PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 15, 112803 (2012)

High bandwidth pickup design for bunch arrival-time monitors for free-electron laser

Aleksandar Angelovski,l’* Alexander Kuhl,>>" Matthias Hansli,! Andreas Penirschke,' Sascha M. Schnepp,2
Michael Bousonville,3 Holger Schlarb,3 Marie Kristin Bock,3 Thomas Weilamd,4 and Rolf Jakoby1

YTechnische Universitiit Darmstadt, Institute for Microwave Engineering and Photonics, Merckstrasse 25, 64283 Darmstadt, Germany
*Technische Universitiit Darmstadt, Graduate School Computational Engineering, Dolivostrasse 15, 64293 Darmstadt, Germany
3Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany
*Technische Universitiit Darmstadt, Institut fiir Theorie Elektromagnetischer Felder, TEMF,

Schlossgartenstrasse 8, 64289 Darmstadt, Germany
(Received 18 February 2012; published 27 November 2012)

In this paper, we present the design and realization of high bandwidth pickup electrodes with a
cutoff frequency above 40 GHz. The proposed cone-shaped pickups are part of a bunch arrival-time
monitor designed for high ( > 500 pC) and low (20 pC) bunch charge operation mode providing for a time
resolution of less than 10 fs for both operation modes. The proposed design has a fast voltage response,
low ringing, and a resonance-free spectrum. For assessing the influence of manufacturing tolerances on
the performance of the pickups, an extensive tolerance study has been performed via numerical

simulations. A nonhermetic model of the pickups was built for measurement and validation purposes.
The measurement and simulation results are in good agreement and demonstrate the capability of the
proposed pickup system to meet the given specifications.

DOI: 10.1103/PhysRevSTAB.15.112803

L. INTRODUCTION

High gain free-electron lasers (FELs) are able of gen-
erating ultrashort x-ray pulses with a duration in the femto-
second range [1]. In order to provide an optimal operation
of the FEL for pump-probe experiments or for seeding
using external laser systems, the arrival time of the bunches
has to be synchronized with femtosecond precision. An
accurate measurement of the bunch arrival time, thus, is
essential for the synchronization process.

Currently, there are few bunch arrival-time monitors
(BAMs) available, which achieve or have the potential to
achieve sub-10 fs time resolution. An arrival-time monitor
using a cavity as a beam pickup and a radio frequency (rf)
based phase detection is described in [2]. Such a detection
scheme is realized at the Linac Coherent Light Source free-
electron laser at Stanford Linear Accelerator Center. It
allows for a sub-50 femtosecond synchronization between
a laser and the x rays for pump-probe experiments [3].
Beam arrival-time measurements with temporal resolution
of 25 fs was reported in [4] by measuring the phase of a
TMO10 resonator and a reference rf signal. Another type of
arrival-time monitor featuring an electro-optical crystal
inside the beam pipe for measuring the cross correlation
of the coherent terahertz radiation generated by the undu-
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lator and an external laser pulse is presented in [5]. This
type of monitor can be applied only at the end of an
undulator. Other electro-optical detection schemes which
can be used for arrival-time measurements were reported in
[6—8]. With these schemes a time resolution of 50 to 100 fs
is achieved.

At the free-electron laser at DESY, Hamburg (FLASH),
the installed BAMs have an intrinsic time resolution better
than 10 fs for bunch charges above 500 pC [9]. These
arrival-time monitors combine a transient beam induced
pickup signal with an electro-optical signal detection
scheme as proposed in [10]. The beam induced pickup
signal modulates the amplitude of an external laser pulse
train in the Mach-Zehnder—type electro-optic modulator
(EOM). One laser pulse out of the train samples
the first zero crossing of the pickup signal and determines
the relative timing. The modulation of the laser pulse
occurs when the zero-crossing position is shifted due
to the different arrival time of the bunches. The arrival
time of the bunches is determined by comparing the sam-
pling pulse energy with the laser pulses from the train [9].
In this scheme the achievable time resolution is propor-
tional to the steepness of the pickup voltage signal at the
first zero crossing. The steepness in turn scales with the
bunch charge leading to significant performance degrada-
tions for low charge FEL operation. Details are presented
in [11]. The accuracy of the BAM (with respect to the
measurable time) is determined by the sensitivity of the
device (with respect to the signal slope). By improving
the sensitivity of the BAM, one can increase the accuracy
of the measured arrival time.
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With the extension of FLASH II and the European x-ray
free-electron laser project (XFEL), a low charge operation
mode with bunch charge of 20 pC is planned. In order to
satisfy the sub-10 femtosecond resolution demands for
high and low charge operation, the current BAM design
needs to be upgraded.

In this paper we present the design and the realization of
high bandwidth cone-shaped pickup electrodes as a part of
the BAM. The proposed pickup electrodes enable high
resolution arrival-time measurements for the low bunch
charge as well as for high bunch charge mode of operation.

The remainder of this paper is organized as follows. The
design procedure and simulation results along with a
performance characterization of the pickup are given in
Sec. II. In Sec. III, results of a tolerance study are pre-
sented, which was conducted for assessing the influence of
fabrication tolerances on the performance of the pickup. A
nonhermetic prototype was built for proving the concept.
Measurements and comparison to simulation results are
shown in Sec. IV. The integration of the pickup in the BAM
and the cabling procedure is proposed in Sec. V.

II. PICKUP DESIGN AND SIMULATION

The requirements on the pickup, which need to be
fulfilled for low and high charge operation are given in
Table 1. The slope of the output signal is a function of the
pickup bandwidth and the beam parameters. As the bunch
charge is reduced from 1 nC (high charge mode) down to
20 pC (low charge mode), the slope of the output voltage
decreases causing significant degradation of the time reso-
lution of the BAMs [11]. One can increase the voltage
slope by expanding the bandwidth of the pickup or by
increasing the induced peak voltage. An expansion of the
bandwidth up to a cutoff frequency of 40 GHz provides for
an output voltage slope at the first zero crossing of more
than 300 mV /ps [12]. The peak voltage, on the other hand,
is kept low in order to prevent the subsequent electronics
equipment from damage. The ringing of the voltage signal
is defined as
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where T, is a freely chosen time offset with respect to the
zero crossing, V,, is the peak-to-peak voltage, and T is the
simulation time. This definition of the ringing is adapted
from the design specifications. These require the ringing to

TABLE I. Design parameters and requirements.
Parameter Value
Output voltage slope >300 mV/ps
Bandwidth >40 GHz
Ringing after 222 ns <0.01% of V,,,
Bunch charge 20 pC-1 nC

be less than 0.01% of the peak amplitude after 222 ns,
which corresponds to the minimum bunch spacing for the
European XFEL [12].

The current pickup design introduced in [12] does not
fulfill the requirements for high and low charge operation
mode. Namely, the simulation of the current pickup shows
a voltage slope of 69.7 mV/ps, bandwidth of 8 GHz and
strong ringing.

A. Design

The rf properties of the pickup are defined by its shape,
the feedthrough material, the connectors, and the cables.
However, the pickup itself has the largest influence on the
performance of the system.

We propose a tapered coaxial structure, which comprises
a cone-shaped pickup electrode with the corresponding
cut-out, as shown in Fig. 1. Unlike the classical button-
type pickup, the cone-shaped pickup avoids resonances
within the pickup due to the tapered transition from the
beam pipe to the connector. A similar design was used in
[13] at CERN Linear Collider Test Facility for signal
recovery of a strong wakefield background. The diameter
of the cut-out is denoted by b, and the tip diameter of the
cone-shaped pickup is denoted by a. The active surface of
the pickup is defined by the tip diameter of the cone. It is
designed to provide a maximum peak voltage of 1.5 V of
the output signal for a bunch charge of 20 pC. In this way it
is not necessary to use additional attenuators for prevention
of damage of the subsequent electronics equipment in
the low charge mode. The length of the cone is determined
by taking into consideration the influence of the manufac-
turing tolerances and the mechanical stability of the
pickup. Namely, the longer the cone the smaller the im-
pedance change due to the tolerances. In this way the
cone is robust to tolerances but prone to vibrations, heavy
and mechanically instable. The size of the flange, the

glass bead
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cut-out d
b, cone
a=242mm ¢=0.70 mm
b=560mm d=1.62mm
e=40.50 mm /=6 mm
a=16° B =36.6°
FIG. 1. Cross section of the cone-shaped pickup with the
dimensions.
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feedthrough, and the connectors limit the length as well.
Taking into consideration the above-mentioned criteria, the
length of 6 mm was chosen as an optimal cone length.

The optimal ratio of b/a is 2.3 as it provides for 50
impedance in vacuum. This ratio of the cone to cut-out
diameter is maintained at every cross section from the
connector to the pickup tip. It is, thus, matched to the
impedance of the system and provides for a resonance-
free spectrum up to 40 GHz. For any other value of b/a the
pickups will be mismatched to the subsequent electronics
and reflections will occur. This will cause ringing of the
output voltage signal with a higher amplitude and larger
decay time. The feedthroughs used in this design have a
dielectric with a relative permittivity of &, ~ 4.1. These
feedthroughs are commercially available and designed
for 2.92 mm connectors (K connectors) specified up to
40 GHz.

For the design and simulation of the cone-shaped pickup
(Fig. 1) we used the CST PARTICLE STUDIO® software
package, which allows for computing the electromagnetic
field of a particle beam in time domain. As one feature, the
software allows one to compute the time dependent voltage
along a user defined path. We defined such a path at the
pickup connector, specifically from the inner to the outer
conductor and extracted the pickup output voltage. In order
to determine the voltage slope at the first zero crossing and
the amplitude of the ringing, an automatic analysis was
developed and implemented as a postprocessing step
by means of visual basic for applications macroscripts.
In the following, all simulations are carried out using
Gaussian bunches with a longitudinal standard deviation
of ¢ = 1 mm and 20 pC bunch charge.

B. Convergence study

In order to ensure correct simulation results, a conver-
gence study was conducted of the output voltage slope at
the first zero crossing. The design was simulated using a
series of refined computational meshes until a steady state
of the investigated quantities was obtained. The slope is a
highly sensitive quantity because its value depends on the
derivative of the voltage signal. The region around the cone
and the glass bead feature very small dimensions in com-
parison to the beam pipe. Accurate results critically hinge
on a good mesh resolution around these parts. Therefore,
they were embedded in a region of local mesh refinement
using refinement factors of 2 and 3 relative to the global
mesh settings. Furthermore, a local refinement by a factor
of 4 was tested, but in this case the number of time steps
and, thus, the computing time increases drastically. By
increasing the number of mesh cells from left to right,
the computed value of the slope converged to approxi-
mately 417 mV/ps for all refinement methods in Fig. 2.

For insufficient mesh resolutions large deviations can be
observed. These are attributed to a small number of cells at
the feedthrough, which are automatically filled up with
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FIG. 2. Plot of the slope vs the number of mesh cells and two
settings of the local mesh refinement. Two symmetry planes are
used for the simulation such that only one quarter of the model
has to be considered. The slope converges to approximately
417 mV /ps.

metal. It is readily seen that, using a local refinement factor
of 3, the slope reaches a steady state if at least 13 million
mesh cells are used. Using a refinement factor of 2, on the
other hand, requires at least 25 million mesh cells for
obtaining steady state. For all further simulations, the
setting with a local refinement factor of 3 leading to 15.1
million mesh cells and two symmetry planes were used
(marked with a green arrow in Fig. 2).

C. Simulation results

As the pickup geometry exhibits a fourfold symmetry
(with respect to the beam axis) it is sufficient to simulate
one quarter. In this case the remaining three quarters are
substituted by appropriate boundary conditions at the lo-
cation of the symmetry planes. As no information is lost
with this procedure, all relevant properties including
pickup crosstalk can still be extracted. The result of the
simulation of the proposed design in time domain and the
corresponding frequency spectrum is shown in Fig. 3.
The actual lossy material parameters were employed in
the simulations. Namely, the cone was designed using the
parameters from covar, the flanges from stainless steel, and
the glass bead from Corning 7070 glass.

The time domain voltage signal shown in Fig. 3 (top) has
a voltage slope of 416.78 mV /ps at the first zero crossing.
The result exceeds the requirements for the voltage slope
given in Table I. In comparison to the current pickup [12],
the slope was increased by a factor of 6 while ringing was
drastically reduced at the same time. The time distance
between the two peaks of the voltage signal, which deter-
mines the dynamic range of the monitor, is approximately
13 ps. The amplitude of the ringing is less than 1% from the
peak amplitude after 0.6 ns. The simulations cover a time
span of 0.6 ns using T, = 0.3 ns in (1) for characterizing
the ringing. There are several factors which influence the
ringing. Resonances of the pickup itself, cross talk between
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FIG. 3. Simulation results of one pickup in time domain (top)
and the respective frequency spectrum normalized by the spec-
trum of the particle beam (bottom).

the pickups and interactions between the beam with the
surrounding environment. The first two can be subject to
optimization within the designing procedure, and they have
the largest influence. The last one cannot be avoided but
the contribution to the ringing is significantly lower com-
pared to the first two.

The spectrum of the voltage signal [see Fig. 3 (bottom)]
is resonance-free up to 40 GHz. Small kinks in the spec-
trum around 23, 33, and 43 GHz are due to the cross talk
between the pickups, which can be observed around 0.2
and 0.3 ns in the time domain signal [see Fig. 3 (top)].
In summary, the designed cone-shape pickup has a

TABLE II. List of the most significant design parameters and
the variation ranges as investigated in the tolerance study.

Parameter Value Range of variation
Cut-out small radius 0.8125 mm *0.2 mm
Cone small radius 0.35 mm *0.15 mm
Cone length 6.00 mm *0.2 mm
Cut-out angle 36.6° *2.5°

Cone angle 16.0° *2.5°

€, of the glass 4.15 *0.3

resonance-free spectrum and provides for an output volt-
age signal with a low ringing amplitude and a fast decay.

ITII. TOLERANCE STUDY

Because of manufacturing tolerances, the actual dimen-
sions of the pickup might differ from the design values.
The tolerance study reveals the sensitivity of the output
voltage signal with respect to several manufacturing toler-
ances and allows for setting tolerance limits. From a vari-
ety of investigated parameters, Table II lists those six
having the biggest impact on the pickup performance.

Based on the results of this study the production toler-
ances can be specified. As the parameter space is very big,
it is hard to draw statistically significant information from
all of them. We investigated the influence of manufacturing
tolerances onto the slope of the output signal at the first
zero crossing and the ringing.

The results of the tolerance study are shown in Fig. 4.
They indicate that a higher slope can be obtained by, e.g.,
increasing the cone length or changing the cone angle.
Since in the former case the cone reaches into the beam
pipe and in the latter case the matching to 50 () is lost,
none of these modifications are permissible.

We fitted the results of the tolerance study for each
geometric parameter, e.g., the length of the cone, to a
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Influence of geometric variations on the slope (top) and on the ringing (bottom).
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TABLE III. Computed change of the slope with quadratic fit
based on the tolerance study results.

Parameter Deviation A slope [mV /ps]
Cone angle —1.0° +1.35
-0.5° +0.69
+0.5° —0.74
+1.0° —1.52
Cut-out angle 8 —1.0° +1.18
—0.5° +0.62
+0.5° —0.67
+1.0° —1.38
Small cone radius ¢ =50 pwm +4.00
—20 pm +2.26
+20 um —3.13
+50 um —9.46
Small cut-out radius d =50 um +1.22
—20 pm +0.61
+20 um —0.78
+50 um —2.26
Cone length i =50 um —4.06
—20 pum —1.63
+20 pum +1.63
+50 um +4.08
€, of the glass —0.20 +5.92
—0.10 +2.88
+0.10 —2.72
+0.20 —5.29

quadratic function. Having the fitting functions at hand, the
influence of each geometry parameter onto the slope as
well as all other quantities of interest can be determined for
any parameter deviation within the investigated range of
variation (cf. Table II). In Table III the changes of the
output signal slope of the most sensitive parameters are
summarized assuming typical manufacturing tolerances.
The most sensitive parameter regarding the voltage sig-
nal slope is the small cone radius ¢ (see Fig. 1), which
should be produced with a precision of £20 um. This is
attributed to its very small size and the resulting impact of
the tolerances is much higher than the one from the other
investigated parameters. For all other parameters a toler-
ance of =50 pum is acceptable. Regarding the opening
angle of the cone and cutout a tolerance of 1° should be
achieved. It is not feasible to simulate all combinations of
parameters, because this leads to an exponentially growing
number of simulations. Therefore, we performed a worst
case scenario simulation series. In this simulation series
tolerances are allowed not only for one parameter at a time
but for all parameters at the same time. We set tolerances of
*20 wm for the small cone radius and =50 pum respec-
tively 1° angle deviation from the design values. The out-
put parameters (slope, ringing, etc.) nonlinearly depend on
several geometrical parameters but it is practically impos-
sible to observe the influence of a combination of more
parameters at the same time. The results of the worst case

simulation provide a slope of 404.2 mV /ps, which corre-
sponds to a decrease of 12.58 mV/ps or 3.02%. The most
sensitive parameter concerning the ringing (see R3¢ in
Fig. 4) is also the small cone radius. However, long term
simulations show that the decay of the ringing is well
inside the specifications. Ringing is thus not a primary
concern.

IV. NONHERMETIC PICKUP PROTOTYPE

In order to validate the simulation results and to inves-
tigate the impact of the fabrication tolerances on the rf
characteristics, a nonhermetic prototype of the pickup was
built (see Fig. 5). The dimensions of the prototype show
some deviations from the proposed design due to the
limited manufacturing precision of the in-house mechani-
cal workshop. However, the matching condition is still
satisfied because a ratio of b/a of 2.3 in every cross section
of the pickup was obtained.

The entire structure is made of brass. It consists of a disk
flange with four orthogonally distributed 7-shaped flanges
(see Fig. 5). The cone-shaped pickup is soldered to the
contact pin of the commercially available glass bead and
positioned in the center of the cut-out. The glass bead is
designed for 2.92 mm connectors. The cone-shaped pick-
ups and the connectors are built into the 7-shaped flanges,
which are mounted in the disk flange. This modular con-
figuration provides for the possibility of changing any of
the four pickups in case of damage or upgrade without
changing the entire disk flange. This layout is, however,
prone to imperfect assembling, which makes a calibration
of the pickup necessary.

+
o N
‘g |
it

Disk flange
Cone

Connector

T-shaped flange Glass bead

FIG. 5. Realization of a nonhermetic pickup prototype. Top:
Pickup system with four integrated pickups. Bottom:
Disassembled pickup element.
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FIG. 6. Reflection coefficients measured at the connectors.

A series of S-parameter measurements were performed
on the pickup system. In the ideal case, the pickup system
exhibits a fourfold rotational symmetry. Hence, the rf
characteristics should be identical at each port. Figure 6
shows the reflection measured on each of the ports. One
port is measured at a time, while the others are terminated.
The reflection coefficient curves are in good agreement
except for port two (S,,), which deviates from the other
curves in the frequency range from 5 to 10 GHz, and from
20 to 30 GHz. Reflections higher than 0 dB for low
frequencies occur due to calibration uncertainties. The
cause of the deviation for reflection at port 2 was inves-
tigated. It was found that the cone-shaped pickup at port 2
has a smaller tip diameter, a. The respective measured
sizes are given in Table IV.

In order to investigate the influence on the reflection
caused by the different pickup diameter, the mounting
position of the cones was swapped and the measurement
repeated. A similar result was obtained showing good
agreement of three curves and a deviation of the fourth
one corresponding to the port, where the defective cone
was mounted [14].

The transmission coefficient between two ports can also
be measured by following the same procedure. These
measurements show the level of cross talk between ports.
When the transmission between two ports is measured, the
other two ports are terminated. The results are shown in
Fig. 7, where the top panel depicts the cross talk between
two neighboring ports, whereas the bottom panel depicts
cross talk between facing ports.

The curves are in a good agreement even though the
manufactured prototype is not symmetric. From these
measurements it is difficult to determine whether there
are manufacturing deviations of the system. The rf prop-
erties in this case are dominated by the dimensions of the
aperture of the beam pipe, which behaves like a cavity. The
contribution of the pickup, which acts as a coupling probe,

TABLE IV. Measured cone tip diameter of the fabricated non-
hermetic prototype.

Port number 1 2 3 4
a [mm] 1.87 1.81 1.86 1.87

0
1 Sa

0] —-s,,
o
T, 404
I
9 604

-80

L B Yo
Sy =08,

ISy | [dB]

v T v T v
0 10 20 30 40
Frequency [GHz]

FIG. 7. Measured transmission coefficient between the ports.
Top: Between neighboring ports. Bottom: Between opposite
ports.

is rather small. The maximum level of cross talk between
the ports is —20 dB. This is sufficient to attenuate the
reflected signal. The resonant peaks at both plots corre-
spond to the one obtained from a resonator with length
equal to twice the distance between the ports, respectively.

For validating the measurement procedure including
the defect, the prototype was simulated with the CST
MICROWAVE STUDIO® software package. Figure 8 shows
the comparison between the measurement and the simula-
tion. The results are in a good agreement indicating that the

0
4 ——Measured
-20 4 —2—Simulated
o .
-
= -40 -
» .
()]
— -60-
-80

4 —O— Measured
—{— Simulated

S,4] [dB]

20
Frequency [GHz]

FIG. 8. Comparison between simulation and measurements.
Top: Between neighboring ports. Bottom: Between opposite
ports.
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designed pickup can be manufactured and yield the ex-
pected performance.

V. PICKUP INTEGRATION AND CABLING

The rf front-end comprises cables, combiners, limiters,
attenuators, and Mach-Zehnder—type electro-optic modu-
lators (EOMs). In order to realize the required time reso-
lution for low charge operation all rf components of the
low charge channel need to have a cutoff frequency similar
or higher than the one of the pickup. Figure 9 shows the rf
front-end components and the corresponding cabling dia-
gram for low and high charge operation.

By adding the voltage signals from the opposite elec-
trodes of the pickups in a combiner, the orbit dependency
of the arrival-time measurement can nearly be eliminated
[12]. The voltage signal from the pickup is conducted via
phase matched cables (10° at 40 GHz) and a combiner with
a phase unbalance lower than 8° up to 40 GHz. To prevent
the EOMs from damage, a limiter and a step attenuator will
be used.

The cable assembly will be done with silicon dioxide
coaxial cables which offer high radiation resistance and a
temperature coefficient of delay of about 25 fsm™ ' K~!. A
slope degradation will occur at the output of the combiner
due to a total cable and the combiner phase mismatch of
18°. The expected slope degradation at the output of the

low charge
channel
combiner |
high charge
channel
combiner
|
splitter
|
- step -
limiter attenuator limiter
| | |
EOM 1 EOM 2 EOM 3

FIG. 9. Proposed 1f cabling diagram for low and high charge
operation mode of the bunch arrival-time monitor (BAM).

combiner is on the order of 1% at a frequency of 40 GHz.
This value is comparable with the ones shown in Table I'V.

VI. SUMMARY

A high bandwidth cone-shaped pickup for the BAMs for
free-electron lasers is introduced. The proposed design
provides an output voltage slope of 416.78 mV /ps and a
bandwidth of more than 40 GHz, which is well inside the
specifications. This makes it suitable for enabling a sub-
10 fs time resolution for high and low bunch charge
operation of the FELs. A tolerance study was performed
providing the sensitivity of the pickup output signal with
respect to geometry parameters. This allowed for setting
manufacturing tolerances. For validating the obtained re-
sults we have built a nonhermetic model of the pickup and
conducted a series of measurements. Good agreement
between measurements and simulations was found proving
the producibility of the proposed pickup system as well as
its performance.
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