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Abstract
The European XFEL (EuXFEL) and other notable X-ray

Free-Electron Laser facilities rely on an all-optical synchro-
nization system with electro-optical bunch arrival-time mon-
itors (BAM). The current BAMs were benchmarked with a
resolution of 3.5 fs for nominal 250 pC bunches at the Eu-
XFEL, including jitter of the optical reference system. The
bunch arrival-time jitter was reduced to about 5 fs with a
beam-based feedback system. For future experiments at the
EuXFEL the bunch charge will be decreased to a level where
the existing system’s accuracy will no longer be sufficient. In
simulations a concept based on rod-shaped pickups mounted
on a printed circuit board indicated its potential for such low
charge applications. For the feasibility of the proposed de-
sign, its contribution to the total impedance is essential. In
this work the design and an intermediate version are com-
pared to state-of-the-art BAM regarding their wake potential.
Furthermore, measures to mitigate wakefields are discussed.

INTRODUCTION
X-ray Free-Electron Lasers (XFELs) are 4th generation

light sources for experiments with high temporal and spatial
resolution [1]. A major challenge in utilizing the XFEL’s full
potential is fs-precision synchronization of subsystems in a
several km-long facility [2]. The synchronization includes
high-precision arrival-time measurements [3].

Sufficient precision can be achieved by an all-optical syn-
chronization system [3, 4], which contains bunch arrival-
time monitors (BAMs) with the electro-optical (eo) detec-
tion scheme described in [4]. They provide non-destructive
measurements of individual bunch arrival times with high
precision. The European XFEL (EuXFEL) [3] recently re-
ported an eo-BAM resolution of 3.5 fs at nominal 250 pC [5]
with cone-shaped pickups [6].

In order to reach single-digit fs measurement resolution
below 20 pC, the BAMs have to be improved. A proposed
design will potentially extract a voltage signal ten times
higher as the current pickups [7].

Since some of the beam energy is extracted, the invasive-
ness due to wakefield should be evaulated. Bunch-to-bunch
and short-range interaction might be problematic in the up-
dated pickup, because of the sharp edges in the cross-section.
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Additionally striving for higher signal intensity will also ex-
tract more energy. Therefore, it is necessary to check the
wake potential while evaluating the design options.

Wakefields
Wakefields emerge from interaction between a charged

particle and its surroundings [8]. Finite conductivity and
geometric changes in the beam pipe are sources of wakefields
[8, 9], which affect source and trailing particles [8].

The wake function describes the response to a pulse exci-
tation [10], which, separated by orientation, is‡

𝑤𝜈 ( ⃗𝑟0, ⃗𝑟, 𝑧) = 1
𝑞0𝑞

∞
∫

−∞
⃗𝐹L ( ⃗𝑟0, 𝑠, ⃗𝑟, 𝑧) ⋅ ⃗𝑒𝜈d𝑠 , (1)

where 𝜈 is either ∥, x or y and ⃗𝑒𝜈 the corresponding standard
basis vector in ℝ3. ⃗𝑟0, 𝑞0 and ⃗𝑟, 𝑞 are transverse position
and charge of source respectively test particle, 𝑧 is the longi-
tudinal distance between them, 𝑠 the trajectory and ⃗𝐹L the
Lorentz force [8, 9]. Sometimes it is convenient to use the
Fourier transform, called wake impedance 𝑍𝜈 [8].

The effect on a test charge by wakefields of the entire
bunch is defined as the convolution of the bunch’s linear
charge distribution 𝜆(𝑧) and the wake function normalized
to the bunch charge 𝑄B [10]. For longitudinal wakes this is

𝑊∥(𝑧) = 1
𝑄B

∞
∫

−∞
𝑤∥ (𝑧′ − 𝑧) 𝜆 (𝑧′) d𝑧′ . (2)

The total wake loss factor (WLF) [11–13], which is the
energy lost by the bunch per squared charge, is‡

𝑘𝜎 = Δ𝐸
𝑄2

B
= − 1

𝑄B

∞
∫

−∞
𝜆 (𝑧) 𝑊∥ (𝑧) d𝑧 . (3)

The rms energy spread per charge [12], referred to as energy
spread factor (ESF), is calculated by‡

𝐸𝑆𝐹 (𝜎) = √ 1
𝑄B

∞
∫

−∞
𝜆 (𝑧) [𝑊∥ (𝑧) + 𝑘𝜎]2 d𝑧 . (4)

Numerical Field Calculation
In this work the wakefield solver of CST Particle Studio®

(PS) was applied with integration method ”Indirect Inter-
faces”, at least 300 mm simulated wakelength and a Gaus-
sian excitation. CST PS uses the finite integration technique
‡ It is common to add a minus sign in the longitudinal wake function to

associate energy loss with a positive value. The (total) WLF in Eq. (3)
then also has an opposite sign, e.g. in [11,12]. Likewise the sign in Eq. (4)
would switch. In this work we follow the definition used by CST® [13].
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(a) 1st Generation [6],
𝑅BL = 20.25 mm

(b) 2nd Generation [6],
𝑅BL = 20.25 mm

(c) Scaled 1st Gen. [19],
𝑅BL = 5.0 mm

(d) Demonstrator [7],
𝑅BL = 7.5 mm

(e) rPCB-BAM from [7],
𝑅BL = 20.25 mm

Figure 1: Designs used for wakefield analysis. The parameter can be found in the corresponding publications.

in time domain [11, 13]. The longitudinal wake potential
is found by integration of the longitudinal electrical fields
along a straight path, the transverse counterpart with the
Panovsky-Wenzel theorem [14] and the wake impedance by
a single sided discrete Fourier transform [11,13].

It is impossible to extract the wake function from the
numerical wake potential and it is not feasible to allocate the
computing power necessary to calculate sub-mm bunches in
an early stage. Nonetheless in an investigation at SPEAR II
the total WLF followed a power-law by the power of −1.41
[15]. Because the power depends on the wake impedance
and thus the structure’s geometry, the total WLF found by
simulation was fitted with the general power law

𝑘𝜎 (𝜎z) = ̂𝐾 ⋅ ( 𝜎z
1 mm)

−𝛼
+ 𝑘∞ . (5)

This function can be used to extrapolate the WLF towards
sub-mm bunches as in [16, 17]. However, exceeding one or-
der of magnitude between simulated bunch and real bunches
leads to a significant prediction uncertainty.

RESULTS
Simulations were carried out for different pickup struc-

tures. As a reference two established high-bandwidth cone-
shaped pickups, defined in [6], are used. The small cone
(Fig. 1a) is referred to as 1st, the large (Fig. 1b) as 2nd genera-
tion (gen.). They are accompanied by a design with beamline
radius 𝑅BL = 5 mm (Fig. 1c), chosen to scale to the min-
imum diameter found in the EuXFEL. Furthermore, this
is in the range of the 8 mm and 16 mm lines at SwissFEL,
also equipped with cone-shaped pickups [18]. The 3rd de-
sign (Fig. 1d) represents the non-hermetic demonstrator of
an open-coaxial pickup presented in [7]. The 4th pickup
structure (Fig. 1e), also introduced in [7], combines rod-
like pickups with a printed circuit board (PCB) combination
network and is referred to as the rPCB design.

Long-Range Wakefields
In the scaled 1st gen. pickups a long-range wake was

found. Figure 2 (top) shows the wake potential caused by a
1 mm bunch. About 5 cm behind the bunch center a distinct
sinusoidal form is visible. The wake impedance, pictured in
Fig. 2 (bottom), has a pronounced peak at 21.9 GHz.

long range behavior

Figure 2: Simulated 𝑊∥ (top) and 𝑍∥ (bottom) of the 1st gen.
pickups with 𝑅BL = 5 mm. The simulation was executed
with 1 pC, 1 mm bunch and 10 m wakelength.

Evaluation of the electromagnetic fields in time domain
revealed a TM10 mode stationary between the pickups. In
the beamline the TM10 mode can propagate above cutoff
frequency 𝜔c, which is 22.9 GHz. Therefore the long-range
wake is attributed to a trapped mode as described in [20].
In this phenomena a discontinuity on the beam wall low-
ers the resonance frequency and prevents the mode from
propagating [11, 20, 21].

The amplitude in Fig. 2 (top) follows an exponential decay
with relaxation length 𝑙r = 32.227(1) m, which is about
half the minimum bunch spacing at the EuXFEL, possibly
leaving more than 10 % of the amplitude at arrival of the
next bunch. The estimation for wall losses

𝑙r = 𝑐0𝜏 ≈ 2𝑐0𝑅BL
𝜔c𝛿s

, (6)

with skin depth 𝛿s [11, 22], is about 50 % higher. This
indicates that a third of the energy is dissipated through
other loss channels. Because the electric field of an ideal
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Table 1: Fit Parameter and Resulting WLF at 1 mm and 180 fs According to Eq. (5), see also Fig. 3

adj. R² 𝛼𝛼𝛼 𝑘∞𝑘∞𝑘∞ in V/pC 𝑘1 mm𝑘1 mm𝑘1 mm in V/pC 𝑘180 fs𝑘180 fs𝑘180 fs in V/pC PI99%(𝑘180 fs𝑘180 fs𝑘180 fs) in V/pC

rPCB 1.000 0.97 (0.96 to 0.99) −1.163 9.665 185.07 180.17 189.98
scaled G1 0.998 1.33 (1.11 to 1.55) −0.069 0.483 26.79 12.21 41.37
2nd gen. 1.000 1.03 (0.98 to 1.07) −0.019 0.132 3.02 2.72 3.31
1st gen. 0.997 1.17 (0.95 to 1.39) −0.006 0.027 0.98 0.52 1.44
Demon. 0.999 2.73 (2.54 to 2.92) 0.000 0.004 11.24 6.55 15.93

TM10 mode is tangential and vanishing at the pickup surface,
these wakes will not substantially affect the retrieved signal,
but potentially subsequent bunches. Trapped modes may
occur in cone-shaped pickups, which act as a hole/bulge, but
not in irises [20].

Total Wake Loss Factor
Figure 3 shows a comparison of the total WLF as function

of the bunch length. The graph is linearized as log-log plot
of 𝑘𝜎 minus an individual constant 𝑘∞ from the resulting
fit parameters in Table 1. The fit is shown by solid lines
and simulation results by symbols. Dashed lines correspond
to the 99 % prediction intervals (PI). Extrapolated sub-mm
values are also summarized in Table 1.

The 1st gen. pickups follow a power of −1.17 to 1.33,
which is less sensitive to the bunch length than resistive walls
(𝛼 ≈ −1.5 [11]). The first design generations have a single
digit WLF with a 180 fs bunch, but scaling of the beampipe
increases it to 𝑘scG1

180 fs = 26.79 (12.21 to 41.37) V pC−1.

Figure 3: Log-log plot of the total WLF as a function of
bunch length for different geometries. Symbols indicate
CST® simulation results, solid lines a power law fit and
dashed lines are the 99 % PI.

The open-coax demonstrator is most sensitive to the bunch
length, with a power of −2.73, comparable to the −3 of a
low Q cavity [11]. This leads to a WLF in between the cone-
shaped designs for short bunches, though the demonstrator
undercuts them by more than one order in the mm range.

The rPCB design follows a power of −0.97. This matches
the power of −1 for a collimator/iris [11]. Additionally the an-
alytical WLF in [11] gives about 10 V pC−1 with 𝜎z = 1 mm,
comparable to the 9.7 V pC−1 found by simulation. This

strongly implies that the design can be treated as collima-
tor/iris from wakefield point of view. The energy lost by
the short 1 pC-bunch is about 1.2 GeV. For the much longer
1 mm-bunch an ESF of 4.15 V pC−1 is found with the trape-
zoidal integration function of MATLAB®.

Similar to the rPCB the 2nd gen. pickup follows a power
of −1.03. Protruding cones could also act like an iris.

Mitigation of Wakefields
The rPCB design gave the best signal in earlier studies [7]

but is disadvantageous from wakefield perspective. Because
of its low extension one may think of integrating the rPCB
into existing structures, e.g. a collimator, to not substantially
add to the wake budget and to provide additional shielding.
However there the 𝛽 function will be high and therefore,
incident of electrons, radiation as well as space limitation
and movable parts probably will prevent this option. Fur-
thermore, it is considered to taper both sides of the flat PCB
structure or to use a quasi-coaxial transmission line with
via-holes in the PCB. The later reduces signal noise and by
additional removal of excess parts in the PCB could reduce
the WLF by nearly 40 % as preliminary simulations showed.

CONCLUSION
A cone-shaped approach, which is already used in many

facilities, has a low wake potential. For a considerably long
bunch the demonstrator in [7] causes even less wakefields
but it is sensitive to the bunch length. Furthermore, effects by
transition to smaller diameters for scaled BAM and demon-
strator are missing in this analysis.

Designs with notches in the wall, introduced by cone-
shaped or open-coax pickups, can house trapped modes, as
observed for the 1st gen. BAM with 𝑅BL = 5 mm. These
modes can be dangerous for subsequent bunches.

New designs optimize the signal slope for higher arrival-
time resolution. Wakefields have not been considered in pre-
vious works. The new rPCB structure has a significant larger
wake loss factor, approximately two orders in magnitude,
but it is still in the range of other accelerator components
installed in XFEL. Careful positioning in the beamline or
integration into other systems may improve the measurement
and shield the BAM from beam incident while reducing the
additional wake load. This is also possible by reducing the
transverse cross-section of the PCB.
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