beam current equivalent. 

Offset (nV)
(nV) X-axis

146.0 MHz

(nV) Y-axis

148.1MHz

(mm) HFSS X1 X2 Y1 Y2

0 16.2 17.9 17.0 13.2 14.5

2 20.5 20.8 19.7 16.2 17.5

5 27.5 26.0 24.5 20.6 22.5

10 38.7 35.3 32.8 28.7 32.9

15 49.7 44.7 41.4 36.9 42.4

Figure 5.3 shows that the absolute signal level of the individual cavities and their 
position sensitivity are in reasonable agreement with the HFSS simulation results 
after the reassembly and corrections. To indicate the effects of these, also the data 
taken before are shown here. The average signal level for the zero position (of the 
four cavities) is approximately 15.6 nV. This represents the amplitude of the 
TM010 mode at the resonance frequency of the TM110 mode. This is within 5% of
the simulation value. Similarly, the average of the absolute signal level at every 
position offset is increased. For instance, at the 15 mm position offset from the 
center, the average signal level is 41.5 nV, which is 23 nV higher than the 
measurement before reassembly and corrections but is still approximately 16 % 
less than the simulation value. Although the reassembly and corrections have
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improved the sensitivities significantly, the position sensitivities of the individual 
cavities are still lower than the simulation value and different with respect to each 
other. This difference between the simulation and the measurement might be due 
to the relatively high loss-factor of the alumina ring compared to the loss-factor 
of 2x10-4 assumed in the simulation as we observed in the simulation with 
different loss-factors. 

Figure 5.3: S-transmission for individual cavities as a function of position offset (stretched wire 
moving towards cavity). The simulation (dot-dash line) and the measurements before (dashed lines) 
and after (solid lines) reassembly and corrections are shown. Before the inspection, the TM110 mode 
resonance frequencies of the cavities were matched to 145.7 MHz but had a lower signal level. After 
reassembly and corrections, the signal level is comparable to the simulation at the expense of 
frequency shift in the X-plane to 146.0 MHz and in the Y-plane to 148.1 MHz.
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5.4 Beamline measurements

Figure 5.4: BPM prototype installation in the beamline. Located at approx. 12 meters from the 
Cyclotron exit (6 meters from the degrader exit).

This section summarizes the beam position measurements with the BPM using a 
real beam from the cyclotron following a second reassembly prior to beamline 
installation. The second reassembly was performed to shift the TM110 mode 
resonance frequency back to 145.7 MHz without much compromise on the XX 
crosstalk coefficient. However, the second reassembly resulted in shifting the 
TM110 mode resonance frequency of the X-axis by 100 kHz to 146.1 MHz and 
the Y-axis by 700 kHz to 148.8 MHz, as a result of more asymmetry effects. The 
X-axis cavities are chosen for in-beam measurement validation since their TM110

mode resonance frequency is closest to 145.7 MHz. The Y-plane cavities were 
not used in the measurements because of the offset of their resonance frequency 
by approximately 3.1 MHz from 145.7 MHz. The beam-pickup coupling was not 
measured in a test-bench environment after the second reassembly since the XX 
crosstalk measured on the installation platform did not differ drastically from the 
results after the first reassembly. Moreover, the measurements only aim at 
validating the monitoring of beam position of low-intensity proton beams. From 
these measurements, we expect more insight into the optimization of the BPM 
performance through design modifications. The BPM prototype is installed at 
6 meters from the degrader exit, as shown in Figure 5.4. Therefore, the difference 
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in the bunch length for different energies is expected to be minimal, unlike for 
the BCM measurements discussed in Chapter 3.

The measurement reference for beam intensity and position is a multi-strip 
ionization chamber (IC), which is located within a meter behind the BPM. The 
beam position measurements are performed individually for each X-axis cavity 
with 50 Ω termination on the pickup loops of the unused X and Y-axis cavities. 
The measurement chain is as represented in Figure 5.5 and data acquisition was 
performed with a handheld spectrum analyzer (single-channel measurement, 
instrument limitation) from Rohde and Schwarz FSH8 [3]. The first stage 
amplification consists of four Low-Noise Amplifiers (LNAs) for each cavity; two 
with 30 dB (Y-plane cavities) amplification and two with 36 dB amplification (X-
plane cavities). A common-mode choke, i.e., Balanced to Unbalanced 
(BALUNS) [4] was used for the power supply of the first stage amplification, 
which helps in resolving ground loop problems and reduces the RF interference 
from power supply lines.

Figure 5.5: Measurement chain for the BPM measurement. The amplification box (in red) consists 
of 4 LNA (50Ohm: 36.1; 29.8; 29.9; 36.0 dB). The measurement is performed with a handheld 
spectrum analyzer from Rhode and Schwarz (FSH8 model). The bandpass filter is with a center
frequency of 145.0 MHz 3 dB bandwidth of 8.24 MHz. Color reference for the cavity BPM image 
(left) can be found in Figure 4.5.

The first stage of the measurement involves validating the operational principle 
of the BPM prototype on the basis of beam current response for two given offset 
positions (positive displacements): 2.4 mm and 4.8 mm at 200 MeV proton 
energy. In addition, measurements were performed by sweeping the beam current 
at two different energies: 138 MeV and 200 MeV at a position offset of 4.8 mm 
to check the influence of energy spread on the resonator’s beam intensity response 
for a given position offset. The position offset used for characterization is a 
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positive displacement, i.e., the beam towards the measuring cavity, because the 
polarity of the TM010 mode and the positive polarity of the polarization of the 
TM110 mode (for positive displacements) are then in the same direction.

The second stage of the measurements involved sweeping the beam’s position in 
the X-plane (zero Y-coordinate of the beam) to estimate the position sensitivity 
of the individual X-axis cavities. The position measurement is performed at 
138 MeV for two different intensities: 2.6 nA and 12.2 nA.

NOTE: All the measurements are recorded in units of dBm with the handheld spectrum 
analyzer. The measurement uncertainty of the spectrum analyzer is ±0.05 dB. The 
reference beam current and position measurements are recorded with an IC with 
uncertainty of 1% (for beam current) and 5% (for beam position). 

5.4.1 Beam current response

200 MeV: Beam current sweep at position offsets: 4.8 mm and 2.4 mm

The measurement-offset (or “no-beam response”) of the X1 cavity at 145.7 MHz 
was measured, prior to the beam current measurement, with the cyclotron RF 
turned on, but with no beam in the beamline. This measurement-offset is a 
combination of RF interference from the cyclotron, background noise, voltage 
fluctuations at the input of the first-stage amplifier from the ground loop and other 
spurious interferences from radio communications in the frequency band 144-
146 MHz [5]. The amplitude of the measurement-offset from the X1 cavity was 
measured as 4.6 µV and was observed to remain essentially constant over a 
duration of a few seconds. 

The measured data of the X1 cavity are offset-corrected (by subtracting the 
measurement-offset), under the assumption that the measurement-offset and the 
beam-induced signal from the X1 cavity are in phase. Under this assumption, the 
X1 cavity behavior with respect to beam current is studied. Thenceforth, the 
offset-corrected data is normalized to beam current to determine the average 
signal for a given position offset. 

The 200 MeV proton beam is swept over a range of 0.1-15 nA at two different 
positions: 4.8 mm and 2.4 mm towards the X1 cavity. The X1 cavity response 
with measurement-offset correction and beam current-normalisation is shown in 
Figure 5.6.

In Figure 5.6 (a), we observe the linear behavior of the X1 cavity response as a 
function of beam current at the two position offsets. It is important to validate this 
linear relationship since the BPM response is a function of both the beam current 
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and position. By normalizing the X1 cavity response (Figure 5.6 (a)) with respect 
to beam current, we achieve a nearly constant response of the X1 cavity, within a 
relatively large uncertainty range, as shown in Figure 5.6 (b). 

NOTE: The error bars of the normalized BPM response (Figure 5.6 (b)) indicate ±2σ
uncertainty and the confidence interval of the mean normalized value is ±1σ.

Figure 5.6: Shown in (a) is the X1 cavity response with measurement-offset correction for a 
200 MeV proton beam at beam positions: 4.8mm and 2.4mm towards X1. Shown in (b) is the beam 
current-normalized response. The error bars of individual data points shown in both the plots 
constitute two σ measurement uncertainty. 
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200 MeV and 138 MeV: Beam current sweep at position offset: 4.8 mm

The measurement was repeated at an energy of 138 MeV for a beam offset of 
4.8 mm towards the X1 cavity. The X1 cavity response with measurement-offset 
correction and beam current-normalization is shown for 138 MeV and 200 MeV 
in Figure 5.7.

Figure 5.7: Shown in (a) is the X1 cavity response with measurement-offset correction for a 
200 MeV and 138 MeV proton beam at 4.8mm towards X1. Shown in (b) is the beam current 
normalized response. The error bars of individual data points shown in both the plots constitute 
two σ measurement uncertainty.
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Since the BPM is installed in the beamline at six meters from the degrader exit,
there is only a minimal difference (4%) of the bunch length at the two different 
energies. The beam current sensitivity of the BPM (X1 cavity) given by the slope 
of the curve is lower by only 3% at 138 MeV compared to 200 MeV. This is in 
good agreement with the expected small difference in bunch length.

Normalizing the BPM response (X1 cavity after offset correction) by correcting 
for the beam current provides the position related signal sensitivity of the BPM, 
which is expected to be constant as a function of beam current. This should not 
differ for different beam energies and this is clearly shown in Figure 5.7 (b) but 
within a relatively large uncertainty range. Similar to the observation in the 
previous measurement, there is a drop in sensitivity for beam currents ≤ 2.5 nA. 

NOTE: The error bars of the normalized BPM response (Figure 5.7 (b)) cover ±2σ
uncertainty and the confidence interval of the mean normalized value is ±1σ.

• Discussion

In both Figure 5.6 (b) and Figure 5.7 (b), the normalized response (with respect 
to beam current) of the BPM’s X1 cavity, after measurement-offset correction, 
shows a drop in sensitivity for beam currents ≤ 2.5 nA.

A possible explanation of this sensitivity drop with decreasing beam intensity is 
shown in Figure 5.8, where vectors A, B and R

  

represent measurement-offset, 
beam-induced BPM response and measured response, respectively. 

Figure 5.8: An example vector representation of the measurement scenario. The vectors indicating 
the time-dependent amplitudes and phases of A represent the measurement-offset, of B represent 
the BPM response and of R represent the resultant vector and theta is the orientation of the 
measurement-offset. Vector B is assumed in this scenario to be at 90° with respect to A. The left 
represents the scenario for small beam current at a given offset and the right represents for large 
beam current values. Variations in the magnitude of vector A affects the magnitude of vector R 
relatively strongly when vector B magnitude is small compared to large vector B magnitude.
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In this example scenario, the BPM response B


is at 90° with respect to the 
measurement-offset. The left schematic is for small beam currents and the right 
schematic for large beam currents for a given beam position offset. For a smaller 

magnitude of vector B��⃗ , the magnitude of the resultant R


is influenced relatively 
strongly by variation in magnitude of vector A



compared to a larger magnitude 
of vector B



. The relative phase between the BPM response and the 
measurement-offset A



thus needs to be taken into account when correcting for 
the measurement-offset. This is an important observation that needs to be taken 
into account while designing the measurement chain for the BPM. The spectrum 
analyzer that was used in the measurement does not have that possibility, 
however. It is therefore recommended to have a measurement-offset vector 
correction through I/Q demodulation [6] of the signal from the BPM with respect 
to the RF of the cyclotron.

5.4.2 Beam position response

In the previous subsection, we measured the BPM’s X1 cavity response as a 
function of beam current. In this section, the position response of the X-axis 
cavities (both X1 and X2) is measured for a 138 MeV proton beam. The full width 
at half maximum (FWHM) of the proton beam was measured as 20 mm in both 
X and Y planes. The measurement is divided into two parts: 

• Beam position sweep in X-axis to determine the position sensitivity of 
the X-axis cavities. The beam is swept in position across the X-direction 
at two different beam currents: 2.6 nA and 12.2 nA. The Y-coordinate of 
the beam was kept constant at 1.05 mm. 

• X2 cavity measurement for beam position sweep in the Y-direction to 
validate the non-excitation of the horizontal polarization in the dipole 
mode. The X coordinate of the beam was kept constant at 0 mm.

X-axis sweep

A 138 MeV proton beam is swept in position in the X-direction for a fixed Y-
coordinate of the beam. The Y-coordinate of the beam centroid (1.05 mm) was 
chosen as close to zero as achievable. The position measurement is performed at 
two beam intensities: 2.6 nA and 12.2 nA. From the previous section, it was 
concluded that the lowest beam current for which a reliable response from the 
cavities could be measured with the help of the existing measurement chain is 
about 2.6 nA. The zero position information of the individual cavities (X1 and 
X2), which includes the measurement-offset and the TM010 mode amplitude at the 

B
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TM110 mode frequency, is subtracted from the measured position response for
displacements of the beam towards the cavities. The corrected response of the 
cavities is given by normalizing for beam current after zero position information 
is subtracted. The corrected response of the cavities from the measurement results 
are plotted in Figure 5.9.
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Figure 5.9: X1 and X2 cavity signal after measurement-offset correction and beam current 
normalization plotted Vs beam position (X-axis sweep). The data points are plotted with a 95% 
confidence interval (±two σ uncertainty). (a) represents for beam current = 2.6 nA and (b) represents 
for beam current = 12.2 nA. Reference beam current and position are measured with a profile 
monitor with fractional uncertainty is 1% and 5% respectively.

The beam moving towards the left is a positive offset for X1 cavity and the beam 
moving towards the right is a positive offset for the X2 cavity. The reference 
(X, Y) coordinate is defined for a beam entering the page in Figure 5.5.
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NOTE: For a beam current of 2.6 nA, the position sweep is performed for a range 
of - 10 mm to +10 mm for both the cavities. For a beam current of 12.2 nA, the position 
-10 mm to 0 mm for X1 cavity and from 0 mm to +10 mm for X2 cavity.

Y-axis sweep

Figure 5.10: X2 cavity signal after measurement-offset correction and beam current normalization
plotted versus position in Y-axis over a range -10.0 mm to +10.0 mm. Each data point is plotted 
with a 95% confidence interval (±two σ uncertainty). The green line represents the average of the 
measurement and the blue lines represent the two σ uncertainty.

The beam with an intensity of 2.6 nA was swept along the Y-axis from -10.0 mm
to +10.0 mm. The X2 cavity response after measurement-offset correction and 
beam current normalization is shown in Figure 5.10. For a pure translation along 
the Y-axis, the TM110 mode’s horizontal polarization of the cavity is expected not 
to be excited. Consequently, the signal of the X2 cavity should not depend on the 
Y-position. The measured signal is due to the TM010 mode of the cavity as it is 
the position-independent mode. 
• Measurement results from 2.6 nA position sweep

The linear fit equations from Figure 5.9 is given by

1   1 - 1 where 1  - 5.7E-8 V/mm, 1  8.5E-9 V
2   2 - 2 where 2  7.5E-8 V/mm, 2   V3.7E-8

X Cavity M X C M C
X Cavity M X C M C

= = =
= = =

(5.1)

where, X (in mm) represents the negative displacement for the X1 cavity 
(- 10.0 mm to 0.0 mm) and represents positive displacement for the X2 cavity 
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(0.0 mm to +10.0 mm). The position sensitivity of the X1 cavity (M1) has a 
standard deviation of 3%, while for the X2 cavity (M2), the standard deviation is 
6%. The inverse of the slopes provides the position calibration factor of the 
cavities, which are needed to calculate the displacement from the BPM 
measurement data. 

The position error is given by the average of the absolute difference between the 
reference position and the position calculated. The measurement error is 
composed of a systematic part, which includes the alignment offset, the 
measurement-offset, and a stochastic part. The stochastic uncertainty is given by 
the standard deviation (1σ) of the calculated position. The position error and 
uncertainty of the X1 and X2 cavities are given as

X1 CalPosition error  uncertainty = 0.21 mm 0.17 mm
X2 CalPosition error  uncertainty = 0.54 mm 0.26 mm

± ±
± ±

(5.2)

• Measurement results from 12.2 nA position sweep

The position error and the uncertainty of the X1 and X2 cavities derived from 
measurements with 12.2 nA beam current is given as

X1 CalPosition error  uncertainty = 0.27 mm 0.18 mm
X2 CalPosition error  uncertainty = 0.18 mm 0.14 mm

± ±
± ±

(5.3)

The signal-to-noise ratio (SNR) of the measurement is expected to increase with 
higher beam currents. Consequently, this should reduce the measurement error 
for measurements with higher beam currents. For the X2 cavity, the position 
uncertainty is better by a factor of three for measurements with 12.2 nA as 
compared to measurements with 2.6 nA. For the X1 cavity, we do not observe the 
same behavior. The difference of 0.06 mm in the position error is within the 
resolution limits of the X1 cavity. This might be due to the measurement 
instrumentation limitation and might be due to varying amplitude of the 
measurement offsets during the course of these experiments, as we observed. 
With a dedicated measurement chain, we expect to minimize such effects. 
• Discussion

In Figure 5.9, the difference in position sensitivity between X1 and X2 cavity is 
approximately 29% for measurements with beam current at 12.2 nA and is 32 % 
at 2.6 nA. This difference in position sensitivity between two cavities should not 
depend on the beam current. Since the comparison is between a relatively low 
and high beam current, the observed difference could be due to the influence of 
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the measurement-offset, especially for the 2.6 nA beam current measurement as 
indicated in Figure 5.8.

The higher position sensitivity of the X2 cavity compared to the X1 cavity could 
be due to induced asymmetries after multiple reassembles. This could have 
resulted in affecting the Sbeam-pickup coefficients of the cavities such that the 
saturation of the position response (encircled for X1 cavity in Figure 5.9) is 
different for different cavities. Due to this, the response of the X2 cavity is linear 
over a position range of - 10.0 mm to +10.0 mm, while for the X1 cavity, it is 
linear over a smaller range from -10.0 mm to +3.0 mm. 

The positive X displacement of the beam can be obtained from the linear fit 
equations of the X2 cavity and the negative X displacement from that of the X1 
cavity. The position sensitivity of the X2 cavity is approximately 11% higher 
when measured with a beam current of 12.2 nA compared to 2.6 nA and for the 
X1 cavity, this is approximately 14%.

For a smaller product of beam current and position (i.e., beam current × position 
≤ 2.5 nA mm), the measurement-offset are dominating the amplitude measured 
by the spectrum analyzer. When the product of beam current and position is larger 
than 2.5 nA mm, the BPM response is not influenced to a significant extent by 
the measurement-offset. 

The measurements presented in Figure 5.10 confirm the non-excitation of the 
horizontal (or vertical) polarization of the dipole mode for beam position sweeps 
in vertical (or horizontal) direction. This is an important observation to validate 
the principle of operation of the BPM as expected from the simulation results. For 
an arbitrary (X, Y) beam position, both polarization of the dipole mode will be 
excited. 
• Summary of beam measurements

With the beam current sweep and the beam position sweep measurements, we 
have demonstrated the ability to perform the following without disregarding the 
existence of a significant and fluctuating background signal. The measurement 
summary is as follows:

• Beam position offsets for beam currents as low as 0.1 nA (Figure 5.6 and 
Figure 5.7). These measurements indicate a typical sensitivity in the order 
of 56-75 nV/mm, and a position uncertainty of < 0.5 mm
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• Beam position offsets vary linearly with position over a position range of 
-10.0 mm to +10.0 mm by X2 cavity and from -10.0 mm to +3.0 mm by 
X1 cavity as shown in Figure 5.9.

• Beam position offsets have been obtained with an average position error
of 0.4 mm by X2 cavity and 0.2 mm by X1 cavity, respectively within 
the required specification of 0.5 mm.

• The quadrant of the beam position offset is identified without the need 
for a monopole cavity (as in conventional cavity BPMs) by taking 
advantage of mode interference and induced cavity asymmetries.

• A good agreement between the measured difference (3%) in beam current 
sensitivity and the expected difference (4%) due to bunch length spread 
has been observed. 

Non-interceptive beam position measurement at PROSCAN (PSI) has been 
demonstrated successfully with the help of a dielectric-filled reentrant cavity, 
with minor adversities. The performance of a cavity BPM in terms of position 
sensitivity and resolution are within the specifications required for PROSCAN. 
These could be improved further by minimizing the measurement-offset and its 
fluctuations. This could be performed by measuring the complete vector instead 
of only the amplitude, by referencing to the cyclotron RF (phase measurements). 
The measurement-offset vector from the BPM cavities could be measured by 
performing measurements while interrupting the beam, followed by measurement 
with the beam through the cavity. In addition, the BPM’s performance could be 
enhanced with design optimization, to minimize mode interference and maximize 
output signal for a given position offset. In the following section, the expected 
performance of a new version of the BPM design is discussed.
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5.5 New version of the BPM Design: Overview

Figure 5.11: Cut-plane of the New BPM design modified with the help of ANSYS HFSS parametric 
investigation. Marked are the relevant dimensions of the new BPM. 

In the previous sections, the successful demonstration of non-invasive beam 
position measurement with a four-quadrant dielectric-loaded cavity resonator 
system has been described. The position sensitivity and the signal level can be 
enhanced by optimizing the design. ANSYS HFSS is used to optimize the design 
parameters based on the sensitivity analysis reported in Chapter 4. A major 
drawback of the existing BPM prototype is the presence of cavity asymmetries 
and the low loaded quality factor of the TM010 and TM110 modes. The asymmetries 
are minimized in the new design by providing PEEK support plates instead of 
PEEK rings as in the existing BPM prototype. The design parameters are 
optimized such that the loaded quality factors of the TM010 and TM110 mode are 
increased and the modes are separated further in the frequency domain than in the 
prototype. This combined effect is expected to minimize the presence of the 
TM010 mode at the TM110 mode frequency but only to a level such that the 
constructive interference of the TM010 and the TM110 modes still allows 
determining the beam offset sign. The new BPM design is as shown in Figure
5.11.

The output voltage of the BPM for position offsets and the position sensitivity is 
expected to increase due to the modifications shown in Figure 5.11. The 
modifications in the new design include:

• Increase in the reentrant gap of the floating cavities by approximately 8% 
and the reentrant gap thickness by approximately 72%.

• Reduction in the gap capacitance by approximately 18% compared to the 
prototype.
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• Increasing the azimuthal coverage from 62% of the available in the 
prototype to 82% of the available in the new design. This results in an
increased horizontal-vertical coupling, which is compensated by the 
increased capacitance of the individual cavities with respect to the ground 
cylinder. 

• The pickup height is lowered by 10 mm in the new BPM with respect to 
the prototype. 

• The overall length of the new BPM is 1 cm longer than the prototype. 

These changes have resulted in the following improvements of the operation 
parameters:

• Increased (R/Qo)110, (i.e., normalized shunt impedance) by approximately 
58% such that the normalized shunt impedance of the new BPM is 23 Ω 
compared to 14.5 Ω of the BPM prototype by increasing the gap thickness 
to gap radius ratio (l/Rres). 

• As a consequence, Bc, (i.e., beam coupling coefficient) is reduced by
approximately 8% with the increase in the reentrant gap radius.

• The induced voltage within the new BPM for a given beam position offset 
is increased by approximately 45% due to the changes in the design of 
the BPM

• The output signal level for a 2 mm position offset is a minimum 3 dB 
higher in than the prototype for the same position offset.

• The loaded quality factor of the new BPM design compared to the 
prototype is increased by a factor of 7, by the above changes and by 
lowering the pickup height by 10 mm. The loaded quality factor (of the 
dipole mode) of the new BPM design is 317. 

The S-parameter results of the new BPM design for position offset up to 15 mm 
are represented in Figure 5.12. The TM010 mode of the new BPM design is at 
119.9 MHz and the TM210 mode is at 157.4 MHz. 

In the new BPM design, the frequency separation between the monopole and 
dipole mode is 25.8 MHz, which is an increase of 7.2 MHz compared to the 
existing prototype. The TM210 is shifted from the dipole mode by 11.7 MHz, 
which is an increase of 5.3 MHz compared to the prototype. The new BPM design 
has its XY crosstalk at 11.2 dB, approximately 3 dB lower than the prototype. As 
a result, the transfer impedance of the BPM cavities (for position offset) compared 
to the prototype is improved by 15% for a 2 mm beam position, which increases 
up to 44% for a position offset of 5 mm. Moreover, the signal level for a centered 
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beam is reduced by 25%, which results in the improvement of the position 
sensitivity by factor of 2.4 approximately. 

Figure 5.12: S-(Beam-Pickup) in dB for position offsets up to 10mm. Marked are the excited modes 
of the new BPM within a span of 100-200 MHz. The monopole mode (TM010) is excited at 
119.90 MHz, dipole mode (TM110) at 145.70 MHz and the HOM (TM210) at 157.40 MHz.

NOTE: The new BPM design has been characterized on the test-bench and is in close 
agreement with simulation expectations. The new BPM is expected to be validated with 
in-beam measurements after September 2020. Thus, its performance is not documented 
in the thesis.
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5.6 Summary
This Chapter describes the experimental validation of the BPM prototype, both 
on the test-bench and in the beamline. The test-bench characterization is executed
with and without a beam analog to evaluate position sensitivity of the individual 
cavities, to identify the excited modes within the frequency span of 100-200 MHz 
and to measure the XX and XY crosstalk. 

The first test-bench characterization of the prototype showed that the position 
sensitivities of the cavities were approximately 50% lower than the simulated 
values. The potential reasons for the observed deviation were identified as 
spurious RF interference, impedance mismatch arising from problematic ground 
loops and minute cavity asymmetries. Following an investigation of cavity 
asymmetries, we identified that the position errors of the cavities, dielectric and 
the rotation errors of the cavities as discussed in subsection 4.4.3 can affect the 
sensitivity and can lead to errors in the position measurements. 

A reassembly of the BPM was performed that resulted in improved Sbeam-pickup

parameters at the TM110 mode resonance frequencies of the individual cavities but 
at the expense of a shift in these frequencies. This improved Sbeam-pickup was still 
lower than simulated values, probably due to the relatively high loss-factor of the 
alumina ring compared to the loss-factor used in the simulations. 

The BPM prototype was reassembled before installation in the beamline with the 
objective to shift the Y-axis TM110 mode resonance frequency as close as possible 
to 145.7 MHz. However, the TM110 mode resonance frequency of the Y-axis 
cavities was shifted further. The beam measurements were performed in two 
stages; beam current sweep for given position offsets and beam position sweeps 
for given beam intensities but only for the X-axis cavities. 

The beam current response of the two X-axis cavities was performed at two 
different energies: 200 MeV (position offset of 2.4 mm and 4.8 mm) and 
138 MeV (position offset of 4.8 mm). The measurement results, summarized in 
Figure 5.6 and Figure 5.7, indicate that for a given position offset, the BPM 
prototype has a linear response to beam current, indicative of good agreement 
between actual and simulated behavior. However, for beam currents ≤ 2.5 nA, 
there is large uncertainty in the normalized cavity response. This could be due to 
the measurement-offset affecting measurements with a spectrum analyzer in this 
intensity range more strongly because the background and beam-induced signals 
are subtracted as scalars rather than vectors. Thus, for the beam position 
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characterization, the measurements have been performed at 2.6 nA and at 
12.2 nA. 

The beam position response of the two X-axis cavities was performed at a beam 
energy of 138 MeV. (see Figure 5.9). It has been observed that the position 
sensitivity of the X2 cavity is higher than the X1 cavity by approximately 32% 
for measurements with 2.6 nA and 29% for measurements with 12.2 nA. 
Similarly, the position sensitivity of the X2 cavity differs by 11% between 
measurements with 2.6 nA and 12.2 nA. For the X1 cavity, the difference in 
position sensitivity between measurements with 2.6 nA and 12.2 nA, is 
approximately 14%. Due to the higher position sensitivity of the X2 cavity 
compared to the X1 cavity, the X2 cavity has a linear response over the range -
10.0 mm to +10 mm, while for the X1 cavity, the linear response is limited to the 
position range -10.0 mm to +3.0 mm. For a more accurate measurement of the 
position sensitivity of the cavities, a vector measurement of the measurement-
offset, using I/Q demodulation with respect to cyclotron RF as discussed, could 
be helpful. 

One of the important observations from the measurement is the non-excitation of 
the dipole mode’s horizontal polarization for vertical beam displacements, which 
validates the dipole mode characterization in the prototype.

The position measurements with the X1 and X2 cavities have been compared with 
the reference position measurement. From these results, we anticipate that the 
cavities with their existing measurement chain and setup can achieve a position 
measurement with an uncertainty (1 σ) better than 0.50 mm. The detection 
threshold, the position error, and the position resolution can be enhanced with 
better isolation from RF interference, a stronger amplification, I/Q demodulation 
with respect to the RF of the cyclotron, and also an optimized design of the BPM. 

A new BPM design has been made to deliver more signal power for a given beam 
offset with reduced TM010 mode amplitude at the TM110 resonance frequency. The 
new BPM design has a larger separation between the TM010 and TM210 modes and 
the TM110 mode, respectively, as compared to the prototype and their presence at 
the TM110 mode frequency is reduced significantly by opting for a high Q-factor 
compared to the prototype. The design modifications are expected to improve the 
position sensitivity of the new BPM design by a factor of 2.4 as compared to the 
previous design. For a position offset of 2 mm, the new BPM design is expected 
to deliver 15% higher signal (in absolute signal level), which can increase up to 
44% higher with respect to the prototype for a position offset of 5 mm. These 
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improvements are possible only when the loss factor of the alumina ring is less 
than 2×10-4, which has been obtained in the new rings, we recently acquired.

To our knowledge, this is the first time non-interceptive beam position 
measurements have been demonstrated for proton beams of energies 200 MeV 
and 138 MeV and for beam currents as low as 2.6 nA. With a dedicated 
measurement chain and a good RF isolation, position measurements for beam 
currents down to 0.1 nA should be possible with a measurement bandwidth of 
1 Hz. 

The objective of the Chapter was to demonstrate non-invasive position 
measurement of proton beams in a medical cyclotron beamline. This has been 
demonstrated successfully with a four-quadrant dielectric-filled cavity BPM. 
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Chapter 6: Summary and Outlook

6.1 Review: thesis objective
The thesis reports on the investigation of a non-interceptive beam diagnostic for 
measurements of beam current and beam position in the PROSCAN beamlines. 
The motivation to explore this possibility was to replace some of the ionization
chambers (ICs), as they degrade the beam quality through multiple scattering. The 
principle of cavity resonance was chosen as the candidate to be investigated. This 
was primarily based on its matching to the beam characteristics bunch length of 
the proton beam, which is in the range of few ns, and the beam current, which is 
in the range 0.1 - 10 nA. Furthermore, the demand for a high accuracy 
measurement of beam current and position, along with the easier construction due 
to radial symmetry and the absence of mechanically moving systems, played a 
leading role in the choice of the cavity resonator. 

6.2 Dielectric-filled Reentrant Cavity Resonator (BCM)
We have investigated the principle of a dielectric-filled reentrant cavity resonator 
as a Beam Current Monitor (BCM) with the help of ANSYS HFSS. The evolution 
of the BCM designs follows from the excitation of the monopole mode (TM010)
resonance in a pillbox resonator. The cavity resonator has a TM010 mode 
resonance at 145.7 MHz. This is the second harmonic of the beam bunch 
repetition rate, which is 72.85 MHz. By performing the measurement at a 
harmonic of the RF frequency, interference with the much stronger signals from 
the cyclotron RF-cavities is suppressed. The second harmonic of the fundamental 
RF was chosen as this harmonic has the highest amplitude. In view of the 
relatively low beam current (0.1 – 1 nA) one of the important design criteria was 
to have the maximum beam-pickup coupling coefficient to excite the cavity. The 
choice of maximum beam-pickup coupling results in maximum signal power 
coupled out. As a consequence, the external quality factor of the cavity is lowered, 
which makes the obtained signal less sensitive to a small mismatch between the 
TM010 mode resonance frequency of the cavity and the drive signal of the beam. 
Macor was chosen as a dielectric for filling in the reentrant gap. The cavity BCM 
was designed with four inductive pickups; two small and two large. To aid in ease 
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of resonance tuning, one of the unused large pickups is used as a resonance 
trombone. The pair of small inductive pickups are used for online verification of 
the resonance frequency. The cavity design has been optimized on the basis of 
detailed simulation studies of the effect of various parameters on the TM010 mode 
resonance frequency, quality factors and the beam-pickup coupling coefficients. 
The design with four pickups has the advantage to enable various studies on the 
cavity characteristics, at the expense of 50% lower signal power compared to a 
single pickup design. 

The macor ring width and thickness, i.e., reentrant gap thickness, are the TM010

mode resonance tuning parameters. The pickup height, on the other hand, 
determines the loaded quality factor. A good agreement of the pickup signal, 
approximately 15 nV for a beam current of 1 nA from the cyclotron, was observed 
between the simulation and an analytical estimate, which established a solid base 
for the construction of the prototype. 

With a BCM prototype, test-bench characterization of the prototype was
performed as an S-parameter analysis with and without a beam analog, which is 
represented by a stretched wire. The S-parameter analysis performed in the 
absence of stretched wire confirmed the simulation results, except for the 
resonance frequency of the prototype, which was approximately 2% higher than 
the design frequency. This was due to a 5% difference in the dielectric constant 
of the macor ring. Using a new macor ring, the TM010 mode resonance frequency 
was matched to 145.7 MHz and the pickup signal corresponded to 15 nV for 1 nA 
beam current equivalent, in agreement with the simulations. The digitizer input 
signal level is expected at 0.031 Vpeak-peak, when integrated over 1 second for 1 nA 
beam current and is expected to be 27 dB higher than the background noise. 

The BCM prototype was installed in the PROSCAN beamline, at approximately 
sixteen meters from the degrader exit. In the PROSCAN beamlines, the bunch 
length is increasing with increasing distance to the energy degrader because of 
the significant energy spread in the beam introduced by the degrader. This reduces 
the second harmonic amplitude of the bunch and thereby the sensitivity of the 
measurement system. 

The resonator response was measured with respect to an ionization chamber (IC) 
for different beam energies in the range 238 - 70 MeV. The measured resonator 
sensitivity was in good agreement (5% difference) with the simulated sensitivity. 
The lowest measurable beam current corresponds to 0.15 nA, with a 3σ resolution 
of 0.05 nA. These values are achieved with a signal integration over 1 second. 
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The signal sensitivity of the cavity resonator can be improved by approximately 
a factor of 1.5, either by leaving the unused pickup ports electrically open or with 
adapted matching circuits on the measurement port. This can lower the detection 
threshold to 0.1 nA with a resolution of 0.03 nA. Replacing the lossy-dielectric 
macor with a relatively loss-free dielectric, such as alumina, could enhance the 
signal level for 1 nA beam current by approximately 2.5 nV (17.5 nV with 
alumina) for the same design as the prototype (15 nV with macor).

6.3 Four-quadrant Dielectric-filled Reentrant Cavity Resonator 
(BPM)
A four-quadrant dielectric-filled reentrant cavity resonator has been designed to 
function as a beam position monitor. The characteristics of the dipole mode 
(TM110) in a conventional pillbox cavity served as the basis for identifying the 
parameters that most affect the magnitude of the output signal as a function of 
beam position offset. These parameters were identified as the normalized shunt 
impedance, beam-coupling coefficient and pickup coupling coefficient. The 
choice of the dielectric ring in the reentrant gap is high-purity (99.5%) alumina,
unlike macor in the BCM prototype. The reason is to have a higher quality factor 
of the TM modes since this will give a higher overall signal, which leads to better 
signal to noise and signal to background ratio. Contrary to the BCM, in the BPM,
a high quality factor is needed to distinguish contributions from different TM 
oscillations. 

Using ANSYS HFSS, a parametric investigation was made with the objective of 
a compact dipole cavity BPM design, which would deliver maximum signal 
output for a given beam current and position offset. These investigations were 
performed by varying the gap between the individual cavities, the gap between 
the grounded cylinder and the cavities, the dielectric width and thickness, and the 
pickup position. From these investigations, the optimal mechanical dimensions 
of the BPM prototype were obtained to achieve maximum beam-pickup coupling 
of the dipole mode at 145.7 MHz. For a sinewave at 145.7 MHz and an amplitude
of 1 nA, and a position offset of 2 mm, we found a good agreement between the 
simulated (20.5 nV) and the analytical (25 nV) estimates of the pickup signal. 
This was considered a solid basis for the construction of the prototype.

The BPM prototype was characterized on a stand-alone test-bench with S-
parameter measurements, both with and without a stretched wire, which simulates 
the proton beam. The results from the first S-parameter investigation resulted in 
a matched dipole resonance frequency of both the X plane and Y plane cavities. 
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We found that the position sensitivity was highly sensitive to spurious RF 
interference, impedance mismatch, and cavity asymmetries. In an HFSS 
simulation, the effects of cavity asymmetries were investigated by adding a cavity 
shift, dielectric shift and a cavity rotation. We found that these asymmetries also 
contributed to a shift of the TM110 mode resonance frequency. In an accordingly 
improved version of the BPM, the signal level was within 5% of the simulation 
results for the zero beam position and within 16% for a 15 mm position offset. 

The BPM prototype was installed in the beamline at only six meters from the 
degrader exit. Due to this short distance, the bunch length increase due to energy 
spread was very small, so that the amplitude degradation of the second harmonic 
component due to the energy spread in the beam was reduced. The BPM 
measurement was carried out in two stages: a beam current sweep for given 
position offsets and a beam position sweeps for given beam currents. 

The beam current sweeps for a given position offset, performed at 138 MeV and 
200 MeV, confirmed the linear response of the BPM prototype as a function of 
beam current. The average of the normalized (with the beam current) cavity 
response enabled us to quantify the necessary correction for a measurement-
offset. Using this measurement-offset correction, the position signal did not 
depend on beam current, but for beam intensities smaller than 2.5 nA, this was 
within a large confidence interval. This measurement-offset is caused by 
cyclotron RF interference and other sources of background. For beam intensities 
higher than 2.5 nA, the normalized cavity response is nearly constant. 

The position sensitivity of the X1 and the X2 cavities are measured at a beam 
energy of 138 MeV, over a range of 10 mm with respect to the center position. 
For the X1 cavity, the linear response extends over the range -10.0 mm to 
+3.0 mm. The linear response of the X2 cavity extends over a larger range of 
- 10.0 mm to +10.0 mm due to its 30% higher position sensitivity as compared to 
the X1 cavity. The difference in position sensitivity between X2 and X1 cavity is 
attributed to cavity asymmetries introduced inadvertently during the reassembly. 
We also found a difference in the position sensitivity for two different beam 
currents: at 12.2 nA it is 12% higher than at 2.6 nA. This is explained by the 
influence of the fluctuations in the measurement-offset, whose magnitude was 
subtracted from the measured signal. However, in the beam position 
measurement, the measurement-offset is a vectorial combination of the 
contribution of the TM010 mode at the measurement frequency, the interference 
of the RF system and other sources of background. Therefore, when using a vector 
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measurement of the measurement-offset, i.e., both its amplitude and phase, this 
difference in the position sensitivity might be reduced. For the beam position 
measurements, these fluctuations of the measurement-offset affect the 
measurement quality when the product of the beam current and beam position 
offset is ≤ 2.5 nA mm. A measurement procedure has been proposed that takes 
these vectorial compensations into account. 

The resolution of the X2 cavity varied between 0.26 mm at 2.6 nA and 0.14 mm
at 12.2 nA. The resolution of the X1 cavity was similar (within 10%) at both beam 
currents. The measured position resolution is within the 0.5 mm required for the 
PROSCAN beamlines. 

An important observation was that the X2 cavity signal did not change by more 
than 2% for a beam position sweep in Y-axis in the range ± 10 mm (with respect 
to the center position). This is a clear indication of the non-excitation of the 
horizontal polarization of the dipole mode for beam position offsets in the vertical 
plane. This observation validated the dipole mode characterization of the BPM 
prototype. 

A new improved BPM design was considered to improve the position sensitivity 
by a factor of 2.4 compared to the installed BPM prototype. An improvement in 
the signal at zero beam offset will help in this respect. This can be achieved by 
lowering the contribution of the TM010 mode at 145.7 MHz by 25% (4 nV 
reduction) and by increasing the signal amplitude containing position information 
by 44% (12 nV improvement) at a 5 mm offset. This improvement has been 
realized recently by an increase of the gap thickness to gap radius ratio, an 
increase of the azimuthal coverage of the cavities and an improvement of the 
loaded quality factor by alumina with lower losses. Experimental confirmation of 
these improvements has been planned to be performed soon.

In our cavity design, for a given position offset, the superposition of the TM010

and TM110 modes causes the signals from the two oppositely placed cavities to 
have different signal levels, which is not the case in a pillbox cavity. This is 
important as it allows determination of the sign of the displacement, for which 
we otherwise would need RF phase information from another cavity. 

6.4 Pros and Cons of the Cavity Monitors
The application of cavity monitors for measurement of beam current and position 
at PROSCAN has its advantages and disadvantages, as compared to the existing 
beam diagnostics. These are summarized below:
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6.4.1 Advantages of Cavity monitors with respect to Interceptive 
monitors

• Mitigation of scattering and secondary halo. The beam quality and 
emittance are thus better preserved until delivery to patients.

• A non-interceptive monitor can remain in the beamline continuously,
unlike in the situation of ICs, which have to be taken out of the beamline 
during patient treatment. 

• Unlike in ICs, the cavity monitors are not subject to measurement 
saturation in case of small beam sizes or at higher beam currents (without 
considering saturation possibilities in amplifiers and digitizers).

• No extra measures are needed for the protection of the cavity resonators,
unlike for secondary emission monitors (SEMs) where the detector foils 
have to be protected against overheating.

• Activation of the cavity resonator is reduced compared to interceptive 
monitors. 

6.4.2 Disadvantages with respect to Interceptive monitors

• Resonating cavity monitors require other monitors for calibration 
procedures. For low beam currents, in the range 0.1-10 nA, the 
calibration can be performed with interceptive monitors only. Therefore 
the demand for an interceptive monitor at PROSCAN always will remain. 

• The response of resonating cavity monitors is deteriorating at a shorter 
integration time. Thus, their application is limited to interlock triggers as 
in patient safety systems. 

• Resonating cavity monitors developed for PROSCAN have their 
detection limit down to 0.15 nA. Interceptive monitors have a lower 
detection threshold and faster integration time than the resonating cavity 
monitors. 

• Reduced sensitivity of resonating cavity monitors with distance from the 
degrader exit.

• Any relocation of a resonating cavity monitor necessitates a new 
calibration for evaluation of measurement sensitivity (beam current and 
position), unlike in interceptive monitors. 

• The presence of other TM oscillations close to the frequency of interest 
affects the measurement sensitivity (both beam current and position) of 
resonating cavity monitors. 



Chapter 6

155

Considering the advantages and disadvantages of cavity resonators with respect 
to existing interceptive monitors, we conclude that our resonating cavity monitors 
can be used to trigger interlocks as a machine safety measure at PROSCAN within 
the existing treatment and operation procedures.

6.5 Future development and limitations
The trend in proton therapy is shifting towards compact, single-room treatment 
facilities since multi-room facilities have high investment costs. With a single-
room facility, which is mostly based on synchrocyclotrons, the influence of 
energy spread from the degrader on the bunch length and thereby the second 
harmonic amplitude will be limited greatly, as the distance from a degrader to the 
treatment isocenter is much shorter, generally in the range of 20 m. This would 
ease the use of cavity resonators for beam current and position measurement as 
their measurement sensitivity is not as drastically affected as in the long 
beamlines associated with multi-room facilities. Moreover, with a shorter 
beamline, the necessity to calibrate in case of the cavity’s relocation is reduced. 
However, the initial calibration will still require the use of an interceptive 
monitor. 

Another trend in proton therapy that is currently investigated is FLASH 
irradiation [1]–[3]. The FLASH irradiation studies performed at PROSCAN 
require pulsed beam currents in the range of 80-500 nA with a pulse length shorter 
than 100 ms. The requirement of high proton beam currents is a perfect situation 
for cavity resonators. Even though the irradiation time is limited to 100 ms, beam 
current for FLASH irradiation will lead to saturation effects (yielding sensitivity 
decrease) in ionization chambers but will enhance the signal level from the cavity 
monitors linearly such that the power output from the cavity is improved by 
approximately 40 dB compared to 1 nA beam current scenario. This allows a 
reduction of the signal integration time to only approximately a few hundred 
microseconds. In such a scenario, the use of interceptive monitors for beam 
parameter monitoring can be minimized except for their use for the initial 
calibration of the cavity resonators.

With the potential to combine both growing trends in proton therapy, i.e., a single-
room treatment Proton FLASH facility, we see a growing potential for cavity 
resonators as a tool for beam monitoring owing to the fact that their disadvantages 
can be mitigated to a greater extent.
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Dit proefschrift beschrijft de ontwikkeling van twee niet-interceptieve
instrumenten voor het meten van bundelstroom en bundelpositie in de 
bundellijnen van de PROSCAN protontherapie kliniek van het Paul Scherrer 
Institut (Villigen, Zwitserland). De motivatie voor deze ontwikkeling is dat deze 
metingen nu gedaan worden met ionisatiekamers (IC's) die de kwaliteit van de 
bundel teveel verslechteren door meervoudige verstrooiing. Op basis van de 
bundeleigenschappen en bundelstroom (0.1 – 10 nA) is ervoor gekozen te 
onderzoeken of met een resonante trilholte een goede meting van de
bundelintensiteit (nauwkeurigheid 0.05 nA) en bundelpositie (nauwkeurigheid 
0.5 mm) te realiseren is. Verder was de mogelijkheid een eenvoudige en compacte 
mechanische constructie zonder bewegende delen te realiseren, een belangrijke 
rol bij deze keuze.

Trilholte voor meting bundelintensiteit
Met behulp van ANSYS HFSS-simulaties is een compacte trilholte ontworpen 
waarmee de bundelintensiteit gemeten kan worden (Figuur 1). De trilholte 
bevindt zich rondom de bundel en bestaat uit een capacitief deel (rood 
gemarkeerd in Figuur 1) en een kortgesloten coaxiale geleider (groen in Figuur 1)
die als inductief deel fungeert. Door een materiaal met hoge diëlektrische 
constante (MACOR) in het inductieve deel te plaatsen kan een compacte trilholte 
gerealiseerd worden. In deze trilholte wordt de fundamentele monopool 
resonantie (TM010) op vergelijkbare wijze aangeslagen als in een eenvoudige 
cylindrische resonator. De afmetingen van de trilholte zijn zodanig dat de 
frequentie van de TM010 magnetische monopool resonantie 145,7 MHz is, de
tweede harmonische is van de herhalingsfrequentie van de protonenbundel (72,85 
MHz) om interferentie met de veel sterkere signalen van de cyclotron RF-systeem 
bij de grondfrequentie van 72,85 MHz te vermijden. De tweede harmonische 
heeft de hoogste amplitude van alle harmonischen.

Een van de belangrijke ontwerpcriteria is het realiseren van een maximale 
overdrachtscoeffiënt tussen de bundel en het signaal op de inductieve 
uitkoppellussen in het coaxiale deel van de trilholte, om ook bij lage 
bundelintensiteit (0.1 – 1 nA) nog een voldoende grote signaal-ruis verhouding te 
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hebben. Een bijkomend voordeel hiervan is dat de kwaliteitsfactor van het holte-
systeem verlaagd wordt, waardoor het verkregen signaal minder gevoelig is voor 
kleine verschillen tussen de frequentie van de TM010 resonantie van de trilholte 
en de herhalingsfrequentie van de bundel. De trilholte heeft vier inductieve 
koppelussen (twee kleine en twee grote) om het afstemmen van de resonantie te 
vergemakkelijken (één grote pickup als resonantietrombone) en voor online 
verificatie van de resonantiefrequentie (de kleine pickups). Deze ontwerpkeuze 
geeft in het prototype veel flexibiliteit bij het meten van de karakteristieken van 
de trilholte, maar leidt wel tot 50 % minder vermogen van het uitgekoppelde 
signaal in vergelijking met een ontwerp met enkele uitkoppellus.

 
Figuur 1: Geometrie van de trilholte voor meting van de bundelintensiteit De belangrijkste 
afmetingen zijn gegeven in mm. Het capacitieve deel van de trilholte is in het linker deel van de 
figuur in rood aangegeven, het inductieve deel in groen in het rechterdeel. De centrale opening waar 
de bundel doorheengaat is in het rechterdeel aangegeven in magenta. 

Volgens zowel de ANSYS HFSS simulaties als analytische berekeningen zou het 
uigekoppelde signaal ongeveer 15 nV voor een bundelstroom van 1 nA moeten 
zijn, hetgeen goed meetbaar is. Hiermee was er ruimschoots voldoende basis om 
een prototype te construeren. Het prototype is eerst gekarakteriseerd op een 
testbank door het meten hoe de S-parameters van de verschillende 
uitkoppellussen varieren als functie van de frequentie, zowel onderling als ten 
opzichte van een analogon van de deeltjes bundel. Die bundel-analogon is een 
dunne koperdraad op de symmetrie-as van de trilholte waardoor een stroom loopt, 
die in de tijd sinusvormig varieert.  De gemeten S-parameters waren in goede 
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overeenstemming met de simulaties. De frequentie van de TM010 resonantie lag 
echter ongeveer 2% hoger dan de ontwerpfrequentie vanwege een verschil van 
5% in de diëlektrische constante van de Macor-ring. Met behulp van een nieuwe 
Macor-ring is de frequentie van de TM010 resonantie afgestemd op 145,7 MHz 
waarna het uitgekoppelde signaal op deze frequentie overeenkwam met de 
berekeningen.

Na de validatie op de testbank is het prototype geïnstalleerd in de PROSCAN-
bundellijn op ongeveer zestien meter van de uitgang van de degrader, waarmee 
tijdens de bestralingen de energie van de protonenbundel wordt geregeld. De 
degrader introduceert een aanzienlijke energiespreiding in de protonenbundel, die 
tot gevolg heeft dat de tijdsduur van de bundelpakketjes groter wordt met de 
afstand tot de degrader. Hierdoor wordt de amplitude van de tweede harmonische 
component van het bundelsignaal, die gebruikt wordt voor de meting, kleiner en 
daarmee ook de gevoeligheid van het meetsysteem. Metingen van de respons van 
de trilholte over het energiebereik 70 - 238 MeV (Figuur 2) stemmen binnen 5% 
overeen met de voorspelde afhankelijkheid.

 
Figuur 2: Gevoeligheid en achtergrondsignaal als functie van de bundelenergie. De foutengrens van 
de datapunten is weergegeven met de standaarddeviatie van de metingen. De blauwe stippellijn is 
de verwachte resonatorgevoeligheid; de zwarte het achtergrondsignaal, dat gemeten worden zonder 
bundel. 

Met de trilholte kunnen bundelstromen vanaf 0.15 nA gedetecteerd worden met 
een 3σ onzekerheid van 0,05 nA met een bestaand elektronisch meetsysteem en 
een integratietijd van 1 seconde. De gevoeligheid kan worden verbeterd met 
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ongeveer een factor 1.5, door de ongebruikte opneempoorten elektrisch open te 
laten of met een betere impedantieaanpassing op de uitgang van de uitkoppellus. 
Dit zou de detectiedrempel verlagen tot   0,1 nA met een resolutie van 0.03 nA. 
De gevoeligheid kan ook worden verbeterd van 15 nV naar 17.5 nV per nA 
bundelstroom, door het Macor te vervangen door aluminiumoxide dat aanzienlijk 
minder diëlektrische verliezen heeft.

Vier-kwadrant trilholte voor meting bundelpositie
Voor het meten van de bundelpositie is een viervoudige trilholte ontwikkeld: in 
ieder kwadrant van een cylinder om de bundel, is een trilholte geplaatst die bestaat 
uit twee parallele platen met een diëlektricum ertussen (capaciteit), verbonden via 
een lus (zelfinductie). Als de bundelpositie niet samenvalt met de symmetrieas 
van dit hele systeem zal de amplitude van het signaal in de vier trilholtes niet 
indentiek zijn. Hieruit kan dan de bundelpositie afgeleid worden. De werking van 
dit systeem is vergelijkbaar met die van een cylindrische trilholte die resoneert in 
de TM110 magnetische dipool mode. De meetgevoeligheid wordt hoofdzakelijk 
bepaald door de genormaliseerde parallelweerstand van de trilholte, de 
elektrische koppeling tussen bundel en trilholtes en de positie en grootte van de 
inductieve lus waarmee het magnetische veld in de trilholte wordt uitgekoppeld. 
Om een zo hoog mogelijke interne kwaliteitsfactor van de trilholtes te bereiken 
is gekozen voor aluminiumoxide van hoge zuiverheid (99.5 %) als diëlektrictum. 
Hiermee worden de signaal-ruis en signaal-achtergrond verhouding aanzienlijk 
verbeterd in vergelijking met Macor. Voor de bundelpositie meting is, in 
tegenstelling tot de bundelintensiteit meting, een hoge kwaliteitsfactor nodig om 
bijdragen van de verschillende TM resonanties te kunnen onderscheiden. In ons 
systeem zorgt de superpositie van de TM010- en TM110-modi ervoor dat de 
signalen van de twee diametraal tegenover elkaar geplaatste trilholtes bij een 
gegeven afwijking van de bundelpositie, verschillende signaalniveaus hebben. 
Dit is niet het geval in een conventionele cylindrische trilholte. Dit is belangrijk 
omdat hiermee het teken van de positieafwijking kan worden bepaald, waarvoor 
anders fase-informatie uit een afzonderlijke trilholte nodig zouden zijn.

Met behulp van ANSYS HFSS is onderzocht hoe de verschillende geometrische 
en elektrische parameters van de trilholtes de meetgevoeligheid beinvloeden. De 
onderzochte parameters zijn de azimuthale afstand tussen de individuele 
trilholtes; de afstand tussen de geaarde buitenmantel en de trilholtes, de breedte 
en dikte van het diëlektricum en de afmeting van de uitkoppellus.  Het criterium 
voor de keuze van de configuratie is de maximaal uitgekoppelde signaalgrootte 
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van de TM110 resonantie bij 145.7 MHz. Hieruit is afgeleid, dat het in Figuur 3
afgebeelde systeem de best mogelijke meetgevoeligheid heeft. Bij excitatie met 
een sinusoidaal signaal van 145.7 MHz (de tweede harmonische) met een 
amplitude van 1 nA en een 2 mm verschuiving van de bundelpositie, is het 
uitgangssignaal volgens de ANSYS HFSS simulaties 20.5 nV, terwijl een 
analytische benadering 25 nV oplevert.  Op basis van deze goede 
overeenstemming is een prototype gebouwd.

 
Figuur 3: 3D weergave en dwarsdoorsnede van de prototype bundelpositie monitor met relevante 
afmetingen.

Het prototype van de bundelpositie monitor is, net als het prototype van de 
bundelstroom monitor, eerst gekarakteriseerd op een testbank door de S-
parameters (frequentie afhankelijkheid van de koppelingssterkten) te meten. De 
resonantiefrequentie van de TM010 mode voor alle vier trilholtes kwamen goed 
overeen. De gevoeligheid van de positiemeting bleek echter sterk afhankelijk te 
zijn van RF stoorsignalen, misaanpassing van de impedanties en kleine 
geometrische verschillen tussen de trilholtes. Verdere ANSYS HFSS simulaties 
waarbij geometrische verschillen (verschuiving en draaiing van de trilholte en 
verschuiving van het diëlektricum) in het model werden geïntroduceerd 
bevestigden de experimentele waarnemingen. Voor een verbeterde versie van het 
prototype week het gemeten uitgangssignaal voor de nominale bundelpositie 
minder dan 5% af van de simulatie; voor bundelpositie afwijking van 15 mm was 
het verschil tussen meting en simulatie 16%.

Het prototype is vervolgens geïnstalleerd in de bundellijn op een afstand van 
6 meter van de uitgang van de degrader. Hierdoor is de toename van de tijdsduur 
van de bundelpakketjes ten gevolge van de energiespreiding en daarmee de 
vermindering van de amplitude van de tweede harmonische component, veel 
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kleiner dan bij de metingen aan de bundelintensiteit monitor. Met de 
bundelpositie monitor zijn twee typen metingen uitgevoerd: variatie van de 
bundelintensiteit voor een gegeven afwijking van de bundelpositie en variatie van 
de bundelpositie voor een gegeven bundelintensiteit.

De metingen als functie van de bundelintensiteit, uitgevoerd bij bundelenergieën 
138 MeV en 200 MeV, bevestigden de lineaire respons van het prototype als 
functie van de bundelintensiteit (Figuur 4 (a)). De respons na aftrek van het 
signaal zonder bundel (cyclotron RF-interferentie) en genormaliseerd op 
bundelintensiteit,  is vrijwel onafhankelijk van de bundelintensiteit voor 
bundelintensiteiten groter dan 2.5 nA (Figuur 4 (b)). Voor bundelintensiteiten 
kleiner dan 2,5 nA wijkt de genormaliseerde respons af en heeft een aanzienlijke 
onzekerheid.
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Figuur 4: (a) Respons van de X1 trilholte na correctie voor de respons zonder bundel voor 200 MeV 
en 138 MeV protonenbundels bij een bundelpositie afwijking van 4,8 mm in de richting van de X1 
trilholte. (b) Respons genormaliseerd op de bundelstroom. De foutengrens van individuele 
meetpunten in beide grafieken corresponderen met tweemaal de standaarddeviatie.

De positiegevoeligheid van beide trilholtes in het horizontale vlak (X1 en X2) is 
bij een bundelenergie van 138 MeV gemeten over een bereik van +/-10 mm ten 
opzichte van de nominale bundelpositie (Figuur 5). Voor de X1-trilholte is de 
respons lineair over het bereik -10 mm tot +3 mm; voor de X2-trilholte over een 
groter bereik -10 mm tot +10 mm. De oorzaak hiervan is waarschijnlijk de 30% 
hogere positiegevoeligheid in vergelijking met trilholte X1, wat kaan worden 
toegeschreven aan geometrische asymmetrieën, die onbedoeld zijn 
geïntroduceerd tijdens het opnieuw in elkaar zetten van het systeem. 
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De positiegevoeligheid bleek ook enigzins afhankelijk van de bundelintensiteit: 
bij 12.2 nA is de gevoeligheid 12% hoger dan bij 2.6 nA. Dit wordt waarschijnlijk 
veroorzaakt door het scalair aftrekken van het signaal zonder bundel. Het totale 
signaal is echter de vectoriële som van de bijdrage van de TM010-modus bij de 
meetfrequentie en het signaal zonder bundel. Als de meting met een netwerk 
analyser in plaats van de hier gebruikte spectrum analyser wordt uitgevoerd, kan 
het signaal zonder bundel vectoriëel worden afgetrokken. Hiermee zou dan de 
intensiteitsafhankelijkheid van de gevoeligheid moeten verdwijnen. Het scalair 
aftrekken van het signaal zonder bundel en de fluctuaties in dit signaal 
beïnvloeden de kwaliteit van de metingen vooral wanneer het product van de 
bundelstroom en afwijking van de bundel positie ≤ 2.5 nA mm is. Een 
meetmethode waarbij het signaal zonder bundel wel vectoriëel kan worden 
afgetrokken wordt beschreven. De gemeten positieresolutie ligt binnen de 0.5 mm 
die vereist is voor de PROSCAN-bundellijnen.
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Figuur 5: Signaal van de X1 en X2 trilholte na aftrek van het signaal zonder bundel en normalisatie 
met de bundelintensiteit versus de positie van de straal (variatie horizontale bundelspositie). De 
foutengrens van de individuele meetpunten correspondeert met een betrouwbaarheids interval van 
95% (± twee standaarddeviaties). In figuur (a) zijn de metingen voor een bundelstroom van 2.6 nA 
weergegeven, in figuur (b) die voor een bundelstroom van 12.2 nA. De bundelstroom en 
bundelpositie zijn gemeten met een ionizatiekamer met een onzekerheid van 1% en 5% voor 
bundelstroom respectievelijk bundelpositie.

Een belangrijke waarneming was dat het signaal van een trilholte in de X-richting 
niet meer dan 2% veranderde wanneer de bundelpositie in de Y-richting 
gevarieerd werd in het bereik van ± 10 mm (ten opzichte van de nominale positie). 
Dit toont aan dat de horizontale polarisatie van de TM110 resonantie niet wordt 
aangeslagen voor afwijkingen van de bundelpositie in de verticale richting.
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Op basis van de metingen en verdere simulaties is een verder verbeterd ontwerp 
van de bundelpositie monitor gemaakt, met een positiegevoeligheid die een factor 
2.4 beter is dan die van de nu geteste versie. Deze verbeterde versie heeft een 
grotere verhouding tussen dikte en straal van het diëlektricum, een grotere 
azimuthale breedte van de trilholtes en een hogere externe kwaliteitsfactor door 
gebruik van aluminumoxide met nog lagere diëlektrische verliezen. Deze 
verbeteringen zullen binnenkort experimenteel getoetst worden.

Voor- en nadelen van trilholtes voor meting van 
bundeleigenschappen
De toepassing van trilholtes als instrument voor de meting van bundelintensiteit 
en bundelpositie heeft zowel voor- als nadelen ten opzichte van de 
bundeldiagnostiek die nu bij PROSCAN gebruikt wordt. Met trilholtes in plaats 
van de bestaande interceptieve ionisatiekamers (IC) wordt meervoudige 
verstrooiing en de vorming van secundaire halo voorkomen. Bovendien hebben 
de trilholtes, in tegenstelling tot IC's, geen last van verzadiging van het signaal en 
activatie door de protonenbundel. De trilholtes moeten echter uitgebreid geijkt 
worden met behulp van andere meettechnieken, vergen een langere 
signaalintegratietijd om een voldoende signaal-ruis verhouding te bereiken en 
zijn gevoelig voor stoorsignalen en de excitatie van andere TM-resonanties die 
de meetgevoeligheid kunnen beïnvloeden.

Rekening houdend met zowel de voor- als nadelen, concluderen we dat de 
ontwikkelde monitoren op basis van trilholtes een goede rol kunnen spelen als 
instrument om de veiligheid van de bestralingen bij PROSCAN te bewaken 
binnen de bestaande behandelings- en bedieningsprocedures.
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