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Superconducting TESLA-type cavities are widely used to accelerate electrons with long bunch
trains, such has high repetition rate free electron lasers. The TESLA cavity is equipped with two
higher order mode- and a fundamental power coupler (FPC), which break the axial symmetry of the
cavity. The passing electrons therefore experience axially asymmetrical coupler kicks, that depend
on the transverse beam position at the couplers and the RF phase. The resulting emittance dilution
is studied in detail in literature. However, the kick induced by the FPC depends explicitly on the
ratio of the forward and the backward traveling waves at the coupler, which has received little
attention. The intention of this paper is to present the concept of discrete coupler kicks with a
novel approach of separating the field disturbances related to the standing wave and a reflection
dependent part. Particular attention is directed to the role of the penetration depth of the FPC
antenna, thus the loaded quality factor of the cavity. The developed beam transport model is
compared to dedicated experiments at FLASH and European XFEL. Both, the observed transverse
coupling and detuning related coupler kick variations are in good agreement with the model. Finally,
the expected trajectory variations due to coupler kick variations at European XFEL are investigated

Detuning related coupler kick variation of a superconducting nine-cell 1.3 GHz cavity

and results of numerical studies are presented.

I. INTRODUCTION

Single pass free electron lasers (FEL) are the state-of-
the-art particle accelerators to generate high brilliance
photon pulses [1]. At the FEL user facilities FLASH
(Free-Electron Laser in Hamburg) (2, 3] and European
XFEL (European X-Ray Free-Electron Laser) [4-6], the
driving electron bunches are accelerated in supercon-
ducting radio-frequency (RF) resonators based on the
TESLA (TeV-Energy Superconducting Linear Accelera~
tor) [7] technology. The advantage of superconducting
RF cavities is the ability to provide high bunch repeti-
tion rates.

The TESLA cavity is a 9-cell standing wave structure
of about 1m length whose fundamental transverse mag-
netic mode resonates at 1.3 GHz. It is equipped with
two higher order mode (HOM) couplers at both ends of
the cavity [8] in order to extract undesired field excita-
tions. The fundamental power coupler (FPC) is installed
horizontally at the downstream end of the cavity and
connects the cavity to its power source.

Couplers break the axial symmetry of the cavity [9].
Their impact on the beam is illustrated in Figure 1, where
tracking results are shown for a particle which enters the
cavity on axis with an initial beam energy of 120 MeV.
Plotted are the longitudinal (top), vertical (mid) and hor-
izontal (bottom) momentum as a function of the longitu-
dinal coordinate 2. The significant change of transverse
momenta at the coupler regions are referred to as cou-
pler kicks. The sinusoidal dependence inside the cavity
is related to axially symmetrical RF focussing [10], since
the upstream HOM coupler kicks the beam off axis.

Coupler kicks depend on the RF phase and therefore
distort different longitudinal slices of the beam by a dif-
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ferent amount, which results in an increase of the pro-
jected emittance [11]. A large volume of published stud-
ies describe the effect of coupler kicks on emittance dilu-
tion [12-14] and its mitigation for different geometries of
the superstructure [15-19]. However, the existing litera-
ture on coupler kicks largely ignores the role of different
field configurations related to the forward and backward
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Figure 1. Tracking results for a particle which enters a
TESLA cavity on axis with an initial beam energy of 120 MeV.
Plotted are the longitudinal (top), vertical (mid) and hori-
zontal (bottom) momentum as a function of the longitudi-
nal coordinate z. The accelerating gradient is 24 MV m™!.
The significant change of transverse momenta at the coupler
positions are related to coupler kicks. The sinusoidal vari-
ation inside the cavity is related to axially symmetrical RF
focussing. Tracking is calculated for a purely forward travel-
ing wave (red), a standing wave (blue) and a backward wave
(black). Only the downstream horizontal coupler kick de-
pends on the mode of cavity operation.




traveling waves in the FPC. This work aims to close that
gap.

Tracking in Figure 1 was done using different cavity
field configurations, while the amplitude of the acceler-
ating field is kept constant. The black color corresponds
to a purely backward wave, thus a wave traveling from
the cavity into the waveguide. The red color corresponds
to the opposite, where the electromagnetic field is solely
defined by the forward traveling wave from the waveguide
into the cavity. The blue color corresponds to a standing
wave, where both traveling waves have the same magni-
tude.

Figure 1 points out that the downstream coupler kick
in the horizontal plane depends considerably on the re-
flection factor of the two traveling waves, whereas the en-
ergy gain and the vertical momentum is hardly affected.
This is due to the fact that the FPC is mounted horizon-
tally on the cavity and that the fields far away from the
coupler are independent of the direction of the traveling
waves.

The quality factor of the TESLA cavity is in the order
of 100 and wall losses can be neglected. In the absence
of beam loading, the reflection factor is therefore deter-
mined by the detuning of the cavity. Due to the high
quality factor, a small deformation, for example because
of dynamic Lorentz forces [20] or microphonics [21], re-
sults in considerable detuning of the cavity. Variations of
the detuning consequentially entail variations of coupler
kicks.

The present study aims to explore the relationship be-
tween cavity detuning and coupler kicks. It provides a
novel approach to quantify detuning related coupler kick
variations by separating the impact of the standing and
the traveling wave. Particular attention is furthermore
given to the role of the penetration depth of the coaxial
FPC antenna, thus the value of the loaded quality factor
of the cavity.

A. Structure of this paper

This paper is organized in the following way: it be-
gins with an introduction to the TESLA cavity and its
couplers in Section II. Section III provides the mathemat-
ical principles to calculate general electromagnetic field
configurations from a given field map. The main idea
of discrete coupler kicks is developed in Section IV and
quantified for different penetration depths of the FPC
antenna. in Section V. In Section VI we present the im-
plementation of a linear beam dynamics model relying on
discrete coupler kicks and proof its applicability by com-
parison with particle tracking. Comparison with ded-
icated experiments at FLASH and Furopean XFEL is
given in Section VII. Finally, the developed coupler kick
model will be applied in Section VIII for beam dynamics
simulations for European XFEL.

II. TESLA CAVITY

The TESLA cavity [7] is a 9-cell standing wave struc-
ture of about 1m length whose lowest TM mode res-
onates at fy = 1.3 GHz. The cavity is built from solid nio-
bium and is cooled by superfluid helium at 2 K. The fun-
damental advantage of superconducting cavities as com-
pared to normal conducting cavities is the low surface
resistance of about 10n{) at 2K. This allows for high
wall currents with little heat losses. The quality factor
Qo of a cavity is defined as the ratio of the energy stored
in the cavity U to the energy dissipated in the cavity
walls Pgiss per RF cycle,
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which corresponds to the ratio of the resonance frequency
to the width of the resonance curve. The typical quality
factors of normal conducting cavities are in the range
of 10* - 10° while for TESLA cavities Qo > 10'0. A
schematic drawing of a TESLA cavity is shown in Figure
2.

The bunched electron beam excites eigenmodes of a
variety of frequencies in the cavity. If the frequency of
the regarded mode exceeds the resonance frequency of the
fundamental mode, it is called higher order mode (HOM).
Due to the high quality factor, the damping time con-
stants of these modes are large compared to the typical
bunch spacing. In order to prevent multi-bunch insta-
bilities and beam breakup {22, 23], additional measures
to damp HOMs have to be taken. For this reason two
HOM-couplers [8] are mounted at both ends of the cavity
in order to extract undesired field excitation. A 1.3 GHz
notch filter is incorporated to prevent energy extraction
from the fundamental mode. Upstream and downstream
HOM coupler are oriented at 115° with respect to each
other, as can be seen in Figure 3. The geometry of the
HOM coupler and its resulting impact on the beam does
not vary between FLASH and European XFEL.

The fundamental power coupler (FPC) has to carry
out the transition of the high power RF from a warm,
air-filled waveguide system through a coaxial connection
into the cold cavity. The amount of power coupled from
the waveguide into the cavity and vice versa is charac-
terized by the external quality factor Qext of the cavity.

HOM coupler

115.4 mm /
Power coupler

HOM coupler

Figure 2. Longitudinal cross-section of a TESLA cavity. The
beam direction is from left to right, thus the fundamental
power coupler is located at the downstream end of the cavity.
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Figure 3. Geometry and orientation of the higher order
mode (HOM, upstream and downstream) and fundamental
power coupler (FPC, downstream).

The loaded quality factor Qr, characterizes both, the wall
losses and the external power losses through the coupler
and follows from Eq. (1) as
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while for superconducting cavities Qext <€ @o. The
loaded quality factor is therefore determined by the ex-
ternal losses through the coupler. Different coupler spe-
cializations were developed [24] in order to account for
different operational conditions.

Figure 4 shows a simplified schematic of the TTF-3
power coupler used at FLASH and European XFEL. It
is based on the International Linear Collider (ILC) [25]
design and optimized for a pulsed RF operation with
high accelerating gradients and a duty cycle of about
1%. The RF input power is about 200kW. By mov-
ing the inner conductor of the coaxial line in a range of
10mm, the loaded quality factor @z, can be varied in the
nominal range 108 — 107 to allow not only for different
beam loading conditions [26], but also to facilitate an
in-situ high power processing of the cavities [27). The
cavity bandwidth at the typical value of @y = 3 x 10°
at FLASH is about 430Hz. European XFEL operates
at Qr = 4.6 x 10% with a resulting bandwidth of about
280 Hz.

At FLASH and European XFEL, a 1.3 GHz TESLA
cavity based injector module accelerates the beam off
crest in order to impose an energy chirp along the bunch
for the needs of further longitudinal bunch compression.
A following third harmonic system, operating at 3.9 GHz,
decelerates the beam and thereby linearizes the longitu-
dinal phase space of the bunches.

The 3.9 GHz cavity [28, 29] design is similar to a scaled
version of the 1.3 GHz TESLA cavity. An alternate cou-
pler orientation for each second cavity is used to com-
pensate the coupler kick partially. At FLASH each sec-
ond cavity is rotated by 180° around the y-axis [30], see
Figure 5. The Furopean XFEL uses a rotation of 180°
around the z-axis [31], which leads to a cancellation of
the offset independent part of the coupler kick.

The power coupler antenna position of the 3.9 GHz
cavity is fixed. In order to change Qp, a 3-stub tuner
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is installed in the waveguides. The cavity geometry in
the proximity of the beam does therefore not vary for
different Q.

II1. FIELD CALCULATIONS

In order to investigate coupler kicks numerically, pre-
cise knowledge of the electromagnetic fields is required.
This section provides the mathematical principles which
are needed to generalize the field configuration from a
given traveling wave field map.

The time harmonic field in a perfect electric conducting
cavity that is equipped with couplers can be written as:

BFt) =R {E(m : expiwt}

B t) =R {ﬁ(m - expit

B(F) = Age' Bo(7) + Ape'*E5 ()
B(F) = Asei® By(7) — Apel® By (7).

(3)

Aggsp) and @ssp) are the amplitude and phase of the
forward and backward traveling wave to/from the power
coupler, respectively, w the frequency of excitation and
EO, 1§0 the forward solution for the electric and magnetic
field component of the excited mode. The bold letters
indicate complex values.

A standing wave field is stimulated if |4 = |Ayf|. Ig-
noring wall losses this condition is fulfilled in absence of a
beam current and can be easily realized for EM field cal-
culation either with port stimulation or by an eigenmode
solver [15].

[Ap| # |Af| corresponds to a net-energy-flow from/to
the cavity. As long as wall losses are neglected this is
the case if the stored energy in the cavity is changed, for
example while filling the cavity, or through beam loading.
In order to account for an energy flow, a traveling wave
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Figure 4. Schematic drawing of the TTF-3 fundamental
power coupler of the TESLA cavity. The waveguide (lower
left end) connects the cavity with the RF power source and is
at room temperature. A remote controlled stepper motor al-
lows to move the position of the coaxial antenna. in the cavity
beam pipe (right end).
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Figure 5. Schematic drawing of the third harmonic module at
FLASH. Four cavities with alternate coupler orientation with
respect to the beamline are installed in one cryomodule.

is required which implies a field with linear independent
real- and imaginary-part.

To get a second and linear independent solution, the
field excitation by the beam current has to be considered.
There are at least three other approaches (without beam
excitation): 1) the power transfer to the beam is replaced
by wall losses, 2) the standing wave solution at a different
frequency ws is used (with |ws — w] < w/QL) and 3) a
decaying eigensolution is calculated. Approach 1) needs
a (driven) frequency domain solver with surface losses.
Approach 2) needs a frequency domain solver without
losses (perfect conducting boundary) or a loss-free eigen-
mode solver with two different cavity geometries (lengths
of the FPC waveguide). Approach 3) needs a complex
eigenmode solver with waveguide boundaries.

The 3D field map provided by Ref. [32] utilizes the
latter approach. It describes the cavity fundamental
mode including the fields induced by both higher or-
der mode (HOM) and the fundamental power coupler
(FPC). There are different field maps available in Ref.
[33], which are calculated for different penetration depths
of the coaxial antenna of the FPC. This reflects different
values of the loaded quality factor of the cavity.

The field maps are given as a table of sine- and cosine-
like amplitudes, E‘gm(F’) and E‘g"s (7), respectively for a
decaying eigenmode with a backward traveling wave from
the cavity into the waveguide.

In general the normalization of eigensolutions is arbi-
trary in amplitude and phase. For convenience we sup-
pose a phase-normalization such that the electric field
energy is maximal at ¢ = 0. Therefore the E’g"s part
describes the main field that accelerates the particles
while the weak E_",f"‘ field is unavoidable for a power flow
(averaged over one period of time). The origin of the
z-coordinate can be chosen so that the integrated lon-
gitudinal field, observed by a particle with z = ct, is
maximal. This is approximately the case for an origin in
the middle of a cell and in particular for an origin in the
middle of a 9-cell cavity.

Under the stated preconditions, the electric field of the
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backward wave, Eb(f', t), has the following spatiotempo-
ral dependency

Ey(7,t) = E5*(7) cos(wt) + By ™ (M sin(wt),  (4)

with w being the angular frequency of the mode. Using
the Maxwell equations, the electric field of the forward
wave E¢(7,t) can be calculated by reversing time as

(7 1) = Eg°(F) cos(wt) — By™(7)sin(wt) . (5)

The overall electric field component for the general case
with a given accelerating voltage Vp and phase ¢ with
respect to the beam can then be calculated as

E(71) = R [Vo/ Vs @49 - (Bgoo() 4T - Binm)]

(6)
where V,, normalizes the field to the Eigenmode solution
of the field map. For the proposed convenient phase-
normalization and origin of the z coordinate V,, is a real
number. The parameter

T= (Ag,@“’Sb — Afe'i‘ﬁf)/(Abe'i‘*"b + Afe'i¢f) , (7

describes the ratio between the sum and difference of for-
ward and backward waves in a particular reference plane
and corresponds to the negative normalized admitance.
The reference plane is chosen to be at a field-node for
on-resonance-SW-operation. This is a position that is
approximately a multiple of A\/2 from the tip of the cou-
pler antenna, where A is the RF wavelength. For this
choice of reference plane the sum of forward and back-
ward waves (or the denominator of Eq. (7)) is directly
proportional to the amplitude of the accelerating field.

Due to the high quality factor of the TESLA cavity
wall losses can be neglected. T’ is therefore determined
by the amount of beam loading and the detuning of the
cavity.

The magnetic field behaves analogously, using similar
symmetry properties of the field components, B (7 t) =

—By(7, —1), and follows as

B7,8) = R [Vo/Va 49 (T B (7) + 1 Byin()) |
(8)
Please note that beam loading induces a backward trav-
eling wave which is not included in Eqs. {6, 8).

IV. DISCRETE COUPLER KICKS

A charged particle which traverses the cavity with a
given electric and magnetic field configuration on a tra-
jectory with speed ¥ at any time ¢ experiences an external
Lorentz force

F(r) = q [B(12) + 9() x BE9)] =g V') (9)
where V is the effective voltage experienced by the parti-

cle. It is plotted in Figure 6 for an ultra-relativistic par-
ticle which traverses the TESLA cavity on axis with the
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Figure 6. Horizontal (top), vertical (mid) and longitudi-

nal (bottom) voltage as experienced by an ultra-relativistic
charged particle which traverses the cavity on axis.

speed of light (¥(t) = cé€,) as a function of the longitu-
dinal coordinate z. The lower row indicates the nine-cell
geometry of the cavity. The two upper rows point out the
influence of the field disturbances caused by the upstream
and downstream coupler region, since the particle trajec-
tory is evaluated on axis where the fundamental mode
has no transverse components.

The main idea behind discrete coupler kicks (DCK)
[12] is to describe the impact of the transverse forces
induced by the couplers onto the particle by a discrete
kick at the coupler position. The axially symmetrical RF
focusing [10] can then be accounted for by using the 2D
transfer matrix of the cavity.

The integrated transverse field strength affecting an
ultra-relativistic paraxial particle is given by

Vi(z,y) = /dz [EJ_(T') +cé, X ﬁ(f)] T (10)

and can be easily separated for the upstream and down-
stream coupler region for on-axis trajectories by evaluat-
ing the integral from/to the center of the cavity to/from
infinity. However, if Eq. (10) is evaluated that way for
any z # 0,y # 0, the offset-dependent edge focusing of
the cavity fundamental mode is not compensated and the
calculated voltage is not purely induced by the couplers.
In order to isolate the integrated transverse fields induced
by the couplers

Ve(z,y) = Vi(2,9) ~ Vra(r) (1)

for any z # 0,y # 0, the axially symmetrical RF fo-
cussing part of the field, Vgyz, has to be removed. This
can be done by using the 3D field map of the TESLA
cavity and extracting the monopole part, for example by
averaging the field map over different azimuthal rotations
around the cavity axis.

The real part of V. corresponds to a net deflection
of the bunch centroid, whereas the imaginary part repre-
sents a kick which depends on the phase-offset A¢ = w At
due to a time offset At of the individual particle with
respect to the reference particle. This time-dependent

kick induced by the couplers distorts different longitudi-
nal slices of the beam by a different amount, which results
in an increase of the projected emittance [11].

The transverse RF kick is the integrated transverse
momentum change relative to the longitudinal momen-
tum of the beam. This kick k = [#',%], induced by a
coupler, can therefore be calculated as

Emww=%§m{VmwreW} (12)

with Fy being the beam energy at the corresponding cou-
pler region, Vg and ¢ the amplitude and phase of the ac-
celerating field, respectively, e the elementary charge and
z and y the transverse beam position at the coupler lo-
cation. V is the normalized complex kick factor, defined
as

~ V(z,y)
V(z,y) = ——7" (13)
Vi
with
V)= /dz e, - B(0,0,z) e¥'< (14)

and holds the information of the axially asymmetrical
field disturbances induced by the couplers. By taking
the field map Egs. (6, 8) into account, the normalized
complex kick factor for the general case of an arbitrary
T can be written as

-~ 1-T~ 1+T -

where V? and V7 hold the field disturbances caused by
backward and forward traveling wave, respectively. \Ad
and V¥ can be calculated directly from a field map, using
Eqgs. (6, 8) by setting Vo/V, =1, ¢=0and I' = &1.

From Eq. (15) directly follows, that V can be separated
in a standing wave part and a reflection dependent part
as

V(@y) =3 V(@) +5 Vi @y),  (0)

where VSW = Vf 4 Vb and VB = Vf — V? hold the
field disturbances caused by the sum and the difference of
the forward and backward traveling waves, respectively.
Only the fields related to the reflection dependent part
depend on the parameter I'.

The real and imaginary parts of the normalized com-
plex kick factor V(z,y) as defined in Eq. (16) is plotted
in Figure 7 for both, the upstream and the downstream
coupler region for different transverse beam positions x
and y. Different I', thus modes of cavity operation, are
evaluated using a field map with an antenna penetra-
tion depth of 8mm. All vectors are scaled by the same
amount in order to assure a qualitative comparison.

For the TESLA cavity, the kicks caused by the HOM
couplers have the same order of magnitude as that from
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Figure 7. Real (upper row) and imaginary part (lower row)
of the normalized complex kick factor for the upstream (left)
and downstream coupler region (right) as a function of the
transverse coordinates z and y. All vectors are scaled by the
same amount in order to assure a quantitative comparison.
The three colors in the right correspond to the case of pure
forward traveling wave (blue) in the cavity, e.g. no backward
wave and I" = —1, standing-wave operation (red, I' = 0) and
pure backward traveling wave (yellow, I' = 1). Note that the
kick induced by HOM couplers does not change for different
T'. The net effect of the FPC is primarily horizontal.

the power coupler. The kick induced by the upstream
HOM coupler does not depend on T', as already indicated
in Figure 1. This is due to the fact that the electromag-
netic field away from the fundamental power coupler is,
to a very good approximation, described by a standing
wave and is not affected by the ratio of the forward and
backward traveling wave. The static part of the down-
stream kick with respect to different I’ relates to the
downstream HOM coupler. The I-dependent part re-
lates to the fundamental power coupler, which primarily
acts horizontally. Coupler kicks of the FPC can therefore
respond partially independent from the resonating accel-
erating field to variations of the forward and backward
traveling wave.

V. NORMALIZED COUPLER KICK
COEFFICIENTS

In this section we quantify coupler kicks for different
FPC configurations by analyzing the normalized coupler
kick coefficients.

It is reasonable to linearize the normalized complex
kick factor V(z,y) around the cavity axis. The zeroth
and first order kick & on a bunch induced by a coupler

as defined in Eq. (12) can therefore be expressed as

n ~ e‘/O A %m Voz V:ty . z i
e o{| () + (2 2)- ()]}
in
where z and y are the bunch horizontal and vertical off-
set at the coupler position. From the Maxwell equations
follows that Viy = —Vp; and V,y, = Vyz. Thus, cou-
pler kicks are up to first order well described with four
normalized coupler kick coefficients [Voz, Voy, Voo, Vayl-

As described earlier, the field maps available in Ref.
[33] for the ILC style cavity are calculated for differ-
ent penetration depths d = [0,2,4,6,8,10]mm of the
coaxial antenna of the fundamental power coupler. The
corresponding values for the loaded quality factor are
Qr = [12.61,8.30,5.57,3.81,2.67,1.91] x 10°. The nor-
malized coupler kick coefficients [Vog, Voy, Ve, Vay| are
calculated for VSW and VR for the upstream and down-
stream coupler region with different field maps, thus dif-
ferent values for the loaded quality factor Qr,. The coeffi-
cients are listed in Tables I, IT and III in the Appendix.

The fields at the upstream coupler are, to a very good
approximation, independent of the position of the cou-
pler antenna. However, the impact of the downstream
couplers on the transverse beam dynamics is significantly
affected by the coupler antenna position.

The Q-dependence is shown in Figure 8 for the stand-
ing wave and the reflection dependent part in the left and
right column, respectively. The coupler kick is about five
orders of magnitude smaller than the longitudinal kick.
The vertical coefficients Vg, and V;, for both waves are
insensitive to the antenna position, as it is expected from
the geometry. Furthermore they are zero for the traveling
wave. However, the horizontal coefficients related to the
standing wave depend on the antenna position. Thus, for
a given I' the overall downstream coupler kick increases
with higher Qp.

The magnitude of the reflection dependent coefficients
decreases with higher Q7. This is due to the fact that
the transition region in which the traveling wave into the
coax changes to a standing wave in the cavity is smaller
for larger Qr [18]. Thus, for very high Q) values the
waves excited on the cavity axis will be standing waves,
even in the coupler region.

Real and imaginary parts of most coefficients differ
significantly from each other. A variation of the cavity
phase will result in coupler kick variations. The imagi-
nary parts of the reflection dependent coeflicients exceed
the real parts. Therefore, detuning related coupler kick
variations are stronger in cavities which are operated off
crest, as follows from Eq. (17).

The standard @, setting at FLASH is 3.1x 10% whereas
it is 4.6 x 108 at European XFEL. Both @y, settings are
not exactly represented by the field maps. Within the
investigated range the @r-dependence of coupler kicks is
considerable. An appropriate beam dynamics model re-
lying on discrete coupler kicks should therefore use pre-
cise coupler kick coefficients. The Qr-dependence of the
normalized coupler kick coefficients V;; is well described



as

C2

Vi = 10°° =2
g at Qu/10° ¥ cs

: cs

+1 (64 + _—QL/IOG T Cs)]

(18)
with ¢; being fit parameters for each coefficient. The
dashed lines in Figure 8 indicate the solutions of Eq. (18)
with the fit parameters listed in Tables IV and V in the
Appendix.

The presented coupler kick model allows for a rough
estimation regarding detuning related coupler kick vari-
ation. From the RF Egs. (26) it follows that for a given
accelerating gradient and beam current, the variation AT
and the detuning Af are related according to

2Qr
fo
The horizontal zeroth order coupler kick variation which

is related to the reflection dependent part is then given
by

AT(Af) =1

-Af (19)

eVo

ARS =220
K=

AT .
ER{T Vo - €9} (20)
Thus, for the typical @y = 3 X 10% and ¢ = 0° at FLASH
it follows that

ARG = —% 0.177 prad Hz ! (21)

which results, for example, in a coupler kick variation of
about 3.5 prad for a cavity with Vo = 20 MV, initial beam
energy of Ey = 100MeV and a detuning of A f = 100 Hz.

The normalized coupler kick coefficients for the
3.9 GHz cavity are calculated analogously from the field
map available at Ref. [34]. The values for orientation 1
(cf. Fig. 5) are listed in Table 1.

VI. IMPLEMENTATION OF COUPLER. KICKS
IN LINEAR BEAM DYNAMICS MODEL

In this section the implementation of discrete coupler
kicks into a linear beam dynamics model is presented, its
accuracy for different beam energy is investigated and
tracking with ASTRA {35] is used as reference.

Considering linear beam dynamics, the change of
transverse coordinates can be written in terms of a ma-
trix formalism as 41 = M - 4y ,with 4; and ip hold-
ing the particle transverse input and output coordinates
i; = (1,2, y,7');, respectively, and M being the transfer
matrix. The transfer matrix of an axially symmetrical
RF cavity is given by Ref. [36] and can be found in
Eq. (24) in Section XIA in the Appendix.

The full linear beam transport equation of one cavity
equipped with couplers can then be written as

ily = Do - Kdown (Dl - Mgy - Dy 'Eup (Do '170)) (22)
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Figure 8. Normalized complex kick coefficients

[Voz, Voy, Vas, Vay] for the downstream coupler region as
calculated via Eq. (16) with different field maps, reflecting
different loaded quality factors Q. Plotted are the values re-
lated to the standing wave (left) and the reflection dependent
part (right). The values are listed in Tables IT and IIL

where Dy is the drift matrix from the reference po-
sitions to the coupler positions, respectively, D; the
drift matrix between the couplers and the cavity and
Mgrrp the axially symmetrical cavity transfer matrix.
Eup (%) and Edown(ﬂ) evaluate the normalized upstream
and downstream coupler kick, respectively, at the trans-
verse coordinate @ = [z,2',y,9'], such that k@) =
[z, 2" + kz(z,y), v, Y + ky(z,9)]. For the drift D; we use
d, = 3.54cm, while the cavity length is assumed to be
leaw = 9/2App = 1.0377m.

Figure 9 shows as an example the beam transport
through one TESLA cavity as obtained by ASTRA and
by the above described model in blue and red, respec-
tively. Plotted are the horizontal (left) and vertical
(right) positions (upper row) and momenta (lower row),
as a function of the longitudinal coordinate z. The cavity
is centered at 2 = 0 m and the particle energy is increased
from 10 MeV to 24 MeV.

The coloured bars in the lower row of Figure 9 illus-
trate the regions at which the different transfer matrices
in Eq. (22) are applied. The red bar reflects the beam
transport via the axially symmetrical RF cavity matrix
Mgy, the yellow bar corresponds to the drift space D;
between the cavity and the couplers and the black line
to the drift Dy between the couplers and the reference
positions.

In this example, both the coupler kicks and the RF
focusing are sufficiently well described by the linear beam
dynamics model. However, a strong dependence of the
model accuracy on the beam energy is expected, since
the derivation of Eqgs. (24, 17) uses the paraxial, thus
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Figure 9.  Particle trajectory through a TESLA cavity as

calculated by ASTRA (blue) and the linear beam dynamics
model (red, cf. Eq. (22)). Plotted are the horizontal (left)
and vertical (right) positions (upper row) and momenta (lower
row), respectively, as a function of the longitudinal coordinate
z. The cavity is centered at z = 0m. The coloured bars in
the lower plots illustrate the different transfer matrices of the
model. The red bar reflects the beam transport via the RF
cavity matrix, the yellow bar corresponds to the drift space
between the cavity and the couplers and the black line to the
drift between the couplers and the reference positions. Beam
initial and final energy is 10MeV and 24 MeV, respectively.

ultra-relativistic assumption.

The accuracy of the linear beam dynamics model of
Eq. (22) for different initial beam energies is calculated
as follows. At each energy F;, nine different RF phases
between ¢ = +20° and 7 different RF amplitudes be-
tween Vi = [FMVm™1,25 MV m™!] are evaluated. At
each step [E, ¢, V];, 10* particles with a Gaussian distri-
bution of initial values [z, ps,¥y,p,], with 65, = 2mm
and oy, p, = 5keV/c, respectively, are created. For each
particle, the output of ASTRA is compared to the corre-
sponding output of Eq. (22).

Results are shown in Figure 10. Plotted are the rms
differences [Ax, Az', Ay, Ay'), ., evaluated for all par-
ticles and RF amplitudes and phases, respectively, as a
function of the initial beam energy E.

For beam energies in the order of some MeV the rms
difference for one cavity may reach, for example, several
100 um. The presented model is therefore rather unsuit-
able for accurate beam dynamics calculations regarding
a TESLA based injector module as found at FLASH and
Furopean XFEL.

Above 100(10) MeV, however, the rms difference is well
below 0.1pm and 0.1nrad, respectively, and the beam
transport is sufficiently described by Eq. (22).
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Figure 10. Comparison between the linear beam dy-

namics model (cf. Eq. (22)) and ASTRA for different
initial beam energies E. Plotted are the rms differences
[Az, Az’, Ay, Ay'] . as evaluated for 10* particles at differ-
ent RF amplitudes and phases, respectively.

VII. EXPERIMENTAL VALIDATION OF
DISCRETE COUPLER KICK MODEL

In this section the developed beam dynamics model is
compared to dedicated experiments at FLASH and Eu-
ropean XFEL.

A. Trajectory response measurements at Buropean
XFEL

Trajectory response measurements are a powerful di-
agnostic tool for linear accelerators [37]. In a linac, the
(4,7)-th element of the trajectory response matrix is de-
fined as the linearized response of a given coordinate (g;)
at the i-th monitor (BPM) to a kick ©; from the j-th
steerer [38]

Agi = (Riej), , - AOy, (23)

with R;._; being the beam transport matrix from point 55
to 5;. In the absence of coupling between the two trans-
verse planes, the indices I, m = 1,2 for the horizontal and
[,m = 3,4 for the vertical plane, respectively.

For a given set of RF parameters, the zeroth order
coupler kick (cf. Eq. (17)), e.g. k2 o« R{Vyz}, reflects
a constant kick on the bunch centroid. A trajectory re-
sponse measurement is consequentially not affected. The
first order kick kL o< R{V,4 2+ V4, -y}, however, depends
on the transverse beam position in both planes. At suffi-
ciently low beam energy, it is therefore expected that a
trajectory response measurement disagrees considerably
with an axially symmetrical beam dynamics model of a
cavity and shows coupling between the two transverse
planes.

The effect will be shown at the first main accelerat-
ing section of the European XFEL, of which a schematic
drawing is shown in Figure 11. After the first bunch
compressor (BCO), a linear accelerator (L1) increases the
beam energy in four TESLA modules, thus 32 cavities,
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Figure 11. Schematic layout of the European XFEL (not
to scale). The elements shown include 1.3GHz (yellow)

and 3.9 GHz (red) RF sections, undulators {green/red), main
dipole magnets (blue), beam distribution systems (green) and
beam dumps (black). The main accelerating sections (L1, L2,
L3) contain 4, 12 and 84 accelerating modules, respectively.

from 150 MeV to 600 MeV. The optics server at Furo-
pean XFEL [39] currently uses ELEGANT {40} for the
beam dynamics calculation of Ri;. :

A trajectory response matrix is measured [41] and com-
pared to the calculated response from the optics server.
Additionally, the response is calculated with an optics
model which includes discrete coupler kicks and calcu-
lates the beam transport through each cavity according
to Eq. (22). The coupler kick coefficients have been in-
terpolated according to Eq. (18) for Qr = 4 x 10°.

Results are shown in Figure 12. Plotted are, as an ex-
ample, the beam trajectories in both transverse planes
as excited by an horizontal steerer at s = 86m in the
upper row. The lower row shows the corresponding tra-
jectory response. The red marks indicate the measure-
ments, whereas the black and blue lines reflect the calcu-
lated response both, by the default optic server and with
the linear model including discrete coupler kicks. The
position of the first cavity within the string of modules
of about 50m length is indicated by the vertical dotted
line in the lower row.

Significant coupling from x — y occurs in the accel-
erating modules, which disagrees with the default optics
model. A similar optics perturbation including trans-
verse coupling has been also observed at the accelerating
sections at FLASH [37, 38, 42].

The developed model including discrete coupler kicks
is able to describe the observed coupling in both planes
reasonably well. It can be concluded that the first or-
der coupler kick is described sufficiently by the presented
coupler kick model.

B. Coupler kick variations at FLASH

Tn this section coupler kick variations related to vari-
ations of the forward and backward traveling waves are
studied experimentally at FLASH.

The Free-Flectron Laser in Hamburg (FLASH) is a
high-gain FEL user facility operating in the soft x-ray
regime [2, 3]. The current layout of FLASH is shown
in Figure 13. The RI setup at FLASH and its implica-
tion on transverse beam dynamics was studied in detail
in Ref. [44]. Several cavities are supplied by one high
power klystron in pulsed operation with a vector sum
RF control. Within the RF flat top, long bunch trains
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Figure 12. Trajectory response measurement at European

XFEL. The upper row shows the horizontal (left) and verti-
cal (right) beam trajectory as excited by an horizontal steerer
at s = 86m. The lower row shows the corresponding trajec-
fory response as measured (red marks), and calculated both,
by the default optic server (black) and with the linear model
including discrete coupler kicks (DCK, blue, cf. Eq. (22)).
The yellow rectangles in the lower row indicate the four ac-
celerating modules of L1.

can be accelerated.

An experimental setup in which coupler kick variations
within one bunch train can be isolated from the RF fo-
cusing at low beam energy was presented in Ref. [45] at
the injector module at FLASH. In this section we present
a similar experimental setup at high beam energy at the
sixth accelerating module.

The cavity has a finite bandwidth. The cavity response
to a modulation of the forward power is therefore limited.
If the forward power is modulated with increasingly high
frequencies €2, the magnitude of the modulation of the
accelerating feld decreases with AV o< 1/(144(Q+Af)7)
with 7 being the decay time of the cavity. For very high
modulation frequencies, the response of the accelerating
field becomes negligible.

Regarding ultra-relativistic beams, transverse motion
due to cavity off-axis fields is insignificant, since trans-
verse magnetic and electric forces compensate each other
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Figure 13. Schematic layout of the FLASH facility [43].




in axially symmetrical fields. Thus, coupler kick varia-
tions are expected to be the dominant source of trans-
verse beam dynamics in this scenario.

The effect will be demonstrated at the sixth acceler-
ating module (ACC6) at FLASH. The machine is set
up with 400 bunches with a bunch repetition rate of
1MHz. The RF signals of the forward and backward
traveling waves for each cavity are measured. The RF
data recorded in the data acquisition system [46] is man-
vally recalibrated according to Ref. [47] in order to
remove cross-coupling effects between the forward and
backward signals. The beam trajectory is steered to be
on axis through the modules and the position upstream
and downstream ACC6 is measured.

The vector sum of ACC6 is Vg = 62MVm~?, the
bunch charge 0.4nC and initial beam energy is 600 MeV.
The loaded quality factors of the eight cavities are mea-
sured as [3.20,3.11, 3.17, 3.12, 2.97,3.02, 3.09, 3.05] x 106.
Each measurement of BPM and RF data is an average
over about 100 consecutive bunch trains with 10 Hz rep-
etition rate to deal with short term jitter.

A reference is measured. Subsequently, the forward
power within one bunch train is modulated with different
frequencies.

The relative difference of the vector sum of the accel-
erating gradient §Vyg and the parameter AT with re-
spect to the reference setup is plotted in Figure 14. The
modulation frequencies are 20 kHz, 50kHz, 100 kHz and
300kHz. For high modulation frequencies the variation
of the accelerating field becomes small compared to the
variation of I".

In a second step the impact of coupler kick variations
on the beam is studied. The measured beam position at
the entrance of ACC8, initial beam energy and the RF
signals are used to calculate the beam transport through
the module. The beam transport for each bunch is evalu-
ated using Eqs. (16, 17, 18, 22) iteratively for each cavity.
The measured beam offset at the BPM downstream the
last cavity is compared to the corresponding output of
the model function.

Results are shown in Figure 15. Plotted are the dif-
ferences of the horizontal and vertical BPM readouts be-
tween the modulated setup and the reference setup and
the difference of the equivalent output of the model func-
tion. The negligible signal in the vertical plane even for
low modulation frequencies points out that the beam dy-
namics at high beam energy and close to the cavity axis
is dominated by the variation coupler kicks.

It can be concluded that the presented coupler kick
model is both qualitatively and quantitatively able to re-
produce the experimentally generated coupler kick vari-
ations.
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Figure 14. Variation of the vector sum of the accelerating
gradient 6Vys (left) and the parameter AT (right) at ACC6 at
FLASH while applying modulations with different frequencies
on the forward power (from top to bottom: 20kHz, 50 kHz,
100kHz and 300kHz). The RF sampling time is 1ps.

VIII. EXPECTED COUPLER KICK
VARIATIONS AT EUROPEAN XFEL

In this section we investigate the influence of detun-
ing related coupler kick variations on intra-bunch-train
trajectory variations at the European XFEL [4-6].

The European XFEL main accelerator consists of 800
ILC style TESLA cavities, operated in pulsed mode with
an RF flat top of 700ps. The long RF pulse structure
allows to provide long bunch-trains for the experiments.

The principles of RF induced intra-bunch-train tra-
jectory variations have been described in detail in Ref.
(44]. At European XFEL, several cavities with individ-
ual operational limits [48] are supplied by one RF power
source. The low-level-RF system (LLRF) |20, 49] is able
to restrict the variation of the vector sum of the ampli-
tude and phase of the accelerating field below 0.01 % and
0.01°, respectively [50]. However, caused by the effects of
beam loading and Lorentz force detuning, individual cav-
ities have an intrinsic variation of RF parameters within
one bunch train. Misaligned cavities in combination with
variable RF parameters induce intra-bunch-train trajec-
tory variations.

The variation of the amplitude of the accelerating field
within one bunch train, AV, is key in the creation of
trajectory variations. For typical machine operation at
European XFEL, the amplitude variation is determined
mainly by the interaction of a common loaded quality
factor Qr, with different operational gradients of the cav-
ities {51]. LLRF simulations show that the beam loading
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Figure 15. Experimental observation of intra bunch train
coupler kick variations at ACC6 at FLASH. Plotted is the
difference between the reference trajectories and the parti-
cle trajectories while applying modulations with different fre-
quencies on the forward power (from top to bottom: 20kHz,
50kHz, 100kHz and 300kHz, cf Fig. 14). The bunch spac-
ing is 1ps. The BPM readout differences (black) and the
corresponding model evaluations (colored) are plotted for the
horizontal (left) and vertical (right) plane at the exit of the
module.

induced amplitude variation is proportional to the beam
current and can reach up to 4MVm™! for the design
beam current of 4.5mA and the actual spread in opera-
tional gradients [48] without further Qp-correction.

Besides, additional beam dynamics perturbations re-
garding coupler kick variations have to be considered.
High electromagnetic fields in resonators lead to strong
Lorentz forces on the walls of these structures. In order to
ensure the cooling, the thickness and therefore rigidness
of the walls cannot be chosen freely. As a consequence, in
a pulsed operation mode, the cavities are deformed dy-
pamically in the range of some pm [20]. This results in a
dynamic behavior of the resonance frequency, a Lorentz
force detuning (LED), which scales quadratically with
the accelerating field. Due to the high Qr, the L¥FD
within one bunch train is comparable to the bandwidih
of the cavity of about 300 Hz [52]. In order to compensate
LFD at European XFEL, fine tuning for each cavity will
be handled by double piezoelectric elements [53]. The
residual intra-bunch-train detuning of individual cavities
is dominated by microphonics and expected to be below
30 Hz.

The European XFEL linear accelerator increases the
electron beam energy from 150 MeV to 17.5GeV in 100
accelerating modules, thus an energy range in which
the ultra-relativistic assumption is reasonable. In or-
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der to simulate the effect of trajectory jitter caused by
detuning-related coupler kick variations, we use the de-
veloped beam dynamics model according to Eq. (22).
The coupler kick coefficients for @ = 4.6 X 108 are
listed in Tables I, II and III. With the RF parame-
ters obtained by Egs. (25), the transfer matrices and
coupler kick coefficients are calculated for each bunch
and each cavity individually. Misalignments are modeled
by coordinate transformations. A gquadrupole magnet
(k = 0.0642m™?) is located at the downstream end of
each module, providing a FODO lattice in the accelerat-
ing sections. This is a model from the entrance of L1 to
the end of L3 (cf. Fig. 11) with simplified optics.

As a figme of merit we use the fi-
nal normalized trajectory variation Adl =
\/ Bu,f (Vu,z AUZ + 20, Auz Aul, + By Aul2), with
ay,, and B, being the Courant-Snyder parameters at
position z and Sy,s the beta function at the observation
point, while u stands for the z and y axis. Casually
speaking, Afi measures the maximum observable offset
variation at a point with a beta function of B, ; and
zero divergence. For the upcoming analysis we will use
Be,s = By,s = 30m, which reflects the design lattice at
the intra-bunch-train transverse feedback system [54]
downstream the accelerating sections.

For each machine seed the following model parameters
are randomly created: variation of the amplitude AV
and phase A¢ of the accelerating field and the detuning
Af of individual cavities within the bunch train, and
the offset Atcay/moa and tilt Aul_ Jmod of cavities and
modules, respectively. For the range of misalignments
we use Algay/mod = £0.5 mm, Aul,, = £0.3mrad and
Aul 4 = £0.2mrad.

The range of the intra-bunch-train variation of the
RF parameters of individual cavities is increased sub-
sequently. Maximum amplitude and phase variation are
considered to be correlated as Adpax = 2°MV~m -
AVipux. For example, a maximum amplitude varjation of
AViax = 4 MV m™! corresponds to a maximum variation
of phase A¢,.x = 8°. This ratio is found to be reason-
able for regular machine operation. At each parameter
step [AViax, A fmaxli» 10* random machine seeds are cre-
ated and the previously described beam transport model
is evaluated.

Results are shown in Figure 16. The left side shows the
rms value of the normalized trajectory variation Atiyys at
the end of the accelerator as a function of the maximum
amplitude variation AVjnax, evaluated for both planes
and three detuning scenarios. The blue and red color
correspond to horizontal and vertical plane, respectively,
while the different plot marks reflect different detuning
limits. The right plot shows Adiyms for zero amplitude
variation as a function of the maximum detuning A fiax.

For small amplitude variations the intra bunch train
trajectory variation is dominated by detuning related
coupler kick variations and trajectory variations occur
mainly in the horizontal plane. For high amplitude vari-
ations the trajectory variation is proportional to the am-
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Figure 16. Normalized rms intra-bunch-train trajectory vari-
ation Adirms downstream the European XFEL accelerator as
a function of the maximum variation of the amplitude of the
accelerating field AVmax (left) for the horizontal (blue) and
vertical (red) plane. The different plot marks correspond to
different maximum detuning A fax. The right plot shows the
trajectory variation for zero amplitude variation as a function

of A fmax.

plitude variation, and the influence of detuning related
coupler kick variations decreases.

It can be concluded that coupler kick variations are
expected to be a minor concern in multibunch FEL op-
eration at European XFEL. However, for high beam cur-
rents, a limitation of beam loading induced amplitude
slopes by changing the Qz-setup is advised.

IX. SUMMARY

Couplers break the axial symmetry of the TESLA cav-
ities and affect the transverse beam dynamics consider-
ably. The concept of first order discrete coupler kicks
was presented, including a novel approach to separate
the influence of the standing wave from the reflection de-
pendent part. The developed beam dynamics model was
compared to start to end tracking and dedicated experi-
ments. Transverse coupling and detuning related coupler
kick variations were described convincingly well. Numer-
ical studies regarding European XFEL showed that de-
tuning related coupler kick variations are expected to be
a minor concern in regular operation.
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XI. APPENDIX
A. Cavity transfer matrix

The beam transport in an axial symmetric RF cavity
can be written as @ = Mgz - @ with & = [u,4/]. The
matrix elements R;; of the transfer matrix of an axial
symmetric cavity are given by Ref. [36] as

Ru:cosa—\/Ecosquinoz
Rig = \/gz—? cos ¢ sin
¥ [cos¢ 1 >
Ry = ~— +———|sina
“ v ( V2 V8cos ¢
Ry =2 (cosa + ﬁcosq&sina)
Y

(24)

— 1 . o
where o = Focod In (70)

the initial and final Lorentz factors, respectively.

and -y and v = 9 + ' are

B. LLRF equations

In order to relate the cavity detuning to the ratio of
the forward and backward traveling waves, we assume
a superconducting cavity operating close to the steady
state condition, nearly on crest, with beam loading and
a detuning small compared to the resonance frequency.
The cavity voltage Vy, the forward- and backward wave
V¢ and V} and the beam current I, are then related as
[20]

1+itany
Vo= 2B0% v 4R, T
0 1—|—tan21/)[ s+ B 1g] (25)
Vo=Vs+V,,

where the bold letters indicate complex numbers, for ex-
ample Vo =V - e¢o,

Ip is the complex beam current, which is —2 Ipq ¢¥®
where Ipg is the dc beam current and ¢g describes the
phase shift of the bunch with respect to a reference time.
The shunt impedance Ry of a cavity without internal
losses is determined by the product Qe (R/Q) with Quxt
being the external quality factor and (R/Q) being the ra-
tio Vi#/(2W wyp) of the cavity voltage to the stored field
energy W and frequency wp. The parameter (R/Q) de-
pends only on the shape of a cavity.

The detuning angle 9 is defined as tan v = 2QrAf/ fo,
with Af being the detuning and fy the resonance fre-
quency of the cavity. Using Equations (25) and assum-
ing a constant beam current, the forward and backward
wave can be expressed as a function of the phase differ-
ence ¢p between the bunch and the cavity voltage with
an amplitude of Vg and the detuning Af = fy — f. The
parameter I follows as

_Vu—=V, BRylp +i2QL

T Vet Vy Vo H ol @
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Table I. Coupler kick coefficients of the upstream coupler for the standing wave, VSW (1.3GHz cavity) and corresponding
upstream and downstream VSV, VSW and the downstream reflection dependent part, V), for the 3.9 GHz cavity (cf. Eq. (16)).

Type Vs [1079)
1.3GHz VSV —113.98 + 19.25¢
3.9GHz VSW —~190.95 4 497.18¢
3.9GHz V;W —1036.43 — 76.68¢

3.9GHz V} —101.30 + 113.304

Voy [107°]
~82.10 — 0.47%
—59.89 + 286.52i
62.03 + 253.47;
7.46 — 2.114

Vaz 107 5mm ™)
2.03 — 1.60¢

9.96 — 31.34¢
42.53 — 75.49i
6.85 — 6.444

Vay [107%mm ]
6.81 — 0.731
11.36 — 48.34¢
10.96 + 46.73¢
1.25 — 0.581¢

Table II. Coupler kick coefficients of the downstream coupler for the standing wave, VW (cf. Eq. (16)), as calculated with
different field maps of the 1.3 GHz cavity for different values of the loaded quality factor Q. The values for QL = 3.1 x 10°
and Qr = 4.6 x 10° reflect the standard Qr-setting for FLASH and European XFEL, respectively, and are evaluated using
Eq. (18) and the fit parameters listed in Table IV.

Qr [10°] Voo (107°]
1.91 1.03 — 3.554
2.67 —47.47 + 25.92¢
3.10 —61.43 4+ 34.60¢
3.81 —84.39 + 48.87:
4.60 —97.03 + 56.79i¢
5.587 —112.59 4+ 66.537
8.30 —132.71 4 79.461
12.61 —146.59 + 88.52¢

Voy 107
73.13 + 14.40¢
73.24 + 14.50¢
73.31 + 14.47¢
73.41 4 14.43¢
73.56 + 14.37:
73.75 + 14.31%
73.85 + 14.32¢
73.76 + 14.313

Ve [107%mm ™Y
—10.54 +1.40¢
—8.11 —0.113
—7.41 — 0.55¢
—6.27 — 1.26¢
—5.67 — 1.63:¢
—4.94 — 2.09¢
—3.97 —2.73¢
—3.26 — 3.16¢

Vay 107 8mm~1)
5.85 —0.137
5.856 — 0.143
5.85 — 0.141
5.86 — 0.144
5.87 —- 0.13¢
5.88 — 0.107
5.88 —0.137
5.91 — 0.067

Table I1I. Coupler kick coefficients of the downstream coupler for the reflection dependent part, VdR (cf. Eq. (16)), as calculated
with different field maps of the 1.3 GHz cavity for different values of the loaded quality factor Qz. The values for Qr =3.1x10°8
and Qr, = 4x 10° reflect the standard Qr-setting for FLASH and European XFEL, respectively, and are evaluated using Eq. (18)

and the fit parameters listed in Table V.

Qr [109]

1.91
2.67
3.10
3.81
4.60
5.57
8.30
12.61

Voz [1079)
—56.13 — 123.561
—39.46 — 86.761
—34.84 — 76.57¢
—27.24 — 59.824¢
—23.29 — 51.144
—18.44 — 40.47¢
—12.28 — 26.89%
—8.03 — 17.59¢

Voy [107°]
0.06 + 0.561
0.06 + 0.39¢
0.05 +0.34¢
0.04 + 0.25¢
0.04 + 0.214
0.04 + 0.16¢
0.04 + 0.10¢
0.03 + 0.062

Vez [107%mm ]
2.61 +5.89¢
1.82 +4.11¢
1.61 + 3.62¢
1.25 +2.824
1.07 + 2.414
0.84 +1.90¢
0.56 + 1.26¢
0.37 + 0.82¢

Vay [107%mm 1]
0.01 + 0.044
0.00 + 0.031
0.00 -+ 0.034
0.00 + 0.02i
0.00 + 0.023
0.00 + 0.013
0.00 + 0.013
0.00 + 0.013

Table IV. Fit parameters from Eq. (18) for downstream coupler kick coefficients for the standing wave, V5.

Ci
C1
[&]
c3
Cq
Cs
Ce

Voz
-174.132
348.293
0.080
106.447
-229.199
0.175

Voy [107°)
74.052
-2.629
0.836
14.161

2.425
6.404

Ve [107%mm Y]
-1.982

-16.413

0.010

-3.985

10.533

0.048

Ve [1078mm ™)
6.256

-23.199

55.048

14.400

0.000

0.000

Table V. Fit parameters from Eq. (18) for downstream coupler kick coefficients for the reflection dependent part, V.

Ci
C1
Cc2
Cc3
C4
Cs
Ce

%I
0.039
-100.876
-0.113
0.153
-221.462
-0.119

Voy [107°]
0.018
0.149
1.482
-0.028
1.057
-0.106

Vi [107%mm ™1
-0.003

4.588

-0.155

-0.006

10.327

-0.157

Vay [107%mm™1]
0.001

0.009

0.132

-0.000

0.073

-0.196
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