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Abstract
At the European X-Ray Free-Electron-Laser, supercon-

ducting TESLA-type cavities are used for acceleration of
the driving electron bunches. Due to the high achievable
duty cycle, a long radio frequency (RF) pulse structure can
be provided, which allows to operate the machine with long
bunch trains. The required pointing stability of the FEL
radiation places stringent restrictions on the acceptable tra-
jectory variations of individual electron bunches. Therefore
a transverse intra-bunch-train feedback system (IBFB) is
located upstream of the undulator section. However, intra-
bunch-train variations of RF parameters and misalignments
of RF structures induce significant trajectory variations that
may exceed the capability of the IBFB. In this paper we give
an estimate of the expected RF induced intra-bunch-train
trajectory variation for different machine realizations and
investigate on methods for their limitation.

INTRODUCTION
The European X-Ray Free-Electron Laser (EuXFEL) Fa-

cility [1–3] is built in Hamburg and is currently undergo-
ing commissioning [4]. It will provide FEL radiation with
wavelengths from 0.05 nm to 5 nm. Acceleration of the driv-
ing electron bunches is achieved by using superconducting
TESLA-type [5] cavities. The long RF pulse structure al-
lows to provide long bunch-trains adapted to the needs of the
experiments. Up to 2700 bunches are accelerated within one
RF pulse with a pulse repetition rate of 10Hz and a bunch
spacing down to 222 ns, thus 27000 bunches per second can
be used for the experiments.
The designated pointing stability of the photon beam

leads to a stability requirement of 3 µm maximum trajec-
tory spread within one bunch-train in the undulator section.
A conservative estimate predicts worst case beam trajec-
tory perturbations, e.g. from magnet vibrations or spurious
dispersion, of about ±100 µm assuming a beta function of
30m [6]. This magnitude of amplitude can be corrected for
individual bunches at the entrance to the undulator section by
the transverse intra-bunch-train feedback system (IBFB) [7].
However, RF-induced trajectory variations have not been
considered in the design studies of the IBFB.
At EuXFEL, several cavities with individual operational

limits [8] are supplied by one RF power source. Within the
bunch-train, the low-level-RF system (LLRF) [9, 10] is able
to restrict the variation of the vector sum of the accelerat-
ing gradient of one RF station sufficiently [11]. However,
individual cavities have an intrinsic variation of RF parame-
ters within one bunch train, caused by the effects of beam
loading and Lorentz force detuning [12]. Misaligned cav-
ities in combination with variable RF parameters induce

intra-bunch-train trajectory variations [12]. Coupler kick
variations caused by variations of the detuning are additional
beam dynamics perturbations within one bunch train. In this
paper we investigate their magnitude for different machine
realizations and present methods for their limitation.

MODEL SETUP
A detailed description of the utilized beam dynamics

model can be found in Ref. [12]. We use a combination of ax-
ially symmetric beam transport matrices [13] and discretized
coupler kicks [14]. Misalignments are modeled by coordi-
nate system transformations. The EuXFEL linear accelerator
increases the electron beam energy up to 17.5GeV in three
separate sections: L1, L2 and L3, each consisting out of 4,
12 and 84 accelerating modules, respectively. Each module
contains eight cavities and a quadrupole magnet, providing
a FODO lattice in the accelerating sections. Initial beam en-
ergy is 150MeV for L1, 600MeV for L2 and 2.4GeV for L3.
If not stated differently, for each machine seed the following
model parameters are randomly created within their range:
variation of amplitude ∆V = 2 MV m−1 and phase ∆φ = 4°
of the accelerating field and the detuning ∆ f = 20 Hz of
individual cavities within the bunch train. Furthermore the
offset ∆ucav = 0.5 mm and tilt ∆u′cav = 0.25 mrad of cavi-
ties and modules, ∆umod = 0.5 mm and ∆u′mod = 0.2 mrad,
respectively. The above values are expected for nominal
machine operation.

BEAM DYNAMICS SIMULATIONS
Before conducting a statistical analysis of each acceler-

ating section, tracking results of one random machine real-
ization are presented. Figure 1 shows the intra-bunch-train
trajectory variation for the horizontal and vertical plane as
it could be recorded at the beam position monitors at each
module at EuXFEL. Mean bunch train offsets are subtracted.
The lower row of Figure 1 additionally shows the normalized
trajectory variation ∆ũ. It will be defined as the maximum
possible offset variation at a point with zero divergence and
βu = 30 m, where u stands for x and y, respectively. The
normalized trajectory variation evolves non-monotonically
throughout the machine. The correlation of particular mis-
alignments of cavities and their RF parameters can affect
the initial trajectory variation at the entrance of the cavity
constructively or destructively. An accurate consideration
must involve statistical methods.

The accumulated normalized intra-bunch-train trajectory
variation ∆ũ is calculated for L1, L2 and L3 independently.
105 random sets of misalignments and RF parameters are
evaluated. Figure 2 shows a histogram of ∆ũ, as induced
in each linac. Critical trajectory variation is defined as the
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Figure 1: Simulated intra-bunch-train trajectory variation
at EuXFEL. The horizontal (up) and vertical (mid) intra-
bunch-train offsets are plotted, evaluated at each BPM. The
red line corresponds to the first bunch, the blue line to the
2700th bunch of one bunch train. The bottom row shows the
normalized trajectory variation. After module 100, a FODO
section is appended for visualization purposes.

value which exceeds 90% of the evaluations and is marked
as circles in Fig. 2. It’s values are ∆x̃c = 63 µm and ∆ỹc =
41 µm for the horizontal and vertical plane, respectively, in
L1, ∆x̃c = 33 µm and ∆ỹc = 20 µm in L2 and ∆x̃c = 13 µm
and ∆ỹc = 9 µm for L3. The decreasing difference between
the transverse planes from L1 to L3 points out the decreasing
impact of coupler kicks at higher beam energy.

Influence of gradient slopes: The slope of the amplitude
of the accelerating field within one bunch train, ∆V , is key
in the creation of trajectory variations. For typical machine
operation at EuXFEL, the amplitude slope is determined
mainly by the interaction of a common loaded quality factor
QL with dissimilar operational gradients of the cavities [12].
LLRF simulations show that these beam loading induced
amplitude slopes are proportional to the beam current and
can reach up to 4MVm−1 for the design beam current of
4.5mA without further QL-correction.

The left side of Figure 3 shows the critical trajectory vari-
ation ∆ũc at the end of 100 modules as a function of the
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Figure 2: Histogram of the normalized intra-bunch-train
trajectory variation ∆ũ induced in L1 (left), L2 (mid) and
L3 (right) for the horizontal (blue) and vertical (red) plane.
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Figure 3: Critical trajectory variation ∆ũc at the end of L3
as a function of the maximum amplitude slope ∆Vmax (left)
for the horizontal (circles) and vertical (crosses) plane. The
two colors correspond to a maximum detuning of ∆ f =
20 Hz (red) and ∆ f = 5 Hz (blue). The right plot shows the
histogram of the horizontal trajectory variation for ∆V =
2 MV m−1 for both detuning scenarios.

maximum amplitude slope ∆Vmax, evaluated for both planes
and two detuning scenarios. The blue and red color corre-
spond to a maximum detuning of 5 Hz and 20 Hz, respec-
tively. The right plot shows a histogram of the horizontal
trajectory variation for both detuning scenarios. For small
detuning and high amplitude slope the trajectory variation
is proportional to the amplitude slope and the influence of
coupler kicks vanishes. For high beam currents, a limitation
of beam loading induced amplitude slopes by changing the
QL-setup is advised.

Influence of the beam trajectory: In this section two meth-
ods for minimizing the intra-bunch-train trajectory varia-
tion for a given machine realization are discussed. The
effect of a misaligned structure on the trajectory variation
depends on the beam trajectory through the structure and the
phase advance between individual perturbations. At first, the
phase advance is studied. The strength of the horizontally
focussing and defocusing quadrupole, kF and kD , can be
set independently from each other. It is therefore possible to
vary the horizontal and vertical phase advance in the acceler-
ating sections independently. For reasons of simplicity only
periodic solutions are assumed, meaning that all kF and kD ,
respectively, have the same strength.

Figure 4 shows exemplarily tracking results at the end of
a string containing 100 modules for one machine realization,
thus RF- and misalignment seed. The accumulated normal-
ized trajectory variation ∆ũ is plotted for both transverse
planes. The upper two plots show a contour of ∆x̃ (left) and
∆ỹ (right) as a function of the horizontal and vertical phase
advance, µx and µy , respectively. The lower plot shows ∆x̃
and ∆ỹ, evaluated at phase advances which correspond to
the dashed line in the upper plots. Obviously individual
perturbations cancel remarkably at a certain phase advance
while they add up in other cases. This result can be used to
improve the multi-bunch performance of the XFEL. During
setup of the machine the dependence of the intra-bunch-train
trajectory variation on the phase advance can be scanned.
Changing the quadrupole magnets linearly in a way that

kF + kD = const, the whole range of phase advance in both
planes can be covered (cf. the dashed line in Figure 4) and
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Figure 4: Impact of the phase advance in the FODO-lattice
on the accumulated normalized intra-bunch-train trajectory
variation ∆ũ. The upper plots illustrate qualitatively the hor-
izontal (left) and vertical (right) plane as a function of the
horizontal and vertical phase advance, µx and µy , respec-
tively. Bright yellow corresponds to 110 µm and dark blue to
0 µm. The lower plot shows ∆ũ evaluated at phase-advances
according to the dashed line in the upper plots.

an optimal working point can be chosen. In order to quantify
the reduction for any given realization of misalignments and
RF parameters, 104 machine seeds are randomly created.
For each seed, the strength of the quadrupoles is varied and
the pair of phase advances is found at which the mean tra-
jectory variation 〈∆ũ〉, averaged over both transverse planes,
is minimized. The range of k-values is ki ∈ [0.05, 0.07].
Figure 5 illustrates the results. The black histogram in

the left plot shows the distribution of 〈∆ũ〉 as calculated
for kF = kD = 0.065 m−2. This corresponds to a phase
advance of about 45° in both planes and reflects the design
lattice. The blue line corresponds to the distribution of
tracking results with a tune that minimizes 〈∆ũ〉. The right
histogram shows the relative amount of trajectory variation
reduction. For most machine realizations the intra-bunch-
train trajectory variation can be decreased significantly. In
average, a reduction of 73% is possible. In 90% of the
cases the achievable reduction is larger than 49%. Note that
a reduction of 66% reflects a final trajectory variation three
times smaller than its initial value.

So far, the beam entered the first accelerating module on
axis. The impact of a variation of the initial beam trajectory
on the accumulated intra-bunch-train trajectory variation is
considered in the following. This scenario reflects steering
the beam at the entrance of L1. Note that no initial intra-
bunch-train trajectory variation and only one pair of steerers
are considered. 104 machine realizations are evaluated. Ana-
log to the previous method, the beam trajectory angle at the
entrance of the first module is changed for each machine
seed. The pair of horizontal and vertical trajectory angles
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Figure 5: Absolute (left) and relative (right) reduction of
normalized intra-bunch-train trajectory variation 〈∆ũ〉, aver-
aged over both transverse planes. The black histogram in the
left plot reflects the distribution as calculated for the design
values. The blue curve corresponds to the remaining trajec-
tory variation after choosing an optimal phase advance. The
red curve corresponds to the remaining trajectory variation
after choosing an optimal trajectory angle at the entrance of
the first module. The right plot shows the relative trajectory
variation reduction of both methods.

is found at which the mean accumulated trajectory varia-
tion 〈∆ũ〉 is minimized. The considered range of trajectory
angles is ±3mrad. The results are shown in Fig. 5 in red.
In average, a reduction of 44% is possible. In 90% of the
cases the achievable reduction is larger than 11%. The rms
value of the trajectory angle with best reduction is 1mrad.
The reduction is less noticeable than by changing the opti-
cal functions. However, steering the beam is significantly
less time-consuming. Note that in this simplified example
only one pair of steerers at the entrance of the first module
was considered. An automated optimizer including several
steerers throughout the accelerator should be implemented
and run by default when setting up the machine.

CONCLUSION
Intra-bunch-train trajectory variations which are caused

by a variation of RF parameters of individual cavities within
one bunch train at EuXFEL have been analyzed systemati-
cally. Different accelerating sections and ranges of machine
parameter were discussed and methods for reducing the accu-
mulated trajectory variation for a given machine realization
were presented. Future studies on limiting the variation of
RF parameters by means of a QL-correction are advised.
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