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The Wake Field Monitor (WFM) system installed on the CLIC prototype accelerating structure
in CERN Linear Accelerator for Research (CLEAR) has two channels for each horizontal/vertical
plane, operating at different frequencies. When moving the beam relative to the aperture of the
structure, a disagreement is observed between the center position of the structure as measured with
the two channels in each plane. This is a challenge for the planned use of WFMs in the Compact
Linear Collider (CLIC), where they will be used to measure the center offset between the accelerating
structures and the beam. Through a mixture of simulations and measurements, we have discovered
a potential mechanism for this, which is discussed along with implications for improving position
resolution near the structure center, and the possibility determination of the sign of the beam offset.

The Wake Field Monitors (WFMs) [1] are a crucial sys-
tem in order to reach the luminosity goals of the Compact
Linear Collider (CLIC) [2–5]. These devices monitor the
beam position relatively to center of the 12 GHz high gra-
dient accelerating structures, with one device mounted
near the middle of each super-structure. This makes it
possible to correct the position of the structures relatively
to the beam, which minimizes the transverse wake-field
effect on the beam. This allows efficient use of the par-

FIG. 1: 3D model of the TD26 structure mounted at
CLEAR, with antenna locations highlighted. TE and
TM antenna positions are described in the inset, with
TM antennas generally being on the long side of each

DWG, and the TE antennas on the short side.
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ticles at the interaction point and thus maximizes the
luminosity.

In order to verify the operation, resolution, and accu-
racy of the CLIC WFMs, one such accelerating struc-
ture [6–11] is mounted in the beamline of the CERN Ac-
celerator for Research (CLEAR) [12, 13]. This develop-
ment system has two channels for each plane, working
at different frequencies (18 and 24 GHz). Both of these
channels are expected to give minimum signal when the
beam is in the electrical center of the accelerating struc-
ture. However, this was not observed experimentally: A
discrepancy in the position of the signal minimum on the
order of 100 µm was observed. Furthermore, this discrep-
ancy is not stable, but varying with beam conditions.

Since we are interested in knowing the position of the
beam relatively to the electrical center of the accelerating
structure (i.e. where there is no kick [6]), this discrepancy
must be understood.

Wake-field monitors are used or have been tested for
structure alignment and diagnostics at several facilities,
including X-band linearizers at the SwissFEL [14–17] and
tests of damped detuned structure (DDS) accelerating
structures for the Next Linear Collider [18–20], L-band
cavities for TESLA [21–23], and S-band cavities for the
CLIC Test Facility drive beam [24]. These structure were
not as highly damped as the structure studied in this pa-
per, meaning that the wake field has narrower modes and
less overlapping frequency spectrum than the structure
used in this work, and consequently also longer decay
times. In at least some of these structures, the modes
are localized to single cells, separated by frequency [20].

The RF properties of the WFM system for damped
CLIC structures have also been studied without beam
using the TD24 prototype accelerating structure [25–27]
and with beam using both TD24 [10, 11] and TD26 [7–
9]. The results from the beam tests of the TD24 struc-
ture were encouraging, indicating that precise position
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measurement is possible. However, the geometry of this
structure and the installation of the Wake Field Monitors
was different from the TD26 structure planned for CLIC,
prompting the experiments reported in this paper.

I. EXPERIMENTAL SETUP

To reduce the long range wake potential, each cell
of the CLIC 12 GHz high-gradient accelerating struc-
tures are equipped with four higher order mode damping
waveguides (DWGs), which are designed to have a cut-
off frequency of 13.63 and 22.50 GHz in the two first
TE polarizations [28]. These are terminated with sili-
con carbide loads [29, 30], reducing the Q-factor of the
beam-excited higher order modes (HOMs) to values of
around 10. In the accelerating structure installed at
CLEAR, as shown in Fig. 1 the DWGs of first regular cell
of the 2nd structure is extended, and two pickup anten-
nas are placed on each side of the rectangular waveguide;
the accelerating structure thus has a total of 8 antennas.

A. RF front-end

The signals from the wake field monitoring system are
expected to be proportional to the beam offset from the
electrical center of the structure. Furthermore, the sig-
nals from the TM-like modes are expected to propagate
into one pair of DWGs with a 180° phase shift, whereas
the TE-like modes are expected to produce in-phase sig-
nals. For this reason, the signals are combined in pairs
using RF hybrids as illustrated in Fig. 2, producing the
sum (Σ) and difference (∆) of the antenna signals. This
rejects common-mode noise due to the presence of other
modes, increasing the signal-to-noise ratio.

With 8 antennas, the pairs with antennas on the wide
side of the DWG (i.e. the antennae parallel to the direc-
tion of beam propagation) are called TM-mode pickups,
while those with antennae on the short side of the DWG
are TE-mode pickups. These are named such because
they are mainly sensitive to TM- or TE-like HOMs in
the structure, due to the general transverse or longitu-
dinal direction of the electric field in such modes. As
illustrated in Fig. 3, the TM-like modes are primarily
radiating out into the DWGs in the plane of beam dis-
placement, while the TE-like modes are radiating out in
the plane normal to the beam displacement. Note that
as seen in Fig. 1, the TE-mode pickup antennae on the
vertical pair of arms are located on opposite sides, giving
an extra phase shift of 180° between the output signals
from the two antennae. This causes a horizontal beam
offset to be visible in the ∆ output for both the TE and
TM signals. For a vertical beam offset, the signals appear
in the TM ∆ and the TE Σ channels.

After the RF hybrids, the Σ and ∆ signals are passed
through RF band-pass filters with central frequency of

18 (for TM) and 24 GHz (for TE), as shown in Fig. 4.
Both filter types have a FWHM in power of 0.6 GHz.

The filters are followed by analog log-detectors (Analog
Devices HMC662LP3E), which have a frequency range of
8-30 GHz and a dynamic range of 54 dB, and produce an
output voltage Vlog(t) that is proportional to the input
power in dBm. These log-detectors are protected from
overpowering by +10 dBm RF power limiters, and the
output of the log-detectors are sampled by 1 Gsample/s
8-bit Acquiris DC270 acquisition cards.

After sampling, the signals are linearized using a cal-
ibration polynomial that has been measured for each
channel and for 18- and 24-GHz, converting it to a power
level in dBm:

PdBm(t) = c1Vlog(t) + c2 (1)

The calibration is valid for power levels between -45 and
+5 dBm. Assuming a single-frequency signal, the equiv-
alent root-mean-square (RMS) voltage in a 50 Ω trans-
mission line is given as

V (t) [V ] =

√
10

PdBm(t)

10

1000
50 [Ω] . (2)

The cross-talk between the channels of the log-detector
was also evaluated by monitoring the output of all chan-
nels while injecting power into each single channel. In all
cases it was found to be below -30 dB [6] relative to the
power seen in the injected channel.

The typical shape of the linearized beam-generated sig-
nal detected by the log-detector for a TM- and TE-mode
is shown in Fig. 5. In this signal, the pulse width depends
on the train length, and the height on the bunch charge
and beam position. Some reflections are also visible after
the main peak of the signals.

B. Beamline equipment and accelerator setup

As indicated in Fig. 6, the beam at CLEAR is gen-
erated by a photo-injector, enabling tuning of both the
bunch charge and the number of bunches per accelerator
pulse. These bunches, which are generated at a frequency
of 1.5 GHz, are then accelerated up to 200 MeV/c by
three 3 GHz S-band accelerating structures. The bunch
length can be manipulated by changing the phase of the
gun and/or the first accelerating structure.

After the accelerating section, there is a diagnostic sec-
tion for measuring the bunch length [32, 33], beam en-
ergy and spread, and the transverse beam profile and
phase space. This is used when tuning the RF phases
and trajectory in the linear accelerator. Furthermore,
the beamline is equipped with 3 integrating beam cur-
rent monitors, measuring the total charge of the beam
right out of the gun, in the energy measurement spec-
trometer (VESPER), and at the end of the beam-line.
The number of bunches is monitored on-line with a pho-
todiode and a fast oscilloscope at the LASER; it can also
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FIG. 2: Schematic for the RF front-end of the CLEAR WFM system, showing how the digitized signals for
post-processing are normally acquired from the accelerating structure.

FIG. 3: Illustration of the electric field distribution of
beam-excited higher order modes due to an electron

beam displaced vertically relative to center of the
structure. Circles with cross represent vectors going

into the page, circles with dot are vectors coming out of
the page. Also indicated are the 4 pickup antennaes

relevant for vertical beam displacement.

be counted by gradually opening the pulse picker window
and counting the number steps in the bunch charge as a
function of window width.

Around the CLIC structure, we have various instru-
ments for monitoring the beam profile and beam losses.
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FIG. 4: Measured attenuation as a function of
frequency for the 18- and 24 GHz band pass filters used

to isolate the TM- and TE-signals. The gray
background indicate the FWHM in power.

This is used to verify that the beam is correctly focused
at the structure entrance, and for measuring the wake-
field kick after the structure [6, 34]. An online optics
model is used to optimize the beam envelope [13, 35].

The structure itself is mounted on a transverse mover,
making it possible to change the transverse position of
it by remote control. The position of the structure is
monitored by remote-readout position gauges with µm
accuracy [36].

Furthermore, the beam can be displaced relatively
to the structure using the two corrector magnets be-
tween the structure and the quadrupole triplet in front
of it. This can both shift the beam trajectory through
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FIG. 5: Typical linearized measured signals from WFM,
using 30 bunches with a variable horizontal offset

created with a pair of upstream kicker magnets. The
bunch charge was 257 pC, with a bunch length 3.51 ps.
Only the region with signal, between t1 = 550 ns and
t2 = 800 ns relative to the beam synchronous trigger

signal, is shown.

the structure parallel to the initial trajectory, and also
change the angle of the beam trajectory. The accuracy
of the parallel shifts are better than 1% [6].

Note that when changing the beam charge at CLEAR,
the beam trajectory out of the S-band LINAC generally
changes as well. While CLEAR has a system of BPMs
and beam profile monitors, they are unfortunately not
well enough characterized or aligned to accurately mea-
sure the absolute position of the beam across a range of
beam conditions. Because of this we are only able to
measure relative position changes, e.g. between the TM
and TE channel within the same scan, or within an unin-
terrupted sequence of scans with identical beam parame-
ters. This makes studies of the response as a function of

the absolute position in the CLIC structure difficult, as
the nearby BPMs are currently not able to achieve the
required resolution. However, studies of the response of
the WFM can still be undertaken through relative mea-
surements, as are reported in this paper.

II. MEASUREMENT METHOD

The position of the beam relatively to the CLIC struc-
ture was changed either by physically moving the struc-
ture transversely, or by use of the upstream kicker mag-
nets. The RF signals were recorded as described in
Sec. I A, measuring the signals produced by a number
of accelerator pulses for each relative beam position.
The signals, shown in Fig. 5, are integrated within a
pre-defined window [t1, t2] that covers the entire voltage
pulse, giving the pulse integral

V̄ =

∫ t2
t1
V (t) dt

t2 − t1
. (3)

This is proportional to the magnitude of the voltage seen
by the log detector, and is independent of the signal
phase. The pulse integrals are then grouped for each
relative beam position, and their mean and root-mean-
square (RMS) are found. This is then plotted as shown
in Fig. 7, with the error bars representing the estimated
error of the mean, RMS/

√
N where N is the number of

beam pulses at that position.
Also estimated is the noise floor, which is found by

evaluating Eq. (3) with t1 and t2 set so that the window
is prior to the beam arrival. Furthermore, for each bunch
train, the cross-talk noise V̄ ∗j to channel j is estimated
assuming incoherent signals, as

V̄ ∗j =

√∑
∀i6=j

(
V̄i ci,j

)2
(4)

where ci,j is the ratio of the measured voltage in channel
i and the injected signal voltage in channel j. This ratio
was measured during log detector calibration.

The “V-function”

Vfit(x;A, x0, V0) = A |x− x0|+ V0 (5)

is finally fitted to the means of the grouped pulse inte-
grals data using a weighted nonlinear least-squares fitting
routine, where A, x0, and V0 are free parameters repre-
senting respectively the sensitivity, center position, and
pedestal of the system. This fit is also shown in Fig. 7,
and the values of x0 for each channel is shown in Tab. I.
Generally, a strong response is seen in the plane where
the beam is moved, and little response is visible in the
other plane.

The error of this fit is estimated with Monte-Carlo
sampling; 10’000 “scans” were generated by smearing the
measured means of the pulse integrals at each position
with a Gaussian distribution. Each of these generated
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FIG. 6: CLEAR beamline elements [13, 31] as it was configured during these experiments. The CLIC RF structure
with WFMs is located in the “CLIC test area”, and correctors (blue double triangles) used to scan the beam

position are located just upstream in and around the “BI test area”.
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FIG. 7: Pulse integral for TE and TM as a function of
beam position relative to an arbitrary offset, fitted to

Eq. (5), with the fitted centers x0 indicated with
vertical dashed lines. Same data as shown in Fig. 5,

with 10 shots per position. For each beam position, the
mean of V̄ is shown as the dot, and the estimated error

of the mean as the errorbars. The dashed-dot line
indicates the noise floor estimate, and the dashed line

indicates cross-talk estimated using Eq. (4).

TABLE I: Fitted center positions x0 µm as defined in
Eq. (5), with error estimate, for the data presented in

Fig. 7.

TE data TM data
TE Σ: 128± 1 TM ∆: 203± 1
TE ∆: 21± 1 TM Σ: −462± 6

scans is then fitted, and the error estimates for are the
RMS of the resulting fit parameters from the generated
scans.

III. SIGNAL FORMATION MODEL

As stated above, the goal of the WFMs are to mea-
sure the beam position relatively to the electrical center

of the structure. This enables the minimization of this
offset by changing the relative position of the beam and
the structure, reducing the transverse wake-field kicks on
the beam and thus the emittance dilution. This requires
the electromagnetic center of the structure as measured
by the WFMs to be well-defined relative to the kick cen-
ter. However, as seen in Fig. 7 and Tab. I, the minima
(x0) from the TE- and TM-signals do not coincide, which
makes the comparison with the kick center difficult.

In order to interpret this data, we will consider a sim-
ple model for the signal formation, where the antennas
are producing a single-frequency voltage which is linearly
dependent on the beam offset x relatively to the electrical
center c:

Ṽ (x, t) = A exp(iωt)(x− c) (6)

Here ω = 2πf is the frequency of the signal, A a com-
plex constant representing the amplitude and phase of
the signal, and i the imaginary unit. Ṽ is the voltage
signal in phasor form such that V = <(Ṽ ). Since we
are measuring the power after the filter, the detected sig-
nal is proportional to the magnitude of the (complex)
voltage. Assuming a different antenna gain, cable atten-
uation, and propagation delay on each side of the hybrid,
the output signals from the hybrid is on the form

ṼΣ =DLe
iθL ṼL(x, t) +DRe

iθR ṼR(x, t)

Ṽ∆ =DLe
iθL ṼL(x, t)−DRe

iθR ṼR(x, t) ,
(7)

where ṼL(x, t) and ṼR(x, t) are the signals coming from
each of the two arms, which are both assumed to be on
the form Ṽ (x, t) as defined in Eq. (6). In this, the con-

stants c and A inside ṼR and ṼL are in the most general
case assumed to be different and are labeled cL, cR, AR,
and AL. Furthermore DL and DR are the attenuation
factors from the cable and antenna of each arm, and θL
and θR are the phase shifts.

In the case where ṼL(x, t) = ṼR(x, t) = Ṽ (x, t) such
that cL = cR = c and AL = AR = 1,

ṼΣ =
(
DLe

iθL +DRe
iθR
)
Ṽ (x, t)

Ṽ∆ =
(
DLe

iθL −DRe
iθR
)
Ṽ (x, t) .

(8)

Here the effect of DL 6= DR or θL 6= θR is to shift the RF
power between the Σ and ∆ channels. This produces a
“V-plot” as described by Eq. (5) in one or both of the Σ
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and ∆ channel. The minimum amplitude will always be
at x = c, as illustrated in Fig. 8a.

In the case where the two antennas see a different
center cL and cR, the minimum amplitude of the com-
bined signals will depend on the phase shifts and at-
tenuations. Again assuming AL = AR = 1, and that
the displacement of the centers is symmetric such that
cL = −cR = c′, Equation (7) becomes:

ṼΣ = exp(iωt)[
(DLe

iθL +DRe
iθL)x− (DLe

iθR −DRe
iθR)c′

]
Ṽ∆ = exp(iωt)[

(DLe
iθL −DRe

iθL)x− (DLe
iθR +DRe

iθR)c′
] (9)

This is illustrated in Fig. 8b. We see that the effect DL 6=
DR is a shift of the center as observed in one channel, and
the creation of a V in the other channel. Furthermore,
a phase shift in one channel creates a softening of the
bottom of the V. Finally, when c′ 6= 0, the Σ channel is
lifted above 0 even when DL = DR and θL = θR.

In a real installation, it is unlikely that the two signal
paths are perfectly balanced, i.e. thatDL = DR and θL =
θR. Therefore, in the case where cL 6= cR, this produces
an uncertainty of the electrical center as measured by
the WFMs. It is therefore necessary to check if this is
the case for any of the signals produced by the WFM
antennae.

We can predict some things from the cell geometry
cross-section and its symmetries, illustrated in Fig. 3. If
we ignore the coupling cell and the TE antenna placement
on the DWG, we note that for the TE mode, the beam
movement is perpendicular to the axis of the DWGs.
This implies that the distance between the DWG open-
ing and the beam changes in the same way for both
DWGs when the beam is moved in the plane the anten-
nae are sensitive to, and we must have cL = cR. For the
TM mode this is not the case as the beam approaches
one of antenna in a pair as it recedes from the other,
and it is possible to have cL 6= cR. Furthermore, the
mirror-symmetry of the cell means that we should ex-
pect cL = −cR, where x = 0 is the geometrical center of
the cell.

This assumed symmetry is slightly broken by the place-
ment of the TE antennas, which are displaced from the
structure symmetry plane which is located in the cen-
ter of the DWG to which they are attached, as can be
understood from Fig. 1. This means that the signal cen-
ter may not coincide with the geometrical center of the
cell, and this effect can be different for the horizontal and
vertical plane due to different antenna placement strat-
egy. Furthermore, as already mentioned in Section I A,
the TE antennas sensitive to horizontal beam displace-
ment (port 2 and 4) are located on opposite sides of their
DWGs, giving a 180° relative phase shift, equivalent to
AR = −AL.
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S

D1 = D2 = 1, L = R = 0
D1 = 2D2 = 1, L = R = 0
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(a) Single center c = 0, as in Eq. (8).
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(b) Different centers as in Eq. (9), with c′ = 0.5.

FIG. 8: Analytical single-frequency model of combined
signal with various attenuation and phase imbalances.
Vertical axis on plots is |V |RMS = |Ṽ / exp(iωt)|/

√
2,

which is equivalent to the WFM signal voltage
amplitude V . Attenuation, phase, and center

displacement parameters are chosen for demonstration.

IV. CST SIMULATION

A simulation model was prepared in order to investi-
gate the possible reasons for the discrepancy of the mini-
mum signal positions between TE and TM WFM signals.
For this, an RF model of the TD26 structure [37] was
imported to CST Particle Studio version 2020, as shown
in Fig 1. In order to reduce the computing time by re-
duction of the computing domain, the extensions of the
waveguides that carry the WFMs, and the waveguides for
power coupling were both truncated to the length of the
standard DWGs. This necessitated moving the simulated
antennae closer towards the center of the cell, placing the
center of the antenna pins 75 mm from the center of the
structure. The antennas have a pin radius of 0.76 mm
and an opening diameter of 1.75 mm; the pins penetrate
1 mm into the DWG for the TM and 0.8 mm for the TE
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FIG. 9: TE vertical sum and TM vertical difference
signals in time and frequency domain for different

number of bunches. Single-bunch DFT curve scaled
×20 for readability.

antennas [38]. Furthermore, the structure was shortened
to just the input coupler, the DWG cell, and two regular
cells. This simplified geometry was found to be sufficient
by a signal convergence study; a solver time step of 124 fs
was used.

The simulations were performed using CST Wakefield
Solver. A Gaussian-shaped single bunch with a charge
of 50 pC and an RMS length of 1 mm, corresponding to
3.3 ps, was used for all simulations. The beam excited
transverse wakefield signals were taken by the WFM an-
tennas, giving a time-domain response for a single bunch.
Vertical beam offsets between -1 and +1 mm were used
to the simulation model.

The processing of the simulated WFM signals followed
the WFM data acquisition electronics scheme shown in
Fig. 2. After creation of Σ and ∆ signals in time domain,
the results are converted to frequency domain using the
Discrete Fourier Transform. Bunch trains with 1.5 GHz
spacing, as in CLEAR, are then created by using the
time-shifting property of the DFT [39, pp. 373–375][

x(t)
DFT↔ X(ω)

]
→
[
x(t+ ∆t)

DFT↔ e−jω∆tX(ω)
]
(10)

on the single-bunch signals x(t) and adding the results;
this approach works even if the time shift ∆t is not an in-
teger multiple of the sampling step. The bunch harmon-
ics are increasingly visible with more bunches, as seen in
Fig. 9. In time domain, the signals are quickly decay-
ing between the arrival of each bunch, due to the low
Q-factors of the structure’s well-damped HOMs.

Next, an ideal filter approach was applied to the TE
and TM bunch train signals in the range of 23.7–24.3
GHz and 17.8–18.3 GHz, respectively, by setting the sig-
nals outside of the filter bandwidth to 0. The power
spectral densities (PSD) |X(f)|2/N of the filtered sig-
nals are obtained by taking their power and normalizing
with the number of DFT points N [40, Ch. 11]. The
voltage is then found as the square root of this, averaged
within the filter bandwidth, which up to a constant fac-
tor is equivalent to V̄ from Eq. (3). Both the TE and
TM signals show a clear V-shaped response, as seen in
Fig. 10, similar to the experimental data in Fig. 7.

A. Antenna position asymmetry

From the signals shown in Fig. 10 and x0 extracted
from fitting Eq. (5) to these, we get that the minimum
signal strength for TE is found at y = 65 µm, while the
TM is centered at y = 0. This behavior is caused by the
orientation of the TE antennas of port 1 and 3, shown
in Fig. 1 and discussed in Sec. III, although it is possi-
ble that the effect is exaggerated by the shifting of the
antennas closer to the cell in the simulation model than
in the real structure. In order to test this, a model with
modified geometry was created in which the antenna for
port 3 TE was moved to the top of the DWG instead
of on the bottom, so that port 3 and 1 are located on
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FIG. 10: Simulated TE vertical Σ and TM vertical ∆
pulse integrals as function of the vertical beam position,
using the standard antenna placement shown in Fig. 1.
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FIG. 11: Simulated TE and TM vertical ∆ pulse
integrals, with the port 1 TE antenna moved to the

other side of the DWG as discussed in Sec. IV A.

opposite sides, similar to how the TE antennae for hor-
izontal beam displacement are placed for port 2 and 4.
Note that this reverses the polarity of the voltage from
the antenna, making the Σ and ∆ signals switch roles.

The result of this simulation is shown in Fig 11. The
effect of this is that the electrical center as seen by the
TE channel is also moved to y = 0, and that the bottom
of the V is sharpened. Again, the effect of this might be
exaggerated by the antennae locations in the simulation.

B. Attenuation asymmetry

The predictions of the signal formation model de-
scribed in Sec. III were tested using the simulated sig-
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FIG. 12: Simulated single-antenna signal amplitude as a
response to vertical beam offset. Also indicated is V-

and U-fits to the data.

nals, which are generated from the standard simulation
geometry and have a broad frequency spectrum. The
single-antenna voltages responses are shown in Fig. 12,
and x0 from fits are shown in Tab. II. Here V-fits means
fits to Eq. (5), and U-fits are fits to

Vfit(x;A,B, x0, V0) = A |x− x0|+V0 +B(x−x0)2 , (11)

which is also symmetrical around x0 and is intended
to also capture the soft “bottom” sometimes observed.
While these U-fits are fitting the shape of the simulation
curves better, the resulting x0 are almost identical.

It is here clearly visible that for TM, the two antennas
used for the same mode do not have the same minimum.
As discussed earlier, this is a sufficient condition for the
combined signal to be off-center if there is asymmetric
attenuation. For TE, the two antennas do have the same
minimum, however it is shifted to the side, explaining
the results in Sec. IV A. The table also shows the fitted
centers for the modified geometry, in which one of the
TE antennas see a change of sign.

Combining the signals as shown in Fig. 13 demon-
strates the effect of asymmetrical attenuation; here 50%
attenuation is applied to port 1 (TE vertical signals) or
port 2 (TM vertical signals). The result is a shift of the
center towards the attenuated antenna, and also a soft-
ening of the center. Furthermore, some power is shifted
into the non-signal arm of the hybrid, i.e. into the ∆ arm
of TE signal in the original geometry, and the Σ arm of
the TM signal.

As can be seen from Tab. II, the effect is different for
the TE signal in the modified geometry, where both an-
tennas have the same center, which is different from the
structure center. This means that the center of the com-
bined signal does not shift when the attenuation becomes
asymmetrical.
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Geom. Signal Fit type x0 [µm]
O TE Σ, no att. V 65
O TE Σ, 50% att. port 1 V 64
M TE ∆, no att. V 1
M TE ∆, 50% att. port 1 V -19
O TM ∆, no att. V 0
O TM ∆, 50% att. port 2 V 135
M TM ∆, no att. V 0
M TM ∆, 50% att. port 2 V 135

O Port 1 TE V 67
O Port 1 TE U 67
O Port 3 TE V 62
O Port 3 TE U 62
M Port 1 TE V 62
M Port 1 TE U 62
M Port 3 TE V -60
M Port 3 TE U -59
O Port 2 TM V -383
O Port 2 TM U -398
O Port 4 TM V 383
O Port 4 TM U 398
M Port 2 TM V -384
M Port 2 TM U -399
M Port 4 TM V 385
M Port 4 TM U 410

TABLE II: Fitted centers x0 of simulated pulse integrals
as function of beam position, as shown in Figs. 10, 11

and 13 (above double horizontal line) and Fig. 12
(below double horizontal line), all rounded to the

nearest µm. Note that results from multiple subsections
have been grouped together for convenient comparison.

Results from signals with different TE antenna
placements, as discussed in Sec. IV A, are indicated

with original (O) and modified (M). Combined signals
with attenuation asymmetry, discussed in Sec. IV B, are

also shown and compared to combined un-attenuated
signals. The centers x0 are estimated using fits with
V-type (Eq. (5)) and U-type functions (Eq. (11)).

C. Bunch train distortion

Another considered source of shifts in the electrical
center of each mode, is random offsets of the bunch po-
sition from the average of the train, as illustrated in
Fig. 14. In order to simulate this, bunch trains were cre-
ated by combining signals from bunches with different
center offsets. This was done by drawing from a pool of
pre-simulated wake fields with different offsets, computed
at every ∆ = 50 µm from y = −500 µm to y = +500 µm.
The bunch offsets were drawn from a Gaussian distribu-
tion with a standard deviation σb, where each offset was
rounded to the nearest simulation point and the distribu-
tion was truncated at ±300 µm to stay within the gener-
ated range when sweeping. Each generated bunch train
was then swept across the structure from y = −200 µm
to 200 µm without re-shuffling the bunches within one
sweep. It is expected that the bunch offsets are caused by
reproducible effects resulting from dispersion and long-
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FIG. 13: Simulated effect of attenuation asymmetry on
the combined Σ and ∆ signals with vertical beam

offsets, for TE (top) and TM (bottom), including V-fits.

range wake-fields in the upstream injector linac. For each
sweep of the beam, V̄ (y) was fitted to Eq. (5), and the
fitted center position x0 was compared to the true cen-
troid offset position yc of the generated beam. It was
noted that when σb > 0, the bottom of the TM chan-
nel became “rounder” in the same manner as seen in
Fig. 13 (bottom). Note that yc is generally nonzero since
it is the average of 20 sampled bunch offsets, so that it
is itself distributed with σ = σb/

√
20.

In order to statistically study the effect of the bunch
train distortion quantified as σb, 1000 different bunch
trains were generated and swept across the structure for
each σb. The variation of yc − y0 was quantified as the
standard deviation of this quantity, and plotted as a func-
tion of σb in Fig. 15. Also shown is the variation in the
fitted x0 between the TE- and TM-channels. Note that
the σb in this figure is the sample standard deviation of
the spread of the generated bunches, including the ef-
fect of truncation. As seen in the figure, there is an ap-
proximately linear growth in the centroid discrepancy, at
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FIG. 14: Perfect vs. distorted bunch trains, where ∆ is
the vertical spacing between the wakefield simulation

points from which the bunch positions are drawn.
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FIG. 15: Error in the estimated structure center x0

relative to beam centroid offset yc due to distortion of
simulated bunch trains, as discussed in Sec. IV C.

about 3 µm per 100 µm.
Additionally, simulations where the bunch charge was

varied along each train were also conducted. Here, the
charge of each bunch relative to the average charge was
varied with a Gaussian distribution with a standard devi-
ation of 10%, with the total charge kept constant between
generated trains, and negative charges were disallowed.
This did not produce any clear effects on top of what is
shown in Fig. 15.

V. EXPERIMENTAL COMPARISON OF TM
AND TE CHANNELS

Several experiments have been done in order to explore
hypotheses about the underlying cause of the difference
in the center position as measured by the TM and TE
channels. These are described in the subsections below.

A. Attenuation asymmetry

As discussed in Sec. III and explored through simula-
tion in Sec. IV B, if the signal minimum for the antennas
in a pair do not coincide, the combined center is sensitive

to imbalances of the signal attenuation before the hybrid.
In order to test this experimentally, the hybrids were re-
moved on TE- or TM-channels, and the signals directly
from the antennas were connected to the band-pass fil-
ters. In each case, the signals from the other channels
were connected normally and used as a reference. The
structure was then shifted across the beam. The results
from this is shown in Fig. 16, and in Tab. III.

Note that between the runs with TE bypassed and
those with TM bypassed, we needed to stop the accel-
erator for an access to modify the wiring; because of this
the beam conditions and especially the absolute beam
positions are not identical for the two data sets. Both
scans were run with 32 bunches with an average charge
of 115 pC and bunch length of 3.5 ps. Since the abso-
lute beam position was unknown, the horizontal axis on
the plots are relative to the primary channel of the mode
where hybrid was not bypassed.

As we see from the data in Tab. III and Fig. 16, the
center positions of the single-antenna TM-modes are split
and on different sides of the TE modes, with an average
half-distance of 380 and 396 µm. On the contrary for
TE modes, when disconnected from the hybrid they stay
close together, giving a center position which is compa-
rable to the position from the reference TM mode. This
supports the hypothesis from Section III, that due to the
symmetry of the cell, the TE signals have less of a center
shift than the TM signals. Furthermore, we see that the
minimum for the TM signals are displaced away from the
antennae, as also expected.

B. Beam charge and quality

In order to verify the operation at different bunch
charges, the beam charge was varied while the num-
ber of bunches and bunch length was kept constant at
20 bunches and 3 ps bunch length, with a beam mo-
mentum of 211 MeV/c. Three immediately consecutive
scans were performed at each charge for error estimation.
As shown in Fig. 17, the response increases with charge,
however the increase is not exactly linear.

When the charge per bunch is increased, an enlarge-
ment of the beam size on the screens upstream of the
structure is clearly visible, as shown in Fig. 18. When
the upstream YAG screen is viewed with strong filters
the bunches can be seen as separated points. This is
expected, since higher bunch charges induce larger wake
fields in the upstream C-band linac, which in turn kicks
the later bunches in the beam. The bunch charge can
therefore be used as a proxy to the beam quality, with
higher charges corresponding to increased bunch train
distortion.

From the data in Fig. 19, we see that the difference
in center position measured by the TE- and TM-pickups
also increase with bunch charge. Here, the figure shows
both the difference in x0 for TE and TM, as well as a
combined estimate from all scans at a given charge us-
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FIG. 16: Attenuation asymmetry experimental test described in Section V A, plotted and fitted in the same way as
in Fig. 7. Subfigures (a,b) shows the effect of bypassing the hybrids for TM signals, while (c,d) shows the effect for
bypassing the hybrids for TE signals. The plots are centered so that x0 = 0 for the “reference” un-bypassed channel

for each scan. Increasing vertical position means that the beam is moving upwards, increasing horizontal position
means that the beam is moving to the right.

ing a mixture distribution from all three points at each
charge. Since the signal production should be linear with
bunch charge if the charge distribution is the same, this
indicates that the two channels respond differently when
the beam quality deteriorates.

C. Beam angle

One hypothesis was that the observed variability be-
tween the relative center of the TE- and TM-signals was
caused by a beam angle. Due to the lack of an accurate

BPM system at CLEAR, the beam angle is not exactly
reproducible between shifts or when manipulating other
parameters such as the beam charge or bunch length.
This makes a variation in beam angle a possible expla-
nation of the variable discrepancy between the two chan-
nels. The effect of this was evaluated through the use of
the bump scan method [6], where the beam angle can be
controlled by using slightly different kick strength on the
two corrector magnets. The beam was scanned over the
structure aperture using the same magnets also used to
create the beam angle. The beam angle variation was set
up so that at for a given beam position setting, the beam
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TABLE III: Fitted center positions x0 in µm using Eq. (5), from the experimental data shown in Fig. 16.

Plane Mod. ch Subplot Mod. Left/Bottom Mod. Right/Top Ref. Σ Ref. ∆
H TM (a) 454± 4 −306± 3 54± 3 0± 3
V TM (b) 450± 3 −339± 2 0± 2 −0.324± 2
H TE (c) 158± 2 121± 2 588± 3 0± 2
V TE (d) −61± 2 40± 3 683± 3 0± 2
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FIG. 17: Strength of WFM response as a function of
bunch charge, quantified by A from in Equation (5),

together with linear fits.

position was fixed and independent of the angle setting
on a screen just upstream of the structure. This meant
that the absolute position of the beam in the structure
varied slightly between scans of different angle. Again,
the observable of interest is the split in x0 between the
TM and TE channels.

For each scan, we measured the distance between the
minimum the V in the TM and the TE channel. This is
plotted in Fig. 20, showing no clear correlation, indicat-
ing that the beam angle does not significantly contribute
to the variation of the discrepancy. The variation is also
small, on the order of 10 µm.

For this scan, a train of 50 bunches and a total charge
of 11.7 nC (corresponding to a bunch charge of 234 pC)
was used, a bunch length of 7 ps, and an average particle
momentum of 195 MeV/c.

VI. DISCUSSION

As stated in the introduction and seen in Fig. 7, there
is often a discrepancy in the position x0 of the minimum
signal as observed in the TE- and TM-bands in this struc-
ture. We have shown that this can be caused by both a
difference in the position cL/R of the minimum signal
as measured by each antenna in each pair. This espe-

cially affects the TM-band, as explored in Sections III,
IV B, and V A. However, as seen in Sec. V B the difference
is not constant, and from simulation it is not explained
by bunch train distortion as seen in Sec. IV C. Finally,
as seen in Section V C there is no correlation between
the beam angle and the observed difference between the
channels.

This presents a challenge for using the WFM system
to align the structure relatively to the beam trajectory
so that the wake field kick is minimized. Especially, it re-
quires that either the WFM attenuation and phase of the
two sides on every structure is carefully balanced, or that
the system on every structure is calibrated relatively to
a reference; both of these alternatives is time-consuming
and depends on the attenuations and phase shifts remain-
ing stable. Even then, it appears that the center of the
combined signals from the hybrids are not stable when
changing beam conditions.

The main difference between this WFM system and a
typical resonant cavity BPM system, is that in this sys-
tem we do not have one principle mode that is excited and
measured. The radiation that reaches the antennas and
pass the filters are therefore likely a mixture of radiation
from multiple modes with different field patterns, and
the diffraction of the field around the electron bunches
into the damping wave guides. This complicated signal
formation process does not appear to lean itself well to a
hybrid-based RF front-end.

The most direct comparison we can do between the
simulations and the experimental data is for the single-
port data, without hybrids which are affected by attenu-
ation asymmetries. For this, we look at the fitted centers
in Tabs. II (original geometry) and III, which is derived
from the data presented in Figs. 12 and 16. This shows
that the TE signals show almost the same center for both
antennas, with only 5 µm of separation in simulation and
21 µm in the experimental data from the vertical scan.
For the TM signals we have 776 µm in simulation and
789 µm in the experimental data. This means that the
difference between simulation and experiment is on the
order of just 15 µm. Along with the qualitative agree-
ment of the curve shapes in Figs. 12 and 16, as well as
Figs. 7, 8, and 13, this strongly indicates that modeling
cL 6= cR for the TM signal is correct, and that it can
cause a shift in the center as observed in the TE- and
TM signals.

The difference in cL and cR could be used in a benefi-
cial manner: If no hybrid is connected and two acquisi-
tion channels are used for each plane on each structure,
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FIG. 18: Beam profile images at the first profile monitor at CLEAR (BTV390) with 20 bunches and (from left to
right) 23, 229, and 268 pC average bunch charge. Scales are in mm. The red boxes indicate the region used for

bunch profile fits in the software used to extract the images. The beam is magnified on this screen by the magnetic
optics compared to when passing the WFM system in the structure.
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FIG. 19: Difference in TM and TE vertical center
position as a function of bunch charge, using the same

scans as in Fig. 17.

it allows the determination of the sign of the beam dis-
placement in addition of the magnitude, something that
is not possible with the originally foreseen system using
a hybrid and a single acquisition channel. Furthermore,
the minima seen by each antenna would then be deter-
mined by the interior geometry of the cell and not by the
signal attenuation in the cabling of the structure, which
should greatly ease calibration. Finally, the precision of
the device when the beam is near center, which is where it
needs to be most precise, should also be improved in this
mode of operation, since the change in signal strength
with respect to beam displacement will not be zero. The
stability of this mode of operation has however not been
demonstrated.

In addition to the center-shift caused by attenuation,
a small systematic shift of the TE center even after a
perfectly balanced hybrid is also evident in the simula-
tion. This was found to be caused by the positioning of
the antennae inside the damping waveguides; it should
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FIG. 20: Difference in horizontal center position x0

measured by TE and TM modes, as a function of beam
angle.

be noted that this effect is expected to be of a differ-
ent magnitude in reality than in simulation, since in the
simulation the DWGs have been shortened.

In general the TE-band was much less sensitive to the
effect of attenuation imbalance due to the symmetry of
the positioning of the damping waveguides that capture
the beam position signal, relatively to the plane of beam
motion. This indicates that if a single channel and a
hybrid (or even a single antenna) is to be used, it is likely
preferable to use the TE mode.

An important challenge for the WFM system investi-
gated here is that discrepancy between the TE and TM
signals is not stable, as seen when changing the beam
charge in Sec. V B but keeping the train- and bunch
lengths constant. This was also explored in simulation
in Sec. IV C, where an effect of approximately 3 µm per
100 µm was observed. This is difficult to compare directly
to the experimental data since no profile monitor can be
installed exactly at the location of the WFM, however
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extrapolation indicates that the effect would be at the
experimentally observed level with a σb ≈ 1 mm. This
is large, but not implausible for the experimentally used
trains with high bunch charges.

Finally, based on the results from changing the beam
angle as discussed in Sec. V C, it is unlikely that there
is any contribution from the beam angle changing with
beam conditions.

Given the results presented for the current CLIC wake
field monitor design, it appears prudent to explore struc-
tures with modified geometries at the location of the in-
tegrated beam position monitor. This has been done in
the past, using a superstructure consisting of two CLIC-
type accelerating structures with WFMs installed in the
middle cells of both structures [10, 11]. In that setup, a
precision better than 5 µm was observed in the TE mode.

The TD24 structure has the WFM pickups located in
the middle of the structure, while TD26 structure also
used in this paper have the pickups mounted in the first
cell of the structure. Furthermore, while each cell of the
TD24 structure was machined with damping wave guides,
unlike for the TD26 structure tested in this paper, they
were not terminated in RF loads. Instead, simple holes
were drilled through the end of the normal DWGs for
vacuum purposes, venting the structure into the enclos-
ing vacuum tank. This created partial RF shorts at the
ends of the DWGs of the TD24, which is unlikely to be
perfectly balanced between pairs of waveguides. As a
result, the center of the higher order modes of this struc-
ture are likely to vary throughout it, and be determined
by the geometry of the DWGs as well as the accelerating
cell and iris. Since the experimental TD24 structure was
not well damped, it would also mean that wake-excited
field could propagate longer than in the TD26 structure.
This would complicate interpretation of the results from
the earlier tests of the TD24 structure, especially if in-
terested in the accuracy of the position of the electro-
magnetic center of the kicks relative to the center of the
measured wake field.

It was difficult to determine the resolution of the WFM
system as presented in this paper, due to the lack of other
high resolution beam position monitors nearby. This
means that any position estimate would also include con-
tributions from beam position jitter, and that it can only
be given for a scan, not for a single bunch. We can how-
ever compare the measured x0 between the TE- and TM
channel in a scan, as in e.g. Figs. 19 and 20. These show
that the difference between the channels vary with ap-
proximately 10 µm between scans using the same beam
configuration. While this is not a direct measurement of
the resolution, it indicates that the underlying resolution
might be comparable to what was observed in the pre-
vious structure. Furthermore, the statistical error esti-
mates for x0 from single scans are on the order of 2-3 µm,
as seen from Tabs. I and III.

VII. CONCLUSIONS

We have observed a difference between the electrical
center of the TD26 CLIC accelerating structure as mea-
sured with the TE- and TM channel of the CLEAR WFM
system to beam position. Furthermore, this difference is
seen to be variable with beam conditions.

Using a combination of beam measurements, theory,
and computer simulation we have discovered three mech-
anisms that can create such a discrepancy. The main
mechanism is that the system is strongly sensitive to the
balance of attenuation of the two antennas in each pair.
Furthermore, the slightly broken symmetry of the place-
ment of the TE antennas create a small shift in the min-
ima of the vertical TE channel. Finally, we see a growth
in the difference between the channels with increasing
bunch train distortion σb, as well as a “softening” of the
minimum of the TM signal.

This presents a challenge for the CLIC WFM system
as currently designed, especially in the TM-band. It may
however be possible to overcome by using two acquisition
channels measuring the power per plane and structure,
one per pickup antenna, instead of a hybrid and a sin-
gle acquisition channel. Such a system would also avoid
the loss of position sensitivity around the electrical cen-
ter, which is otherwise inherent when trying to determine
the structure center from the combined power level. It
would also be able to determine the sign of the beam dis-
placement, which is not possible in the hybrid-based RF
front-end design. Another possible solution is a modifi-
cation of the cell geometry at the location of the WFM.

For the TE channel, the geometric symmetry of the
system is unbroken by the beam approaching one an-
tenna more than the other, resulting in an almost cen-
tered voltage curve. This indicates that this channel may
be preferable to use, and can even work with a single
antenna and no hybrid. Judging by the observed single-
bunch frequency spectrum at the antenna, using a filter
with a higher center frequency than the one tested here
should give a stronger signal.

Finally, the results are in itself interesting in that they
point out important issues with the type of beam posi-
tion monitoring systems as are used here, where unlike
with a typical resonant cavity BPM there is no strong
mode that is being excited. This could inform both fu-
ture wake field monitor designs, and other beam position
monitoring systems based on diffraction of the beam field
through apertures in the beam pipe.
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