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Abstract

Phase-locked pulses are important for coherent control
experiments. Here we present theoretical analyses and start-
to-end simulation results for the generation of phase-locked
pulses using the Hard X-ray Self-Seeding (HXRSS) sys-
tem at the European XFEL. As proposed by Sven Reiche et
al. in A perfect X-ray beam splitter and its applications to
time-domain interferometry and quantum optics exploiting
free-electron lasers”, 2022, the method is based on a com-
bination of self-seeding and fresh-slice lasing techniques.
However, at variance with this reference, here we exploit
different transverse centroid offsets along the electron beam.
In this way we may first utilize part of the electron beam
to produce SASE radiation, to be filtered as seed and then
generate HXRSS pulses from other parts of the beam apply-
ing appropriate transverse kicks. The final result consists
in coherent radiation pulses with fixed phase difference and
tunable time delay within the bunch length. This scheme can
be useful for coherent control applications such as coherent
X-ray pump-probe experiments.

INTRODUCTION

Phase-locking means a fixed phase relation between suc-
cessive pulses [1] and phase-locked pulses are important
for coherent control experiments [2—4]. Usually a split-and-
delay scheme is employed to generate phase-locked pulses
in the optical to the extreme ultraviolet wavelengths, while
it is challenging to produce phase-locked pulses down to
the X-ray regime. X-ray free-electron lasers (FELs) deliver
photon pulses with extremely high intensity and show re-
markable capabilities for researches in physics, chemistry
and biology [5,6]. Self-seeding schemes [7—-10] can provide
nearly fully coherent x-ray FELs and expand their applica-
tion to a broader range [11]. Several methods have been
proposed to generate coherent phase-locked X-ray pulses
from externally seeded FELs [12—15] or using self-seeding
techniques [16]. In the first case, the achievable wavelength
is limited within the soft x-ray spectral region typical of the
high gain harmonic generation configuration, while the sec-
ond scheme can operate in both soft and hard X-ray regimes
by properly choosing the self-seeding monochromators. In
Ref. [16], the employed method is based on a combination
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of self-seeding and fresh-slice lasing techniques and can
offer much higher phase stability than conventional X-ray
split-and-delay approaches.

Here we present theoretical analyses and start-to-end sim-
ulation results for the generation of phase-locked pulses
using the Hard X-ray Self-Seeding (HXRSS) system at the
European XFEL. European XFEL is an X-ray FEL facility
based on a superconducting linear accelerator [17]. After
the collimation section that follows the main linac, there is
an arc [18, 19] that bends selected electron beams from a
bunch train to the hard x-ray FEL beamline SASE2, where
the HXRSS system is built [20]. There are 35 undulator seg-
ments of 5 m length interspaced by 1.1 m sections with mag-
nets elements. For the HXRSS system, two single crystal
monochromators and chicanes are installed in two positions:
one between 8th and 9th segments, the other one between
16th and 17th segments. This configuration provides the flex-
ibility to increase spectrum signal-to-noise ratio by choosing
one- or two-chicane scheme according to difference photon
energies, and to mitigate crystal heat load effect by using
two-chicane scheme for lower photon energies [20].

At variance with Ref. [16], where different lasing parts
of the electron beam are defined by the slotted foil in a dis-
persion section, here we exploit different transverse centroid
offsets along the electron beam. This offsets may be in-
duced by collective coherent synchrotron radiation (CSR)
effects [21,22] during the beam transport in the arc upstream
of the SASE2 undulators. The method proposed here does
not suffer from possible limitation on the beam repetition
rate, while the spoiler technique employing slotted foil may
do due to radiation losses [23]. In this way we may first
utilize part of the electron beam to produce SASE radiation,
which is monochromatized as coherent seed to trigger seeded
lasing with other parts of the beam that are appropriately
kicked on the undulator axis. The final result consists in
phase-locked coherent radiation pulses with tunable time
delay within the bunch length.

In the following, we will first introduce the slice centroid
deviation based scheme to generate phase-locked HXRSS
FEL, then CSR effect in the arc before SASE2 at the Euro-
pean XFEL is analysed. Finally the start-to-end simulation
is presented.
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Figure 1: Schematic plot of phase-locked HXRSS FEL generation from electron beam with different slice centroid deviation.
In the first undulator U1, the central part of electron beam is kicked on axis (dashed line) and radiate SASE. The SASE
pulse is then monochromatized with a Bragg crystal and the electron beam bypasses the monochromator and is realigned
with different parts on axis. The delayed electron beam overlaps with the monochromatized seeding wake to generate
seeded pulses in the final undulator U2. Different lasing parts of the electron beam are indicated by red dashed circles.
Plots on the right are power and spectrum distribution for both SASE and seeded pulses. A and B correspond to positions at
the exit of U1 and U2, respectively. An enlarged plot is shown for the central part of the seeded spectrum, as denoted by the

black dashed ellipse.

RESULTS

The proposed method for phase-locked HXRSS FEL gen-
eration is shown in Fig. 1, where an electron beam with
parabolic or V-like shape with different slice centroid de-
viation is required. Different parts of electron beam lase
separately in different stages, as the red dashed circles in-
dicate. In the first stage, central part of electron beam is
kicked with magnetic correctors on axis in undulator 1 (U1)
for SASE radiation. For efficient interaction between elec-
tron beam and FEL pulse, the on-axis lasing part should
have a radius approximated as [5] ox ~ 0 ~ /A, Lg/(47),
where A, is the FEL resonant wavelength and L, the gain
length. Other parts of the beam undergo betatron oscillation
without lasing due to inefficient overlap with the radiation
field, hence beam quality is preserved for these parts.

In the second stage, the SASE pulse is filtered by a sin-
gle crystal monochromator to generate coherent seeding
wake [7] while the electron beam is deflected and delayed
by chicane and bypasses the monochromator. In the final
stage, electron beam is kicked again with unspoiled parts
on axis to overlap with the monochramatized wake to gen-
erate seeded lasing in undulator 2 (U2). Delay between the
two lasing parts is determined by the kick amount and lim-
ited by electron bunch length and quality. The two lasing
parts are seeded with the same coherent seed and generated
seeded pulses are naturally phase-locked. Radiation power
and spectrum are shown for both SASE and seeded lasing
at the exit of Ul (A) and U2 (B), respectively. One can see
in U1 a single SASE pulse is generated with a broad spec-
trum, while in U2 coherent twin pulses are generated with
a much narrower spectrum. For phase-locked pulses, pulse
delay 7 in time domain corresponds to the spike distance d
in frequency domain, where d ~ 1/7 and the spike width is
inversely proportional to the pulse number (here it’s two), as
shown in the right plots, where the central part of the seeded
spectrum is enlarged in the plugin.
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The parabolic or V-like different slice centroid deviation
is important for this method to work. Such beam shape
can be generated with dispersion-based method [24], where
sextupole magnets are placed in the dispersive sections for
two-color pulse pairs generation utilizing beams with energy
chirp. Here we present initial simulation results to show that
it is possible to utilize CSR effect, which is always treated as
detrimental in FEL facilities and many methods are proposed
to suppress this effect [25,26].

The desired centroid deviation is introduced through CSR
effect, as shown in Fig. 2. Beam head is to the right in all the
following figures. The beam transport simulation is carried
out with the multi-physics software package OCELOT [27].
An ideal electron beam distribution with electron energy
of 14 GeV, beam charge of 250 pC, guassian distribution
both in longitudinal and transverse phase space is used as
input before the arc, and the arc lattice remains the same
with designed dispersion-free optics. It is shown that CSR
dominates over other collective effects such as space charge
and wakefield influence in the arc [28]. Here among these
collective effects only CSR is considered.

The electron beam has a Gaussian current profile with
peak value of around 5 kA and FWHM 15 um. The whole
beam slices have nearly zero initial centroid deviation in both
transverse direction (Fig. 2(a)). Significant slice centroid de-
viation is observed after transport through the arc, especially
in the horizontal direction x, as shown in Fig. 2(b). Also,
energy modulation is induced through the arc, as shown in
Fig. 2(c). The modulation process can be understood as
that during the transport in the arc, CSR induces energy
modulation in the first part of arc, then this energy chirp
undergoes dispersion in the last part of arc and results beam
centroid deviation at the arc exit. Though the net dispersion
of the whole arc is zero, the final part is not. The induced en-
ergy chirp and beam centroid deviation is closely related to
the beam current profile with a small shift of the maximum
modulation position compared to the peak current position.
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Figure 2: Beam slice properties before and after transport in
arc with ideal initial beam distribution at arc entrance. (a)
slice center before arc. (b) slice center after arc and beam
current profile. (c) slice electron energy (y) before and after
arc. (d) same as (c) with different initial energy distribution.

This shift results in an asymmetric current distribution in
the two lasing beam parts in the final seeded lasing stage,
which usually results in twin pulses with different power. It
is interesting to note that if we use another ideal initial beam
distribution with inverse energy modulation of red curve in
Fig. 2(c), while other parameters remain the same, then we
can get centroid deviated beam as shown in Fig. 2(b) and
remove energy chirp as shown in Fig. 2(d) after transport
in the arc. This may be beneficial for applications requiring
beam centroid deviation while with constant beam energy.
Simulations also show that if we turn off CSR effect there
will be no energy modulation nor beam centroid deviation
after transport in the arc.

Beam properties before and after transport in the arc from
start-to-end simulation are shown in Fig. 3. We observe sim-
ilar centroid deviation and energy modulations as in Fig. 2.
Here, the current profile is much more complicated than the
ideal Gaussian profile, however, the modulation shape also
inherits the current profile with peak modulation position
slightly shifted. In Fig. 3(b), horizontal slice centroid de-
viation at bunch position s=20 pym is x=-145 pm, while at
s=17 um and s=27 um the two slices have same horizontal
deviation of x=-82 um. The deviation difference is around
63 pm and is larger than the typical transverse lasing width.
In the following simulation we first kick slice at position
s=20 um on axis in U1 to radiate SASE then kick slices at
s=17 ym and s=27 pm on axis in U2 for seeded lasing.

Beam quality for lasing is shown in Fig. 3(d), where the
slice gain length Ly is calculated with Ming Xie’s formula
[29] and the normalized saturation power P = P/ Ppeam
is calculated from [30] P = 1.6p(Lgo/ Lg)2 with resonant
photon energy of 10 keV, where P, and Ppeqy, are saturated
radiation power and beam power, p is Pierce parameter, L
1D gain length.
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Figure 3: Beam slice properties before and after transport in
arc with beam distribution from start-to-end simulation. (a)
slice center before arc. (b) slice center after arc and current
profile. (c) slice electron energy (y) before and after arc.
(d) theoretical slice gain length and normalized saturation
power along the beam at the entrance of the SASE2 undulator
beamline.

FEL lasing process is simulated with GENESIS [31]. We
use the start-to-end simulated beam distribution as input at
the undulator entrance and single shot simulation results are
shown in Fig. 4, with resonant photon energy E.=10 keV.
For the first SASE stage, the gain length is around 3 m and we
utilize the first 16 undulator segments, where radiation pulse
energy reaches around 340 pJ at the exit of U1, as denoted by
point A in Fig. 4(a). SASE power and spectrum are shown
in Fig. 4(b) and (c), indicating a single pulse and broad
spectrum. A diamond crystal with C(004) reflection and
thickness of 100 um is used to monochromatize the SASE
pulse and chicane strength is tuned to delay electron beam by
15 um to overlap with the seeding wake. The seeded lasing
pulse energy increases from several pJ to 70 pJ at point B in
the linear gain regime, 320 pJ at point C in saturation regime,
and to post saturation with more than 690 pJ. Seeded FEL
spectrum at point B is shown in Fig. 4(d). The coherent twin
pulses are separated with 10 um, this delay corresponds to
spectrum spike distance of 0.124 eV. The plugin in Fig. 4(d)
shows spectrum at [0, 1.24] eV, where one can find exactly
10 spikes in this range, which confirms phase-locking of the
coherent twin pulses. However, due to the electron energy
and current difference between the two lasing parts, the twin
pulses have different power with slightly different central
photon energy. The left pulse has lower power and higher
photon energy, hence spectrum spikes are only found on the
right side. Two spectrum envelopes emerge in saturation
regime, as denoted by point C and Fig. 4(e) and (f). The
seeded FEL has much narrower spectrum than SASE with
FWHM less than 3 eV.
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Figure 4: Radiation properties with beam distribution from start-to-end simulation. (a) pulse energy evolution along
undulator for first SASE then seeded lasing stages in U1 and U2. (b) and (c) on-axis intensity and spectrum of SASE pulse
at position A in (a). (d) on-axis seeded pulse spectrum at position B in (a). (e) and (f) on-axis intensity and spectrum of
seeded pulse at position C in (a). The plugins in (d) and (f) show enlarged spectrum center.

CONCLUSION

In summary, a method utilizing different electron beam
centroid deviation is proposed to generate phase-locked
HXRSS FEL pulses. The centroid deviation can be induced
by CSR effects when the beam is transported thorough an
arc before the undulator beamline. Different beam parts are
steered to lase seperately at different stages. This method
is a combination of fresh slice and self-seeding techniques
and is naturally suitable for high repetition rate operations.
The proposed scheme may well facilitate the coherent x-ray
pump-probe experiments.
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