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A B S T R A C T

Beam diagnostic devices are essential tools to sense the properties of the beam in particle accelerators. Beam
Position Monitors (BPMs) are used to detect the transverse beam spatial coordinates. A large number of high-
resolution resonant cavity BPMs, operating at 14GHz, are proposed to monitor the orbit of the two main beam
linacs of the CLIC project. This paper discusses innovative calibration techniques on a dedicated test bench in
the frame of the PACMAN project. The particular location of the electromagnetic center of the resonant cavity
BPM is detected utilizing a stretched-wire measurement approach. Measurements, RF characterization and final
fiducialization of the BPM electrical offset are treated with details. Initial studies through EM simulations of the
cavity BPM are covered. The presented experimental results prove the feasibility of the alignment methodology
with nanometric resolution.
. Introduction

The Compact LInear Collider (CLIC) project at CERN is an inter-
ational study for a future high-energy and high-luminosity particle
ollider, proposing to collide electrons and positrons with a center-
f-mass energy up to 3 TeV [1,2]. The concept to accelerate leptons
electrons or positrons) on a linear trajectory to high, multi-TeV, en-
rgies removes the problem of the energy loss due to the synchrotron
adiation in a ring accelerator.

0,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 =
𝑒2𝛾4

3𝜖0𝜌
≈ 88.46𝐸 [GeV]4

𝜌 [m]
[keV] (1)

q. (1) explains the energy loss that an electron (or positron) experi-
nces on a single turn in a ring collider of radius 𝜌. That energy loss
cales with 𝐸4 and needs to be compensated by a longitudinal force,
owered by the RF system. Practically, for multi-TeV ring colliders,
his would lead to very large values of 𝜌 due to the power limitations
f a real-world RF system, thus to ring accelerators with a very large
ircumference and consequently, large cost, e.g. for the accelerator
unnel, infrastructure etc.

Table 1 lists some of the most important machine and beam param-
ters of the CLIC project, which foresees a realization with increasing
enter-or-mass energy in three stages. Beside the center-of-mass energy,
he luminosity ℒ , i.e., the number of particle collisions at the interac-
ion point (IP) per unit time, is a crucial performance parameter [3]:

=
𝑁2𝑛𝑏𝑓
4𝜋𝜎𝑥 𝜎𝑥

. (2)

∗ Corresponding author at: Fermi National Accelerator Laboratory, Batavia, IL, USA.
E-mail address: zorzetti@fnal.gov (S. Zorzetti).

The collision frequency 𝑓 in Eq. (2) is rather low for linear colliders.
For CLIC: 𝑓 = 𝑓𝑟𝑒𝑝 = 50Hz. In ring accelerators 𝑓 = 𝑓𝑟𝑒𝑣 is the revo-
lution frequency, which is instead in the kHz regime. Moreover, due to
the practical limits for the number of particles per bunch 𝑛𝑏, as well as
for the number of bunches 𝑁 , the effective transverse beam size 𝜎𝑥 at
the IP, which includes a variety of beam–beam effects, has to become
very small to meet the luminosity goal of ℒ = 5.9 × 10−34 cm−2 s−1.
Detailed optimizations favor a flat beam at the IP, which leads to a
particular small vertical beam size at the IP of CLIC, down to 1 nm at
the final stage, according to the CLIC implementation plan [4,5].

The smallest achievable transverse beam size at the IP is linked to
the transverse beam emittance (𝜖), a beam quality parameter defined
for each transverse plane as area of position, 𝑥𝑖(𝑠), and angle, 𝑥′𝑖(𝑠) =
𝑑𝑥𝑖(𝑠)∕𝑑𝑠, of the beam particles 𝑖, in the 𝑥 − 𝑥′ phase space, with the
beam trajectory 𝑠 as a parameter. While for an ideal linear accelerator
𝜖(𝑠) is constant, a real-world linear accelerator suffers from emittance
blow-up along the beam trajectory, which is typically due to misalign-
ments or unwanted non-linear field effects in the quadrupoles and
accelerating structures. Fig. 1(a) illustrates the effect of a misaligned
Main Beam Quadrupole (MBQ) of the CLIC accelerator, indicating
the trajectories of three charged particles having slightly different
momenta, i.e., a typical beam having some energy spread. Due to
the transverse offset between the beam trajectory and the center of
the quadrupole magnet, the particles experience a deflection, which is
slightly different as of their different momenta, and will now travel on
different trajectories, resulting in a larger beam size, increased by 𝛥𝜎𝑦.
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Table 1
CLIC parameters [1,2,5].

Parameter Symbol Unit Stage 1 Stage 2 Stage 3

Center-of-mass energy
√

𝑠 GeV 380 1500 3000

Repetition frequency 𝑓𝑟𝑒𝑝 Hz 50 50 50
Number of bunches per train 𝑛𝑏 352 312 312
Bunch separation 𝛥𝑡bunch ns 0.5 0.5 0.5

Accelerating gradient G MV∕m 72 72/100 72/100

Total luminosity ℒ 1 × 1034 cm−2 s−1 2.3 3.7 5.9
Luminosity above 99% of

√

𝑠 ℒ0.01 1 × 1034 cm−2 s−1 1.3 1.4 2
Total int. lum. per year ∫ ℒ fb−1 276 444 7-9

Main tunnel length km 11.4 29.0 50.1

Nb. of particles per bunch N 109 5.2 3.7 3.7
Bunch length 𝜎𝑧 μm 70 44 44
IP beam size 𝜎𝑥∕𝜎𝑦 nm 149/2.0 ∼60/1.5 ∼40/1
Final RMS energy spread 𝛥𝑝∕𝑝 % 0.35 0.35 0.35

Crossing angle (at IP) mrad 16.5 20 20
Fig. 1. MBQ and BPM misalignment effects. (a) MBQ misalignment and particles’ energy spread. (b) Typical linac lattice with quadrupole magnets and related BPMs, here
misaligned [6].
The same effect happens if the beam is mis-steered through a perfectly
aligned quadrupole. Therefore, the beam position monitors (BPMs)
are usually located near each quadrupole to monitor and verify that
the beam trajectory is exactly aligned to the center of all quadrupole
magnets. This requires the BPM pickup itself to be aligned with refer-
ence to the center of the quadrupoles. Fig. 1(b) shows an unwanted
beam trajectory. The offsets at the quadrupole magnets are due to
the misalignment between the BPM pickups and the corresponding
quadrupoles, however, the BPMs may still report a perfectly centered
beam. These offsets can be corrected through proper alignment and
calibration procedures of the BPM devices.

Clearly, the alignment between quadrupole magnets and beam po-
sition monitors is mandatory to achieve the luminosity goals of CLIC,
and is performed in several iterations [7].

Fiducialization The position of the reference axes of each compo-
nent is determined w.r.t. external targets. This is used later
to reference to the axes, when they are no longer accessible.
Metrology tools are used to detect the coordinates and correct
the positioning of the components during the assembly and
installation procedures.

Electrical-based alignment After rigidly fixing the BPM to the
quadrupole magnet, an electrical based alignment procedure de-
termines the offsets and roll-angles between the electrical center
of the BPM and the magnetic center of the quadrupole magnet.

Beam-based alignment After the installation and the active pre-
alignment of the components, the beam commissioning can
take place with a beam-based alignment (BBA) procedure to
discover the remaining quadrupole-BPM offset and roll errors
by a beam-based measurement procedure.
2

In frame of the PACMAN (Particle Accelerator Components’ Metrology
and Alignment to the Nanometer scale) initiative hosted at CERN,
the various aspects of pre-alignment, metrology and electromagnetic
characterization of the most critical accelerator components have been
studied. Using a common stretched wire [8], new solutions to char-
acterize the magnetic axis of a quadrupole [9], the electro-magnetic
axis of a high gradient RF cavity [10], and the electrical center of the
resonant cavity BPM [11] were proposed, including different methods
aiming at the fiducialization of each component within a micrometric
accuracy were proposed, based on Frequency Scanning Interferom-
etry (FSI) [12], measurements on a Coordinate Measuring Machine
(CMM) [13], and micro-triangulation measurements [14]. This pa-
per summarizes findings and results of a CLIC resonant cavity BPM
pickup study and characterization in terms of pre-alignment accuracy
of the electrical center utilizing a stretched-wire and RF measurement
techniques.

2. Resonant cavity BPMs

While there exist different types and styles of BPM pickups, the
resonant cavity BPM is the most promising type to provide sufficient
sensitivity to meet the CLIC BPM requirements in terms of resolution
and accuracy. The cavity BPM used for CLIC was designed based on
the CLIC beam parameters to provide both, high spatial and high
temporal resolution, better than 50 nm and 50 ns, respectively [15,16].
The operating frequency of the dipole mode is a design parameter,
selected as a compromise between different factors. A higher frequency
promises a higher shunt impedance, which results in a higher sensitivity
to the beam position, while a sufficient low frequency is required for
the mode to be trapped for a given size of the beam pipe ports and
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Table 2
Main parameters of the CTF3/CLIC cavity BPM.

Parameter Symbol Unit Value

Monopole resonant frequency 𝑓010 GHz ∼11
Dipole resonant frequency 𝑓110 GHz ∼15
Maximum loaded Q-factor 𝑄𝐿 320
Cavity radius 𝑟 mm 11.24
Waveguides width 𝑎 mm 20
Waveguides height 𝑏 mm 13
Waveguides cut-off frequency 𝑓𝑤𝑔 GHz ∼11.5

simplifies the read-out system. Finally, this frequency has to be an
integer multiple of the bunch repetition frequency, 1∕𝛥𝑡bunch = 2GHz
for CLIC (see Table 1). Therefore, the BPM for CLIC is designed to
operate at 14GHz, while, for the prototype the dipole mode eigen-
frequency is modified to 15GHz to comply with the 3GHz bunched
beam structure at the CLIC Test Facility (CTF3) [17]. The CTF3 BPM
is shown in Fig. 2(a), RF parameters and geometry are summarized in
Table 2, which refers to the diagram in Fig. 2(b).

2.1. Principle of operation

In a passive cylindrical resonant cavity, so-called ‘‘pillbox’’ res-
onator, the transverse electric (TE) and transverse magnetic (TM)
modes are excited as a bunched beam passes through, utilizing the
attached beam-ports on either face. If the cavity cylinder holds the
geometric relationship of 𝑙𝑒𝑛𝑔𝑡ℎ < 2 × 𝑟𝑎𝑑𝑖𝑢𝑠, the excited modes are
only TM, with eigen-frequencies:

𝑓𝑛𝑚𝑝 =
1

2𝜋
√

𝜇0𝜖0

√

(

𝑗𝑛𝑚
𝑟

)2
+
( 𝑝𝜋

𝑙

)2
, (3)

where 𝑟 is the radius, 𝑙 is the length of the cavity, and 𝑗𝑚𝑛 are the
roots of the Bessel functions of 1st kind. The TM010 (monopole mode)
nd the TM110 (dipole mode) are the first two modes excited in
his cavity. Those modes follow the boundary conditions described by
he zero order and the first order 1st kind Bessel Function (𝐽𝑛(𝑥), in
ig. 2(d)). With the monopole mode being excited, the maximum of the
lectric field falls in the center of the cavity, on the 𝑧 symmetry axis,
𝑚𝑎𝑥[𝐽0(𝑥)] = 𝐽0(0), see Fig. 2(d) and dark-blue trace in Fig. 2(c)), while
he electric field generated by the dipole mode is zero in the center of
he cavity (𝐽𝑛(𝑗𝑛𝑚) = 0, in Fig. 2(d)), observing a change of polarity
light-blue trace in Fig. 2(c)). To operate as beam position monitor, the
unched-beam excited TM110 dipole mode is used, providing a differ-
nce (𝛥) signal, which depends on the transverse beam position (𝑥), but
lso on the beam intensity (𝑖𝑏𝑒𝑎𝑚), the approximation 𝛥 ∝ 𝑥 × 𝑖𝑏𝑒𝑎𝑚
s valid in the proximity of the electrical center. A beam intensity
ndependent beam position measurement requires normalization of the
-signal w.r.t. beam intensity signal, however, this is not needed for
he stretched-wire analysis.

Four rectangular waveguides are added to the resonant cavity BPMs,
heir lowest cut-off frequency depends on the wide dimension 𝑎 of the
ectangular cross-section:

𝑤𝑔 = 1
2𝑎

√

𝜇0𝜖0
, (4)

here 𝜇0 and 𝜖0 are the vacuum permeability and permittivity, respec-
ively. Selecting the cut-off frequency of the waveguides in-between
he monopole and the dipole eigen-frequencies of the pill-box cavity
𝑓010 < 𝑓𝑤𝑔 < 𝑓110) allows a very efficient discrimination of the dipole
ode signal with respect to the monopole mode signal, which is always

xcited by the bunched beam. Moreover, the slot-coupled waveguides
efine the two polarization axes of the TM110 mode, usually ori-
nted to the horizontal (𝑥) and vertical (𝑦) plane. Modes’ selectivity
nd orientation are displayed in Fig. 3. With the added waveguides,
he cavity BPM behaves as common-mode free differential detector
CM-free cavity BPM), providing two separate TM110 𝛥-signals being
3

roportional to the horizontal and vertical beam position, thus enable
beam position measurement in 2D Cartesian coordinates (horizontal

nd vertical).

.2. Signal processing

A simple beam position measurements system is composed by sens-
ng beam pickups and read-out electronics. A generic block diagram
s shown in Fig. 4, depicting the signal treatment chain, from the
etection to the analogue and digital signal processing [6]. Commonly
sed beam pickups are based either on broadband electrostatic, elec-
romagnetic, or on resonant operational principles [18]. In case of
roadband BPM pickups, pairs of symmetrically arranged electrodes
ouple to the electromagnetic field of the beam and output a voltage
ignal 𝑉𝑝𝑖𝑐𝑘𝑢𝑝(𝜔), which is proportional to the beam current 𝐼𝑏𝑒𝑎𝑚(𝜔),
nd to the beam displacement, i.e., transverse beam position (𝑥, 𝑦). This
s expressed in Eq. (5), where 𝑠(𝑥, 𝑦, 𝜔) is a sensitivity term associated
o the beam coupling method, and 𝑍𝑃𝑈 (𝜔) is the transfer impedance
iven by the pickup geometry and the materials being used.

𝑝𝑖𝑐𝑘𝑢𝑝(𝜔) = 𝑠(𝑥, 𝑦, 𝜔)𝑍𝑃𝑈 (𝜔)𝐼𝑏𝑒𝑎𝑚(𝜔) (5)

Some of the eigenmodes of a single-cell, cylindrical resonator used
s cavity BPM are excited by the bunched beam, thus, the cavity BPM
an be viewed as a band-pass filter. Beside the eigenfrequency, given by
he size of the resonator, each mode can be characterized by the shunt
mpedance over the unloaded quality factor (𝑅∕𝑄0). The unloaded
-factor is determined by the losses in the cavity walls:

0 =
𝜔𝑈
𝑃

, (6)

where 𝑈 is the energy stored, 𝑃 is the power dissipated in the resonator,
and 𝜔 is the resonant frequency of the cavity.

The shunt impedance should be as high as possible to achieve high
sensitivity. It is calculated as:

𝑅 = 𝑉 2

𝑃
, (7)

where 𝑉 = ∫ +𝑙∕2
−𝑙∕2 𝐸𝑧𝑑𝑧 is the gap voltage across the cavity, 𝑙 is the

length of the cavity.
The ratio between the shunt impedance and the quality factor only

depends on geometry and not on losses in the materials. Eq. (8) defines
the normalized shunt impedance for the TM110 mode as in Ref. [19],
at an offset 𝑟0 = 𝑥0 or 𝑦0, depending on the TM110 mode polarization,
horizontal or vertical, respectively.

𝑅
𝑄0

= 𝑉 2

𝜔𝑈
=
[

𝑅𝑠
𝑄0

]

𝑟0

𝑟2

𝑟20
, (8)

Compared to the broadband BPM pickups, like stripline or button
BPMs, the shunt impedance 𝑅 of a cavity BPM for the TM110 dipole
mode resonance typically is several orders of magnitude higher (a few
Ω/mm vs. some kΩ/ mm), which results in higher sensitivity [15].

The voltage induced into a load impedance 𝑍load (typically, 𝑍load =
𝑅load = 50 Ω), coupled to the cavity BPM with a coupling given by
1∕𝑄ext = 1∕𝑄𝐿 − 1∕𝑄0, by a gaussian beam bunch of length 𝜎𝑧 and
charge 𝑞, passing the BPM resonator at a relativistic velocity 𝑣 ≈ 𝑐
follows then as:

𝑣𝑟(𝑡) = 𝑉out𝑒
− 𝑡

2𝜏 sin(𝜔𝑡), (9)

out =
𝜔
2
𝑞 𝑟
𝑟0

√

𝑍load
𝑄ext

[

𝑅
𝑄
|

|

|

|𝑟0
exp

(

−
𝜔𝜎2𝑧
2𝑐2

)

, (10)

with 𝑟∕𝑟0 being the horizontal 𝑟 = 𝑥 or vertical 𝑟 = 𝑦 beam displacement
w.r.t. an offset as defined for [𝑅∕𝑄0]𝑟0 , parallel to the 𝑧-axis. It follows
from Eqs. (9) and (10) that the voltage on the load depends linearly on
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Fig. 2. (a) Picture of the cavity BPM prototype for the CTF3 facility, made of copper. (b) Parts and dimensions of the CLIC cavity BPM. (c) Monopole and dipole modes trends
in a pillbox cavity. (d) The TM010 and TM011 follow the trends of the 𝐽0(𝑥) and 𝐽1(𝑥), respectively.

Fig. 3. Microwave eigenmode simulations of the resonant cavity BPM used for CLIC. The magnitude values of the electric field are projected on the central cross-section of the
pillbox resonator. (a) Monopole mode, TM010. There is no coupling between the cavity and the waveguides if the monopole mode is excited. (b) Dipole mode TM110 (horizontal
polarization). (c) Dipole mode TM110 (vertical polarization). b–c In presence of a dipole mode excitation the signal is detected and passes through the waveguides to the coaxial
ports. The two different polarizations of the dipole mode are aligned to the orthogonal set of external waveguides.

4
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Fig. 4. Generic BPM system block diagram [6].

the beam displacement 𝑟: 𝑣𝑟(𝑡) ∝ 𝑟 𝑒−
𝑡
2𝜏 sin(𝜔𝑡). This approximation is

valid over a range of approximately two-thirds of the beam pipe [19].
It is also noted that the maximum power is transferred in critical
coupling: 𝑄𝐿 = 𝑄ext = 𝑄0∕2.

In a similar way, we can compute the voltage induced by a particle
beam passing through the cavity BPM with pitch and yaw angles 𝛼 and
𝜃:

𝑉𝛼(𝑡) ∝ −𝛼𝑒−𝑡∕2𝜏 cos(𝜔𝑡), (11)

𝑉𝜃(𝑡) ∝ 𝜃𝑒−𝑡∕2𝜏 cos(𝜔𝑡), (12)

limits apply to 𝛼 ≪ 1, 𝜃 ≪ 1. Further analysis and detailed calculation
can be found in Refs. [19,20]. Using a simplified notation, the cavity’s
output signal 𝑣(𝑡) is proportional to three components:

𝑣(𝑡) ∝ 𝑞𝑒−𝑡∕2𝜏𝑒−𝑖𝜔𝑡(𝑆𝑥𝑥 + 𝑆𝛼𝛼𝑒
𝑖𝜋∕2 + 𝑆𝜃𝜃𝑒

−𝑖𝜋∕2) (13)

where 𝑆𝑥, 𝑆𝛼 and 𝑆𝜃 are the linear beam displacement (beam position),
the beam angle, and the bunch tilt sensitivities, respectively, which can
be determined by appropriate calibration procedures [21]. The analysis
the TM110 sinusoidal signal in the complex plane as in-phase (I) and
quadrature-phase (Q) components enables the detection of both the
linear (beam displacement) and the angular (bunch tilt) information:
𝐼 = 𝐴 cos(𝜙) and 𝑄 = 𝐴 sin(𝜙), where 𝐴 and 𝜙 are the amplitude and
the phase of the acquired signal, respectively.

3. Perturbing wire analysis

Any BPM pickup utilizes a symmetric geometrical structure to detect
and measure the transverse beam position. In the case of the cavity
BPM it is the symmetry of a cylinder and the related TM110 dipole
eigen-mode. To locate the dipole mode electric symmetry axis of an
imperfect cylindrical cavity BPM we use a stretched wire as a passive
probe. With a conductive wire stretched through the cavity, monopole-
like, dipole-like and higher-order modes (HOMs) are still present. The
electric field on the wire surface is null because the tangential electric
field component on the wire surface is zero (𝛷 = 0 → 𝐸𝑡 = 0, assuming
a high conductivity of the wire). Fig. 5 shows the magnitude of the
normalized electric fields for one polarization of the TM110 dipole
mode, including the perturbation introduced by the stretched wire. As
the wire is moved along the horizontal axis, the symmetry of the TM110
mode is broken, and the electric field is forced to zero at the location
of the wire. For dipole modes, the electric symmetry is restored if the
wire is placed in the central location. The electrical center is indeed the
location of minimum perturbation in the cavity BPM.

3.1. Frequency shift analysis based on Slater’s theorem

Any perturbation of a resonant mode will cause a shift of the
eigen-frequency, that can be detected as a frequency-shift. The Slater’s
theorem describes the interaction between the magnetic permeabil-
ity (𝜇 ) and the electric permittivity (𝜖 ) of a dielectric or conductive
𝑟 𝑟

5

object positioned in an empty resonant cavity [22]. The frequency shift
of the eigen-frequency caused by this effect is given by:

𝛥𝜔
𝜔0

=
𝜔 − 𝜔0
𝜔0

=
∫𝛥𝑉 (𝜇0𝜇𝑟|𝐻|

2 − 𝜖0𝜖𝑟|𝐸|

2)𝑑𝑉

∫𝑉 (𝜇0|𝐻|

2 + 𝜖0|𝐸|

2)𝑑𝑉
(14)

ith 𝐻 and 𝐸 being the magnetic and electric fields of the eigenmode,
hich depend on the position of the object, and 𝜔0 the unperturbed
igen-frequency. The nominator of the Eq. (14) is an integral over
he volume of the resonant cavity subtracted by the volume of the
erturbation (𝛥𝑉 ), which results in the energy stored in the perturbed
ystem. The denominator of Eq. (14) is instead the energy stored
n the unperturbed resonator (𝑈0), calculated over the entire cavity
olume (𝑉 ). If a thin cylinder, in our case a metallic wire, is positioned
long the longitudinal direction of an empty cavity, it perturbs the
esonant modes according to Slater’s theorem. Both, the magnetic and
he electric fields are influenced by this object, however, if it is made
f paramagnetic material (𝜇𝑟 ≈ 1), the perturbation is prevalent on the
lectric field [23]:

𝛥𝜔
𝜔0

=
𝜖0𝑉𝑝
2𝑈0

𝜖0 − 1
𝜖0

𝐸2
0 , (15)

where 𝑉𝑝 is the volume of the perturbing object. The frequency pertur-
bation is proportional to the electric field strength. This allows us to
qualitatively reconstruct the E-field pattern and to precisely locate the
electrical symmetry axis in the BPM cavity, and in a following step to
determine the misalignment of the BPM w.r.t. the magnetic axis of a
CLIC MBQ quadrupole.

4. Microwave characterization of the resonant cavity BPM

As part of the PACMAN project, we studied and verified the nano-
metric resolution of the cavity BPM using our stretched-wire measure-
ment setup. Furthermore, the CLIC BPM was also studied with beam
at the CLIC Test Facility CTF3, and this activity is still continued at
the CERN Linear Electron Accelerator for Research (CLEAR) [24]. For
the PACMAN project the alignment and calibration procedures were
performed on a dedicated, beam independent test bench, utilizing the
stretched-wire RF measurement approach, see Fig. 6.

4.1. Stretched wire setup

A single thin metallic wire stretched through a metal tube and
excited with an RF stimulus signal generates only transverse electric
and magnetic field components (TEM) that propagate along this coaxial
transmission-line, for all frequencies below a cut-off frequency given
by the cross-section dimensions. The electromagnetic fields of this
coaxial wire setup are almost identical to that of a charge particle beam
traveling at a relativistic velocity 𝑣 ≈ 𝑐. If the wire is used as a passive
perturbation probe, it couples to the electrical field generated in the
BPM resonator by signals fed via the lateral waveguides. Unwanted
power dissipation and signal degradation might be induced as well.
However, this method substantially simplifies the electrical measure-
ments process, as it avoids RF impedance matching and signal transport
lines at higher frequencies. This method is used to locate the electrical
center of the CLIC cavity BPM with high accuracy. The metallic wire
used for this setup is made of Cu–Be and has a diameter of 100 μm.

4.2. Actuators - Translation stages

The conductive wire is fixed on both ends by support columns
mounted on an optical table and stretched through the cavity BPM,
which is mounted rigidly on a high-precision 6-axis translation stage
(hexapod), sitting on the same optical table, see also Fig. 6. The cavity
BPM is moved in sub-micrometer steps along the linear horizontal or
vertical axes, and in sub-microradian increments for both correspond-
ing angles, pitch and yaw, while the stretched wire is fixed. Applying
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Fig. 5. Normalized electric field. Dipole mode perturbation induced by the wire.
Fig. 6. CLIC beam position monitor test bench.
mall displacement steps to the hexapod allows to scan the horizontal
nd vertical position of the BPM cavity with reference to the wire,
fter having compensated remaining tilt and rotation errors, which
nables to qualitatively reconstruct the modulus of the electric field
f the TM110 mode for the two polarizations utilizing S-parameter
easurements with a vector network analyzer (VNA) on the four signal
orts of the cavity BPM.

.3. Port coupling measurements

As the dipole-mode field cannot be measured directly, we used the
our coaxial signal ports, each located near the end of the corresponding
ectangular waveguide that couple through a slot to the cavity res-
nator, to investigate the field symmetry as we moved the cavity BPM
.r.t. the stretched wire to locate the symmetry axis. A 4-port vector
etwork analyzer (VNA), operated at the dipole mode frequency, was
sed to measure the scattering parameters or S-parameters at the four
orts.

• Analyzing the transmission S-parameters between two opposite
ports, i.e., the horizontal or the vertical signal ports on the waveg-
uides of the cavity BPM will give the power transmission for a
6

given wire location. If the wire is located in the electrical center,
the coupling to the electric field components is minimum, and the
power transmission between those opposite ports is maximum.
The phase argument however does not return any valuable infor-
mation, as the power transmission always happens in the same
polarization plane.

• Another option is to analyze the transmission coefficients between
adjacent ports, noting that the cavity construction is optimized
for a low cross-talk between the horizontal and vertical plane
(∼40 dB). In this case, with the wire in the electrical center, the
perturbations are minimum, and therefore the power transmission
between two adjacent ports is reduced to a minimum. Even in this
low-coupling situation, the VNA has sufficient dynamic range to
precisely identify the minimum of the magnitude of the trans-
mission parameter, moreover the phase argument ‘jumps’ as the
wire crosses the electrical center, which offers a particular high
sensitivity and resolution to locate the electrical center.

4.4. Frequency perturbation

We analyzed the frequency shift on the resonant cavity BPMs caused
by the wire, as described by Eq. (15). The frequency shift is propor-
tional to the wire displacement, i.e. the perturbation, and therefore it
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Fig. 7. Frequency perturbation induced by the stretched-wire on the dipole
eigen-frequency.

Fig. 8. BPM electrical center location method through wire scan on the linear
directions.

is equivalent to the magnitude of the E-field of the dipole mode. While
scanning the cavity w.r.t. the wire over a transverse section of the BPM
near the center (±700 μm), along horizontal and vertical directions, the
reflection coefficients |𝑆𝑛𝑛| on the ports were monitored over a relevant
frequency range and stored for each step. Fig. 7 shows the result after
analyzing the frequency-shift from the S-parameter data correlated with
the wire location.

5. Analysis of the electrical center

Applying the stretched-wire perturbation method discussed above,
in an initial attempt we scanned the 𝑥𝑦 - plane of the cavity BPM around
the geometric center over an area of ±1mm in rather coarse steps of
100 μm. For the analysis of the S-parameters only a single frequency at
resonance was used from the VNA data, ports P1 and P3 are the vertical
signal ports and P2 and P4 are the horizontal signal ports. Fig. 8 shows
the diagram of the input–output microwave ports in the resonant cavity
BPM.

Opposite ports: Analyzing the magnitude arguments of the scattering
parameters between the opposite ports for each wire location
returns patterns which are inverse proportional to the two po-
larizations of the TM110 dipole electric field, see Fig. 9. Before
the actual scan, the roll angle of the cavity BPM was carefully
aligned to the horizontal and vertical axes of the hexapod, as
seen in the patterns of |𝑆31| (Fig. 9(a)) and |𝑆24| (Fig. 9(b)),

which are perfectly orthogonal. This enables the location of

7

the electrical center for each axis, horizontal and vertical. As
expected, the phase arguments between opposite ports ∠𝑆31
(Fig. 9(c)) and ∠𝑆24 (Fig. 9(d)) do not offer additional valuable
information.

Adjacent ports: Analyzing the S-parameter transmission coefficient
between adjacent signal ports gives a better handle to precisely
locate the electrical center of the cavity BPM. Just a single S-
parameter, e.g. 𝑆41 (Fig. 10), reveals the entire 𝑥𝑦-symmetry of
the resonator, and also more pronounced, the location of the
electrical center. This is due to the fact that, with the wire in
the electrical center at minimum perturbation, the localization
of the minimum magnitude of a transmission coefficient is more
precisely compared to a broad maximum as for the opposite
port analysis. In the ideal case, it would be a singularity, here
the minimum is limited by the finite 𝑥 − 𝑦 cross-talk of the
two TM110 mode polarizations. Moreover, the phase of the
transmission parameter between adjacent ports changes by 180 -
degree as the wire location crosses the horizontal or vertical
axis, see Fig. 10(b), and gives additional valuable information
to precisely locate the electrical center.

5.1. Fine tuning of the electrical center location

Instead of scanning the entire 𝑥𝑦 - plane of the cavity BPM near the
electrical center we prefer a more tailored scan and analysis procedure
with focus on one DOF (degree-of-freedom) at the time. In this way,
we also minimize the influence of remaining backlash errors of the
hexapod. Fig. 8 illustrates the principle, we select two horizontal and
two vertical linear scans, always with the orthogonal axis fixed, the
steps are indicated as dotted lines in the graphic. For our preferred
S-parameter analysis format, ∠𝑆𝑖𝑗, those linear scan trajectories are
indicated in the general result of ∠𝑆41 of Fig. 10(b). For the 2 + 2
linear scans, the horizontal (𝑋+ and 𝑋−) and vertical offsets (𝑌 + and
𝑌 −) are chosen to be approximately symmetric to the electrical center,
as indicated by the coarse analysis. In a similar way, we also need to
scan the two angular DOF, pitch (𝑣-axis) and yaw (𝑤-axis), again with
2+ 2 angular scans for a set of angular offsets, e.g., 𝑊 + and 𝑊 − while
performing the 𝑣-axis scans.

Fig. 11 shows the results of the linear scans for coarse steps of
100 μm over a range of ±1mm for the two vertical trajectories (𝑋+

and 𝑋− in Fig. 11(a)) and for the two horizontal trajectories (𝑌 + and
𝑌 − Fig. 11(b)), utilizing ∠𝑆14, which is identical to ∠𝑆41 because our
four signal-port cavity BPM is a reciprocal network (𝑆𝑖𝑗 = 𝑆𝑗𝑖, ∀ 𝑖, 𝑗, 𝑖 ≠
𝑗). It illustrates the 180-degree phase jump as the wire crosses the
symmetry axis, demonstrating the high sensitivity of the 𝑆𝑖𝑗 phase
measurement on adjacent ports, and the symmetric behavior of the
phase argument for the two measured trajectories. The crossing of 𝑋+

and 𝑋− (Fig. 11(a)) and the crossing of 𝑌 + and 𝑌 − (Fig. 11(b)) give
the electrical center coordinates on the vertical and horizontal axes,
respectively.

Fig. 12 shows the same ∠𝑆14 trajectories, but now for a narrow
range of ± 100 μm near the electrical center, as identified in Fig. 11,
and by scanning the hexapod in smaller incremental steps of 10 μm.
Now the phase’s trend in ∠𝑆14 vs. wire location appears as an almost
linear transition, allowing to fit the data points by a simple linear
interpolation:
{

𝑥0 = 𝑚𝑥𝑥 + 𝑎𝑥
𝑦0 = 𝑚𝑦𝑦 + 𝑎𝑦

(16)

with 𝑚𝑥 and 𝑚𝑦 being the gradient (hence the sensitivity) of the straight

line fits, and 𝑎𝑥 and 𝑎𝑦 being some constants due to the phase offsets.
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Fig. 9. 2D linear 𝑥𝑦 - scan of the cavity BPM position w.r.t. the wire. The magnitude and phase arguments of the transmission S-parameters between opposite (horizontal and
vertical) signal ports are plotted. The scan step size increment is 100 μm.
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5.2. The effect of angular errors

Following the above method of the adjacent port signal analysis,
we can collect and analyze four S-parameters, ∠𝑆14, ∠𝑆34, ∠𝑆12 and
∠𝑆23 to locate the electrical center from the 2+2 linear scans. Ideally,
all four datasets should report the same value for the electrical center.
However, comparing the results of the linear position scans of e.g. ∠𝑆14
nd ∠𝑆34 (see Fig. 13) reveals a small, but clearly identified difference
n the location of the electrical center for both axes, horizontal and
ertical, in the order of approximately 1∕2 step size (5 μm). This
ifference can be explained by remaining angular errors, pitch and yaw,
uch that the symmetry 𝑧-axis of the BPM and the wire are not perfectly
arallel.

To better understand the effect of the angular errors on the deter-
ination of the electrical center from the ∠𝑆𝑖𝑗 data, a scan of the

avity BPM around the two angular directions (𝑣 and 𝑤) should be
erformed. Due to the kinematics of the hexapod, while performing
ngular increments, small linear translations are added. In our case,
e took advantage from the hexapod internal translation effects, simul-

aneously acquiring data for the position movements in all directions
 a

8

f interest. We covered all possible combinations for the 4 degrees of
reedom (DOF), 𝑥, 𝑦, 𝑣, 𝑤 movements, therefore detect the electrical

center by only scanning the two angular axes, 𝑣 and 𝑤. We followed
he same methodology used for the linear axis, with the difference that
e now had to scan along fixed angular trajectories, 𝑉 − and 𝑉 + for

he scan around the horizontal (pitch) angular axis, and 𝑊 − and 𝑊 +

or the scan on the vertical (yaw) angular axis. Again, the cross point
etween the two scan results were calculated by a linear regression, as
est fit interpolation between the recorded data values.

Fig. 14 shows the results of the angular scans discussed in the pre-
ious paragraph. Here, the indicated horizontal and vertical positions
re referred to the hexapod’s internal position coordinates, which is
rovided by its close-loop feedback circuit.

The results of the combined angular and linear scans are summa-
ized in Table 3, based on the analysis of the transmission coefficients
sing ports P1 and P4 for the stimulus signal. The variances between
he calculated electrical center coordinates are in the sub-μm and mdeg
ange. Those residual misalignment errors are comparable with the
exapod accuracy, but also to the geometric asymmetries of the cavity
PM due to manufacturing imperfections, as well as from remaining
symmetries in the signal port coupling.
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Fig. 10. 2D linear 𝑥𝑦 - scan of the BPM position cavity w.r.t. the wire. The magnitude and phase arguments of transmission S-parameters are acquired between adjacent ports P4
nd P1. The scan step increment is 100 μm.
Fig. 11. Phase response of 𝑆14 for two linear scans in steps of 100 μm.
Fig. 12. Phase response of 𝑆14 for two linear scans in steps of 10 μm.
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.3. Nanometric position resolution of the cavity BPM

The anticipated high resolution potential of the CLIC cavity BPM
as outlined in Ref. [17], based on a numerical optimization proce-
ure. With an 𝑅∕𝑄 ≈ 3 Ω∕mm and a loaded Q-value of 𝑄𝐿 ≈ 300 for
he TM110 dipole mode, the achievable position resolution for a single
 a

9

unch at a nominal charge of 1 nC should be around 200 nm. This limi-
ation is mainly given by the leakage of the TM210 quadrupole and the
M010 monopole modes, which are also excited by the bunched beam.
n our laboratory setup, analyzing the BPM purely at the TM110 dipole
ode frequency the resolution is mainly given by the signal-to-noise

atio of the measurement instrument and the environmental noise, such
s temperature and vibrations. With our stretched-wire test bench, we
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Fig. 13. Relative coordinates of the electrical center from ∠𝑆14 and ∠𝑆34. The scan step increment is 10 μm.
Fig. 14. ∠𝑆21 and ∠𝑆41 vs. combined angular/linear scans, referenced to the hexapod’s internal position coordinates.
Table 3
Electrical center coordinates referred sensed by the hexapod feedback hardware.

Axis Hexapod position Average Variance

coordinate S21 S41 S14 S34 Unit

X 0.6613 0.6611 0.6610 0.6607 mm 0.6610mm 0.26 μm
Y 14.6498 14.6499 14.6488 14.6498 mm 14.6461mm 0.13 μm
W 0.00409 0.0071 0.0104 0.0267 deg 0.0041 deg 10.13mdeg
V −0.8345 −0.8540 −0.8540 −0.8842 deg −0.8345 deg 20.53mdeg

demonstrated the high-resolution of the cavity BPM by nanometric wire
scans through the cavity. This method is substantially simpler than a
bunched beam setup, which often requires the setup of three identical
cavity BPM in a ballistic optics configuration to eliminate the beam
jitters. To study the BPM resolution through the wire-based approach,
the dedicated standalone test bench was improved by adding a piezo
stack. Now a relative nanometric movement between the BPM and the
stretched wire is possible while sensing the position. The actuator is
mounted on the hexapod and drives the BPM on a single direction
(vertical axis). To reduce the impact of environmental factors, tests
were repeated several times and averaged. Fig. 15 shows the linear
dependency between the nanometric piezo elongation (25 nm) versus
the adjacent ports phase argument of the scattering parameters. The
gradient of the slopes is the resolution potential in the nanometric
regime.

5.4. Fiducialization

The measurements of the electrical center presented so far were all
relative units or referenced to the hexapod position. To precisely locate
the electrical center w.r.t. an external absolute target (fiducializa-
tion) and detect the electrical-to-geometrical offset, the test bench was
moved to the metrology laboratory at CERN. Further measurements
took place on a CMM, with a maximum permitted error (MPE) of
±(1.2 μm + 𝐿∕500mm), where 𝐿 is the length of the device under test
10
in mm. The wire is stretched through the BPM RF cavity. Its position is
detected through a non-contact optical sensor. Three metallic spherical
targets were placed on top of the BPM (see Fig. 16). The position of the
spheres is sensed by the CMM non-contact sensors and their center of
mass returns the position of the BPM.

The wire is fixed at both ends, its relative position with respect
to the BPM is controlled by moving the hexapod in 4-DOF. Initially,
the operator determines the wire axis, a point of origin 𝑂 is fixed on
this axis by the coordinate of one of the spherical targets. After each
hexapod incremental step, we record the targets’ coordinates acquired
by the CMM and referenced to the initial origin of axis 𝑂. At the same
time, the VNA acquires the scattering parameters. The geometrical
center is measured through the interpolation of the flanges’ perimeters.
The coordinates of the electrical center in Fig. 16(a) are approximated
by the projections of the centers of the two lateral flanges.

The plots in Fig. 17 show the electrical center w.r.t. the geometrical
center of the BPM position cavity. Measurements of the phase argu-
ment between adjacent ports are projected onto the curve plotting the
absolute position coordinates, which were detected by the CMM and
referenced to the BPM geometrical center. The BPM is moved with the
hexapod, the step sizes is 4 μm, both on the horizontal and vertical
directions. The offset between the electrical and the mechanical centers
of the BPM is returned by analyzing the phase arguments w.r.t. the
CMM data.

The geometrical and electrical center coordinates are projected on
the xy-plane at the section 𝑍 = 0 and summarized in Table 4, along
with the electrical center coordinates and the horizontal and vertical
offsets. A gap between the two centers is present as of manufacturing
and brazing imperfections.

6. Summary and conclusions

We described innovative methods to fiducialize and characterize a
resonant cavity BPM. These methods can easily be applied to other

accelerator components or BPMs based on different technologies. The
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w

Fig. 15. S-parameter phase measurements for a linear scan with a step size of 25 nm.
Fig. 16. Details of the measurement setup. (a) Spherical targets used for the BPM fiducialization, with coordinate system. (b) Optical sensor and image analysis acquisition of the
ire stretched through the cavity BPM.
Fig. 17. Horizontal and vertical offsets between the electrical center and the geometrical center.
Table 4
Offset values in the detection of the electrical center.

Offset

X [μm] Y [μm] Z [μm]

17.3 36.57 0

use of a dedicated stretched-wire test bench was the key element to
demonstrate both the exact location of the electrical center of the
cavity BPM and its nanometric resolution. Such achievements create
new opportunities for the alignment of future colliders, in particular at
11
the BPM-quadrupole interface. In fact, if the beam brightness is close
to the diffraction limit, the commonly used alignment and stabilization
techniques may not be sufficient. The accuracy of the scans combined
with the presented fiducialization and alignment techniques allows the
precise determination of the radial and linear offsets.
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