Commissioning of the prototype stripline BPM system for the CLIC Drive Beam
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In collaboration with SLAC, LAPP and IFIC, a first prototype of a stripline Beam Position Mon-
itor (BPM) for the CLIC Drive Beam and its associated readout electronics has been successfully
tested in the Test Beam Line of the CLIC Test Facility 3 (CTF3) at CERN. In addition, a modified
prototype with downstream terminated electrodes has been developed to improve the suppression
of unwanted RF signal interference and installed in the CLIC Two-Beam Module (TBM). This
paper presents measurements and performance of this BPM system with different CTF3 beam con-
figurations and compares the results with laboratory measurements and electromagnetic simulations.

PACS numbers: 07.50.-e, 29.20.Ej, 29.27.Fh, 84.40.Az

I. INTRODUCTION

CLIC, a Compact electron-positron Llnear Collider
proposed to probe high energy physics (HEP) in the TeV
energy scale, is based on a two-beam scheme. RF power,
required to accelerate a high energy luminosity beam is
extracted from a high current Drive Beam (DB), whose
decelerator requires more than 40000 quadrupoles, each
holding a BPM. These BPMs face several challenges, as
they will operate in close proximity to the Power Ex-
traction and Transfer Structures (PETS), with demand-
ing accuracy and resolution requirements (20 pym and 2
pum, respectively) [1]. They have to be compact, inex-
pensive and operate below the waveguide (WG) cut-off
frequency of the beam pipe to ensure purity of the po-
sition signals, which rules out the signal processing at
the 12 GHz bunching frequency. Also wakefields, and
hence the longitudinal impedance, should be kept low.
The first proposed solution was a compact, downstream
shortened stripline BPM utilizing a low-frequency (< 40
MHz) signal processing scheme operating in the accel-
erator tunnel [2]. The system has been recently tested
with beam in the CLIC Test Facility 3 (CTF3) [3], in
presence of low and high power interfering 12 GHz RF
signals from the PETS. In parallel, a second prototype
stripline BPM with improved notch-filtering properties
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at 12 GHz has been developed and installed in the CLIC
Two-Beam Module (TBM) [4, 5].

II. SYSTEM DESIGN

The first prototype stripline BPM pickup is compact
(with downstream short-circuited electrodes) and fits
into the adjacent quadrupole vacuum chamber. Each of
the four electrodes spans an angular coverage of 45° and
has a characteristic impedance of 50 2. The magnitude
of the transfer function of a stripline pickup is the ab-
solute value of a sine wave with periodic notches given
by:

Cc

Fox 2L

(1)
where N € NT, L is the electrode length and c is the
speed of light in vacuum. By choosing the appropriate
value of L it is possible to tune the N** non-DC notch
to the frequency of the interference produced by the high
power accelerating structures (PETS): 12 GHz, which is
also the beam bunch frequency. Therefore, in the time
domain, the idealized response to a multi-bunch beam
only shows the N first and the N last bunches, all other
bunches in-between are cancelled. Fig. 1 shows this effect
for N = 2, chosen for the design as it gives the minimum
feasible electrode length among the possible values, L =
25 mm. Other relevant design parameters are listed in
Table L.
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FIG. 1. Time response of the compact prototype stripline
BPM PU to a multi-bunch beam.

TABLE I. Parameters of the compact prototype stripline
BPM for the CLIC Drive Beam.

Parameter Value Comment

Diameter 24 mm  stripline ID

Stripline length 25 mm

Width 12.5 %  of circumference (45°)
Characteristic impedance 50 2

Duct aperture 23 mm

Resolution 2 pm Full train

Accuracy 20 pm

Time resolution 10 ns BW > 20 MHz

A strong resonance peak of the transverse wake
impedance of the device was observed around 12 GHz
in simulations [2]. A ring of SiC RF damping material

was placed at the downstream end of the electrodes (Fig.
2) to absorb this and other higher-order modes (HOMsS).

FIG. 2. Assembly view of the compact stripline BPM proto-
type for the CLIC Drive Beam.

The signal processing will be performed at baseband
frequencies ranging 4 to 40 MHz, to avoid non-local con-
founding signals, mainly coming from the PETS, starting
at 7.6 GHz, the cut-off frequency of the TE;; mode for
a circular waveguide of 23mm pipe aperture. An analog
shaping circuit, mainly an integration/low-pass filtering,
is needed to perform a correct acquisition of the elec-
trode signals, since the pulses at the output signal of the
pickup are expected to be very intense and narrow in the
presence of a beam with a 242 ns train of bunches and
10 ps bunch length. The resulting electrode signal should
reflect beam position and intensity during the passage of
a multi-bunch train, but should return to zero in time to

allow acquisition of the next train. The combination of
filters found in simulations to perform an optimal shap-
ing is the following: a 4 MHz first-order low-pass filter, a
20 MHz first-order low-pass filter and a 35 MHz second-
order low-pass filter (Fig. 3). A programmable attenua-
tor has been included in order to adapt the signals pro-
duced by all possible CLIC Drive Beam configurations
(Fig. 4) to the input range of the ADC. A thorough de-
scription of the readout electronics and further details of
the design can be found in [6].
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FIG. 3. Block diagram of the analog readout electronics.
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FIG. 4. Simulated output signals of the filtering stage for
different CLIC Drive Beam configurations (centered beams).

The beam position in the horizontal, z, and vertical,
1y, planes can be estimated using difference-over-sum pro-

cessing [7] as:
R (A
w0=3(3),,, )

where R is the beam pipe radius, A the difference and %
the sum of the opposite electrode signals for each plane.
The area defined by the second lobe of the output signals
(Fig. 4) has been used as metrics for the position calcula-
tion for all tests presented in this paper. The difference-
over-sum ratio has been obtained as:

A ST-8§-
S_2 o (3)
> St+S

where ST and S~ are the surface values under the second
lobe of the signals from the positive and the negative
channels, respectively, of each plane.



III. LABORATORY CHARACTERIZATION
A. Position characteristics and linearity

The linearity and sensitivity parameters are given, for
each plane, by:

_ A
z,y = (Sgh)- (z) + EOSpyv (4)
H,V

where S v is the sensitivity and EFOSpy v is the elec-
trical offset. Another parameter to study is og,y, the
RMS value of the linearity error for each plane giving
the uncertainty in the position measurements.

The position characteristics for the full system was
measured using a stretched wire fed by an RF excita-
tion signal while being moved in 1 mm steps in the range
46 mm. The output waveforms when the wire is centered
are shown in Fig. 5. The measured sensitivity curves and
the one obtained by electromagnetic simulation (y = 0 in
Fig. 6) are compared in Fig. 7 for the vertical and the
horizontal planes. Table II shows the values for the posi-
tion sensitivity at the origin, the electrical offset and the
RMS linearity error for both planes. Although the per-
formance of the electronics was satisfactory, showing the
expected signal shape and levels [6], the obtained position
sensitivity at the origin was lower than estimated by the
linear approximation in Eq. (2), 166.67 m~!, but closer
to the result obtained by electromagnetic simulation for
the horizontal plane): 137.01 m~!. Charge accumulation
and impedance mismatches in the measurement setup
are the most likely causes of this difference in sensitivity
values.
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FIG. 5. Output waveforms of the electronics produced by
the low-frequency emulation of a centered 242 ns multi-bunch
beam in laboratory.

B. Transfer function measurement

The transfer function of the BPM was analysed with a
coaxial transmission-line setup [8]. An inner rod, travers-
ing the BPM, serves as center conductor of the coaxial
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FIG. 6. Simulated difference-over-sum ratio in the cross-

section of the compact prototype stripline BPM for the hori-
zontal plane.
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FIG. 7. Simulated (orange trace) and measured (green trace)
sensitivity curves in laboratory in the vertical (top) and
the horizontal (bottom) planes for the compact prototype
stripline BPM.

structure, which has conical transitions towards the SMA
connectors at both ends, providing a constant character-



TABLE II. Linearity and sensitivity parameters for the verti-
cal (top) and horizontal (bottom) planes.

Parameter Measurement Theory Simulation
Vertical
Sy [m™1] 115.19 +2.32 166.67 137.01
EOSy [mm] 0.03£0.08 0.00 0.00
oy [um] 251.07
Horizontal
Sy [m™7] 11517 £ 1.98 166.67 137.01
EOSy [m] 0.02 £0.07 0.00 0.00
on [pm] 214.07

istic impedance of 50 Q. A sine wave stimulus signal was
swept in the range 0.003-20 GHz to measure the mag-
nitude of the transfer function (Fig. 8). We observed
major differences between measured and ideal (theoret-
ical) transfer functions, e.g. that the two first minima,
which should be located at 6 GHz and 12 GHz, have
been displaced to lower frequencies due to the inclusion
of the SiC ring [9], 4.48 GHz and 7.34 GHz, respectively,
which hints to an effective electrical length of 33.5 mm
instead of the desired 25 mm. In addition, all the sine
lobes of the stripline transfer function from the second
one are distorted, pointing to high-order effects on the
BPM. These two factors result in an extremely poor re-
jection of the PETS interference at 12 GHz, of about
4 dB (green trace) instead of the theoretically expected
40 dB (blue trace).
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FIG. 8. Theoretical (blue trace) and measured (green trace)
transfer function of the compact prototype stripline BPM.

IV. BEAM TESTS AT CTF3

Following its comprehensive laboratory characteriza-
tion, the prototype stripline BPM with short-circuited
electrodes at their downstream end was tested under re-
alistic beam conditions in CTF3. The BPM pickup was
installed in the Test Beam Line (TBL) [10], a scaled ver-
sion and proof of concept of the CLIC Drive Beam de-
celerator. In order to study the immunity of the device

to high power RF pulses, it was installed as close as pos-
sible to the last PETS in TBL (Fig. 9): at position
0860, downstream of an inductive BPM (position 0850)
and upstream of an F-type quadrupole (position 0900).
Two types of tests were performed: linearity/sensitivity
parameters and resolution.

A. Linearity and sensitivity

The goal of this test was to study the behavior of the
BPM and the influence of the interfering signals com-
ing from the PETS at the beam bunching frequency
(12 GHz) on the position measurement. For this pur-
pose, the test was conducted using two different beam
configurations: high and low current, corresponding to
high and low extracted PETS power values at 12 GHz,
respectively.

In order to evaluate the linearity and sensitivity pa-
rameters of the prototype, the F-type quadrupole at posi-
tion 0800 was moved in both the horizontal and the verti-
cal planes, so that the induced beam displacements could
be observed at position 0860. The beam was steered in
a range of approximately +£5 mm for each plane, displac-
ing the F-type quadrupole at position 0800. The mover
at position 0805 was used as actuator. The reading pro-
vided by the neighboring TBL inductive BPMs [11] at
positions 0850 and 0910 was used as reference for the
calculation of the expected positions.

1. Installation with 45°-rotated electrodes

In a first test, the compact prototype stripline BPM
was installed under a 45° rotation for mechanical con-
siderations. Under these conditions, the position char-
acteristics differs from the one considered in section III
due to the new location of the electrodes with respect to
the beam movement axes. While the approximation in
Eq. (2) still applies, the difference-over-sum ratio in this
situation can be calculated as:

<A) _ (Sur +Sur) = (SpL + Spr) (5)
/)y Sur+ Spr+ Sur + Spr

for the vertical plane and as:

<A> _ (Sur+Spr) = (Sur + Spi)
)y Svr + Spr+ Svur + Spr

(6)

for the horizontal plane, where R is the beam pipe ra-
dius and S;, i = (UR,UL, DL, DR) are the metrics from
the i*" electrode used for the position calculation: we use
again the surface values under the second lobe of the sig-
nals. An electromagnetic simulation of this test scenario
(Fig.10) gives an estimated position sensitivity around
the origin of 101.8 m~!.

The CTF3 beam conditions at the time of this test pro-
vided beam current values of 10 A (6 MW of extracted
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FIG. 9. Diagram of the TBL cells around the installation location for the prototype stripline BPM with short-circuited

electrodes.
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FIG. 10. Simulated difference-over-sum ratio in the cross-
section of the compact prototype stripline BPM for the hori-
zontal plane in a 45°-rotated installation.

PETS power) for the low current configuration and 22 A
(60 MW of extracted PETS power). Table III summa-
rizes, for both configurations, the results based on linear
fit (Eq. 4) to obtain the sensitivity (Sy, ), the electrical
offset (EOSy i) and the RMS linearity error. Figure 11
displays the measured data along with linear fits, show-
ing the change in the electrical offset for the two power
settings.

The measured sensitivities for each plane (Table III)
experience a +£4% variation upon the increase of the ex-
tracted PETS RF power from 6 to 60 MW. The mea-
sured horizontal sensitivity values remain close to the
simulated value of 101.8 m™!, while the vertical sensi-
tivity was found systematically lower. A possible reason
for this result could be the presence of an active F-type
quadrupole at position 0900, between the two reference

TABLE III. Measured linearity and sensitivity parameters of
the prototype stripline BPM for both high- and low-power test
configurations in the installation with 45°-rotated electrodes.

Parameter ~ Meas. LP  Meas. HP Theory Simulation
Vertical
Sy [m™]  724+18 753406 117.9 101.8
EOSy [mm] —1.76 £0.07 —1.91£0.02 0.00 0.00
oy [um] 250.42 92.73
Horizontal
Su [m~ 1] 98.1+1.7 942+14 1179 101.8
EOSy [mm] 0.244+0.05 —0.46+0.04 0.00 0.00
on [pum] 182.87 120.00

BPMs used for this test, located at positions 0850 and
0910. F-type quadrupoles focus the beam in the hor-
izontal plane, defocussing it in the vertical one. This
could affect the vertical position reading of the down-
stream reference BPM (0910), and therefore the calcu-
lated value of the expected vertical position. In order to
avoid this effect, another test was attempted switching
off the quadrupole, not being possible to operate in these
conditions without losing the beam.

A decrease in the electrical offset was observed in the
high-power test configuration for the coordinate not be-
ing swept (Figure 11). In addition, for this coordinate
in both the high- and low-power test configurations, a
tilt was observed, of 5 mrad for the horizontal plane and
7 mrad for the vertical one.

2. Installation with azis-oriented electrodes

A second test was performed after aligning the elec-
trodes of the compact prototype stripline BPM with the
x,y movement axes of the beam. The CTF3 beam condi-
tions at the time of this test provided beam current val-
ues of 3.5 A (2.4 MW of extracted PETS power) for the
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FIG. 11. Dependency of the difference-over-sum ratio on the
beam displacement in the vertical (top) and horizontal (bot-
tom) planes for extracted PETS RF power values of 6 MW
(dashed lines) and 60 MW (solid lines) for the stripline BPM
installation with 45-rotated electrodes.

low current configuration and 12 A (27 MW of extracted
PETS power). Table IV summarizes, for both configu-
rations, the results based on linear fit (Eq. 4) to obtain
the sensitivity (Sy g ), the electrical offset (EOSy g ), the
linearity error and the RMS linearity error. Figure 12
displays the measured data along with linear fits

TABLE IV. Measured linearity and sensitivity parameters of
the prototype stripline BPM for both high and low power
test configurations in the installation with axis-oriented elec-
trodes.

Parameter  Meas. LP Meas. HP Theory Simulation
Vertical
Sy [m~'] 103.3+1.8 103.0£2.3 166.67 137.01
EOSy [mm] —1.64 £0.05 —1.74 £0.07 0.00 0.00
oy [pum] 164.25 141.88
Horizontal
Sp m~ '] 105.8+£2.1 134.8+4.3 166.67 137.01

EOSy [mm] —2.2140.06 —1.49 +0.08  0.00 0.00
o [pm] 85.22 181.36
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FIG. 12. Dependency of the difference-over-sum ratio on the
beam displacement in the vertical (top) and horizontal (bot-
tom) planes for extracted PETS RF power values of 2.4 MW
(dashed lines) and 27 MW (solid lines) for the stripline BPM
installation with axis-oriented electrodes.

As in the test of the installation with 45-rotated elec-
trodes, the measured vertical sensitivity has been found
lower than the simulated value, 103.3 m~! instead of
137.01 m~'. The F-type quadrupole at position 0900, be-
tween the two TBL inductive BPMs used as reference, is
again thought to have an influence in the reference verti-
cal positions read by the inductive BPM at position 0910.
There are no further remarkable effects of the increase of
the extracted PETS RF power on this parameter.

The measured horizontal sensitivity, however, starts
with a lower value than expected in the low extracted
PETS power test configuration, 105.8 m~™!, becoming
closer, 134.8 m™!, to the simulated value of 137.01 m~!
in the high extracted PETS power test configuration.
The fluctuations of the available beam in the low ex-
tracted PETS power configuration may have resulted in
non-negligible differences between the test beams used
for different positions, affecting also the measured posi-
tions by the reference BPMs 0850 and 0910.

For operational aspects, it is possible to increase these



sensitivities in both low and high extracted PETS power
test configurations by estimating the position as a poly-
nomial function of the difference-over-sum ratio instead
of a linear one. A fifth degree polynomial fit of the mea-
sured position data for the stripline installation with axis-
oriented electrodes increases all sensitivity values in Ta-
ble IV by 30 m~!. However, this does not eliminate the
observed effects of the extracted PETS power increase in
the horizontal sensitivity and provides a too high value
for this parameter in the high extracted PETS power
configuration.

A variation in the electrical offset was observed for
the coordinate not being swept (Figure 12). In addition,
for this coordinate in both the high- and low-power test
configurations, a tilt was observed, of 5 mrad for the
horizontal plane and 4 mrad for the vertical one.

B. Resolution

Following the sensitivity and linearity tests of the
stripline BPM prototype with short-circuited electrodes,
a preliminary resolution test was performed using Sin-
gular Value Decomposition (SVD) analysis. The SVD
method decomposes the data, allowing to identify and
separate systematic beam effects (modes), such as beta-
tron motion, cavity phase/energy errors, RF jitter, etc.
from uncorrelated statistical noise of the BPMs (BPM
noise floor) and thus provide an estimate of the resolution
of each BPM on the line. The use of this technique for
the analysis of BPM data was first proposed in [12]. Fur-
ther successful examples of its application can be found
in [13] and [14].

The objective of this analysis is to estimate the resolu-
tion of the CLIC DB stripline BPM with short-circuited
electrodes, based on shot-to-shot position data collected
from all the 17 TBL BPMs. For this purpose, position
data from 966 consecutive, synchronous shots from a 3 A
beam were acquired and analysed in the stripline BPM
installation with axis-oriented electrodes. Table V shows
the assigned number, location and type of all TBL. BPMs
considered in this study, including the stripline BPM pro-
totype.

The procedure starts by considering a B matrix of di-
mensions P x M, where P is the number of shots and
M the number of BPMs, containing the position data
from all TBL BPMs, having substracted their mean val-
ues per column (orbit). This matrix can be factorized in
the form:

B=U-S-VT (7)

where U is a P x P matrix containing the temporal eigen-
vectors and V' is a M x M matrix containig the spatial
eigenvectors. Both are orthogonal matrices. Sisa Px M
diagonal matrix containing non-negative values (eigenval-
ues or modes).

The diagonal elements of S, s;;,1 < i < M,i € N,
normalized by v M P, give the correlation level between
the U and V matrices: the larger their value, the higher
the correlation. They are shown in Fig. 13 for both the
horizontal and the vertical planes. It is possible to ob-
serve that the first eight elements of S have large values,
accounting for correlated beam motion, while elements 9
to 17 are due to the uncorrelated BPM noise floor.
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FIG. 13. Normalized diagonal elements s;; of the S matrix.
The first eight elements define the high correlation region due
to beam motion, while the elements 9 to 17 belong to the low
correlation region due to the BPM noise floor.

Setting modes 1 to 8 to zero, we obtain a new diagonal
matrix S’, from which it is possible to reconstruct the
data matrix B’ where only uncorrelated BPM noise floor
is present:

B =U-5.-vT (8)

TABLE V. TBL BPM locations, type and assigned numbers
for the SVD analysis.

BPM number TBL location BPM type
1 210 Inductive
2 250 Inductive
3 310 Inductive
4 350 Inductive
5 410 Inductive
6 450 Inductive
7 510 Inductive
8 550 Inductive
9 610 Inductive

10 650 Inductive
11 710 Inductive
12 750 Inductive
13 810 Inductive
14 850 Inductive
15 860 Stripline
16 910 Inductive
17 950 Inductive




The standard deviation values o;,i € [1,17],i € N, of
the columns of B’ provide the resolution for all 17 BPMs
(Fig. 14).
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FIG. 14. Standard deviation per columns of the B’ matrix,
indicating the resolution of each BPM in TBL.

The preliminary estimated resolution values for
the stripline prototype with short-circuited electrodes,
BPM#15, are 11 pum in the horizontal plane and 7.4 pm
in the vertical plane.

V. TERMINATED STRIPLINE PROTOTYPE

The compact stripline BPM prototype, as described
in section III, is not providing the expected transfer re-
sponse of an ideal stripline BPM. The discrepancy is par-
ticularly large at high frequencies, due to geometry con-
straints as described in [9], and as a result this BPM
with short-circuited stripline electrodes at their down-
stream end provides insufficient filtering of the PETS
RF power at 12 GHz. In order to improve this issue, a
modified version with downstream terminated electrodes
(eight ports) has been developed. It provides an im-
proved suppression of unwanted 12 GHz RF signals, while
offering a loop-through calibration with test signals using
the downstream ports.

The design was revised to achieve an effective notch
filter effect at 12 GHz, the frequency of the PETS RF
interference. In this approach we tuned the third notch
of the stripline transfer response to 12 GHz, N = 3 in
Eq. (1), as tuning the first or the second notch results
in a quite short physical length of the electrode, having
a similar dimension as the beam pipe diameter, which
causes unwanted resonances [9]. This choice results in an
electrode length of L = 37.5 mm and an ideal response
to a multi-bunch train (Fig. 15) that only shows the first
and last triplets of bunches. The signals from all other
bunches in-between will cancel, assuming the notch filter
effect is perfect and precisely tuned to 12 GHz. Table VI
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FIG. 15. Time response of the terminated prototype stripline
BPM PU to a multi-bunch beam.

TABLE VI. Parameters of the compact prototype stripline
BPM for the CLIC Drive Beam.

Parameter Value Comment

Diameter 23 mm

Stripline length 37.5 mm

Width 5.55 %  of circumference (20°)
Characteristic impedance 50 €2

Duct aperture 23 mm

Resolution 2 pm Full train

Accuracy 20 pm

Time resolution 10 ns BW > 20 MHz

shows the relevant design parameters and dimensions for
this new prototype.

Similarly as in the first prototype, a ring of SiC has
been placed at each end of the striplines, separated from
their rounded end by a narrow gap, to damp a strong res-
onance peak of the transverse wake impedance observed
in EM simulations around 12 GHz. However, while suc-
cessfully damping higher order modes (HOMs), the di-
electric ring also increases the effective electrical length
of the stripline electrodes (or shifts the notches to lower
frequencies). To account for this effect, the actual physi-
cal distance between the upstream and downstream port
pins was reduced to 36.6 mm. The stripline electrodes
of the terminated design have a smaller angular coverage
(20° vs. 45°) to ensure a TEM-like field propagation, re-
ducing unwanted spurious resonances and providing an
improved transfer response. Fig. 16 shows an assembly
view of the prototype. Further details of the design can
be found in [15].

CF flange/bellow RF-finger/SiC ring

QCF flange/bellow
assembly

SiC ring/ Cu-interface
Assembly

Main Body

Drift Tube

RF-finger

FIG. 16. Assembly view of the terminated prototype stripline
BPM prototype for the CLIC Drive Beam.



In contrast to the prototype with short-circuited elec-
trodes, the frequency response of the modified pick-up
(Fig. 17) resembles that of an ideal stripline BPM up to
higher frequencies (~8 GHz). An unavoidable resonance
appears around 10 GHz, which seems to be caused by the
TMy; waveguide mode of the vacuum chamber [9]. How-
ever, a substantial notch effect at 12 GHz is still present,
and should improve the suppression to the PETS high
power RF fields.
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FIG. 17. Frequency responses of the compact (green trace)
and terminated (blue trace) prototype stripline BPMs for the
CLIC Drive Beam.

The signal processing scheme for this prototype is very
similar to the one from the first design, operating at base-
band frequencies, ranging from 8 to 80 MHz, to stay well
separated from the microwave PETS frequency. The cut-
off frequencies of the passive filtering stages have been
doubled to improve the time resolution. Minor adjust-
ments in the attenuation and gain stages of the readout
electronics allow to adapt the signals produced by all pos-
sible CLIC Drive Beam configurations to the input range
of the ADC. A calibrator has been included, with two op-
eration modes: white noise or pulse train. The selected
calibration signal is converted to analog and fed into the
stripline electrodes through the downstream ports.

Two units of this prototype have been installed in the
Drive Beam line of the CLIC Two Beam Module, in po-
sitions 0645 and 0685, and will be tested with beam in
fall 2015. A preliminary test with calibration pulses has
resulted in position sensitivity values around the origin
of 153.0 m~! (V) and 163.0 m~! (H) for the BPM at
position 0645 and 167.7 m~! (V) and 152.5 m~! (H)
for the one at position 0685. These values are close the
one obtained by electromagnetic simulation (Fig. 18):
155.3 m~1.

VI. CONCLUSIONS

The laboratory characterization tests of the first proto-
type stripline BPM, both in the low and high frequency
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FIG. 18. Simulated difference-over-sum ratio in the cross-
section of the terminated prototype stripline BPM for the
horizontal plane.

ranges, with thin wire and coaxial waveguide test bench,
respectively, have been described in section III. The
measured horizontal and vertical sensitivity values in the
characterization tests with a thin wire (Table II), both
around 115.2 m™?, are closer to the simulated value (137
m~1) than to the theoretically expected one using the lin-
ear approximation from Eq. (2) (166.67 m~!). Charge
accumulation and impedance mismatches in the measure-
ment setup are most likely the causes of this difference
in sensitivity values. The measured filtering properties
of the pick-up at 12 GHz in the coaxial test bench are
not as they were expected from the basic theory, and the
rejection around this frequency is only about 4 dB (Fig.
8). This problem has been addressed by the develop-
ment of a new stripline prototype with improved notch
filter effect at 12 GHz, using the recommendations of the
study performed in [9]. Additionally, using terminated
electrodes instead of downstream short-circuited ones is
expected to increase the tunability of the stripline fre-
quency response notches to a given frequency, and to add
a calibration functionality via the downstream port.

The influence of these observations on the performance
of the BPM was further studied during the tests with
beam at CTF3. In the linearity and sensitivity tests
of the installation with 45°-rotated electrodes, the mea-
sured sensitivities for each plane (Table III) experience a
-4% variation upon the increase of the extracted PETS
RF power from 6 to 60 MW. The measured horizontal
sensitivity values (98.1 m~! and 94.2 m~! for 6 and 60
MW, respectively) remain close to the simulated value of
101.8 m~*!, while the vertical sensitivity was found sys-
tematically lower (72.4 m~! and 75.3 m~! for 6 and 60
MW, respectively). The same effect has been observed
for the vertical sensitivity for both low and high (2.4 and
27 MW) extracted PETS power test configurations for



the installation with axis-oriented electrodes. The non-
linear effects can be mitigated by correcting the position
characteristic of the pick-up using a higher order polyno-
mial or a look-up table.

During the beam studies of the first prototype stripline
BPM, the position data of all the TBL. BPMs was ana-
lyzed applying the Singular Value Decomposition (SVD)
method. This technique allowed the separation of the
correlated beam motion effects and the uncorrelated
BPM noise, finding an upper resolution boundary for the
latter of 11 pm for the horizontal plane and 7.4 pm for
the vertical one (Fig. 14). However, an improvement can
be expected at higher beam currents in the TBL line of
CTEFS3.

Two units of the terminated prototype have been in-
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stalled in the Drive Beam line of the CLIC TBM and
will be tested with beam in fall 2015. The results of a
preliminary test with calibration signals match the sim-
ulated values for the position sensitivity.
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