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Abstract

Growing interests in ultra-hard X-rays are pushing for-
ward the frontier of commissioning the European X-ray
Free-Electron Laser (XFEL) for routine operation towards
the sub-dngstrom regime, where a photon energy of 25 keV
(0.5 A) and above is desired. Such X-rays allow for larger
penetration depths and enable the investigation of materials
in highly absorbing environments. Delivering the requested
X-rays to user experiments is of crucial importance for the
XFEL development. Unique capabilities of the European
XFEL are formed by combining a high energy linac and the
long variable-gap undulator systems for generating intense
X-rays at 25 keV and pushing the limit even further to 30 keV.
However, the FEL performance relies on achievable electron
bunch qualities. Low-emittance electron bunch production,
and the associated start-to-end modelling of beam physics
thus becomes a prerequisite to dig into the XFEL potentials.
Here, we present the obtained simulation results from a vir-
tual commissioning of the XFEL for the user experiments at
25keV and beyond, including the optimized electron bunch
qualities and corresponding FEL lasing performance. Exper-
imental results at 30 keV from the first test run are presented.

INTRODUCTION

Linear accelerator based self-amplification spontaneous
emission (SASE) free-electron lasers (FEL) produce ex-
tremely short, brilliant and coherent X-ray pulses [1-7]. This
made it possible using the X-rays to probe distances at the
atomic scale and explore the dynamics of atomic and molec-
ular process on their natural length and time scale. The
XFEL has greatly set forward the frontiers of resolving the
structure of matters with X-rays over the last decade.

The XFELSs capable of operating at short wavelengths of
0.10 nm to 0.01 nm, that is, at high photon energies of about
12.40keV to 123.98 keV, can provide the so-called hard X-
rays in the sub-angstrom regime. These hard X-rays are of
significant importance to temporally and spatially-resolved
analysis and reconstruction of materials with various degrees
of crystallinity. Harder X-rays above 12.40keV are more
beneficial to characterizing semi and noncrystalline materi-
als, observing structural in-situ phase transitions, acquiring
structural information, reconstructing material spatial distri-
butions, etc.

At the European X-ray Free-Electron Laser (EuXFEL) [2],
hard X-ray pulses have been delivered for routine user exper-
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iments since 2017. At a nominal electron beam energy of
14 GeV, stable, high-intensity SASE performance is achieved
at photon energies up to 14 keV in routine user runs [8—10],
while in test runs, good lasing signals towards 25 keV have
been achieved with only limited tuning time. The actual
lasing capability of the European XFEL in an even deeper
sub-&ngstrom emission regime is not yet demonstrated, al-
though relevant theoretical studies have been carried out
in [11, 12] under specific working modes and conditions.

SIMULATION

Here we present the obtained results from a virtual com-
missioning of the EuXFEL by start-to-end beam physics
simulations and SASE optimization at high photon energies
of 25keV and above. Table 1 shows typical machine opera-
tion parameters which are employed correspondingly in the
follow-up numerical studies. The codes OCELOT [13] and
GENESIS [14] are used. The EuXFEL photoinjector [15] is
optimized in the simulations taking into account the collec-
tive effects as studied in detail in [16]. The close-to cathode
beam dynamics is carefully considered using the 3D ap-
proach as reported in [17].

Table 1: Machine Operation Parameters

Parameter Value Unit
Bunch charge 250 pC
Bunch shaping aperture ¢ 1.0 mm
Cathode laser pulse shape Gauss n/a
Cathode laser pulse length” 3.0 ps
Cathode accelerating gradient 56.7 MV/m
Beam energy at BCO* 130 MeV
Beam energy at BC1 700 MeV
Beam energy at BC2 2400 MeV
Beam energy downstream L3¢ 16300 MeV
R56 at BCO -50 mm
R56 at BC1 -50 mm
R56 at BC2 -30 mm
Undulator period® 4 cm
Undulator length 175 m

¢ in diameter

b root mean square value

¢ BCi stands for the i-th bunch compression stage, see Fig.1.

4 1.3 stands for the main linac, see Fig.1.

¢ for the undulators in SASE1 and SASE2 beamlines, see Fig. 1.

Figure 2 shows the slice emittance of an optimized elec-
tron bunch at the injector exit (i.e. in section I1 as shown
in Fig. 1). This is done by scanning the phase of the gun
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Figure 1: Schematic layout of the European X-ray Free-Electron Laser. I1: injector section; Li: the i-th linear accelerator;
BCi: the i-th bunch compressor. SASEi: the i-th undulator beamlines in which SASE1 and SASE2 are hard X-ray lines

while SASES3 is a soft X-ray line.

and the solenoid strength in the gun section. Thermal emit-
tance of the photocathode is considered as the lower limit
of an overall optimized bunch emittance [18]. At the Euro-
pean XFEL, cesium-telluride cathodes are used, the thermal
emittance of which may intrinsically depend on the man-
ufacture recipe. Here our optimization results are shown
for three different thermal emittance values of the cathode,
0.85 pm/mm (blue), 0.99 pm/mm (black) and 1.11 gm/mm
(red). The case with a thermal emittance of 0.99 pm/mm is
selected based on previous studies (as reported in Ref. [19])
for further tracking simulations.

n™ 0.85 pm/mm

—_— N 0.99 pm/mm

™ 1.11 pm/mm
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Figure 2: Optimized slice emittance at the injector exit con-

sidering different thermal emittance values of the cesium-

telluride cathodes as tested at PITZ [19].

Figure 3 presents the optimized bunch qualities at the
undulator beamline (i.e. SASE1 in Fig. 1) entrance via start-
to-end beam physics simulations. RF parameters (amplitude
and phase) of the accelerators (i.e. I1, L1, L2 in Fig. 1) are
optimized compressing the bunch to 4.5 kA peak current
after the second compression stage (i.e. BC2 in Fig. 1)
according to the available accelerating voltages of the facility.
The beam energy set-points and momentum compaction
factors at individual bunch compression locations are given
in Tab. 1. Collective effects through the whole accelerator
beamline such as wakefields, space-charge and coherent
synchrotron radiation are all included. As shown, the left
plot illustrates an obtained bunch peak current of about 4.5
kA (left axis) and a slice energy spread of about 3.5 MeV
(right axis). The right plot gives the bunch horizontal (green
bars) and vertical (red bars) slice emittance.

Using the obtained bunch distribution as shown in Fig. 3,
SASE optimization is carried out. As shown in Fig. 4, an
optimized SASE intensity of about 1.8 mJ and 0.5 mJ are
shown at 24.579 keV for SASE1 (left) and 30.235 keV for
SASE2 (right), respectively. The corresponding fitted gain
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lengths are about 8 m and 10 m. The figure insets show the
power distributions by the end of the undulator beamlines.
In these simulations, both linear and quadratic tapers are
optimized. An average beta function of 32 m is applied.
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Figure 3: Bunch qualities in front of the undulator beamline
SASEI. Left: peak current (left axis) and slice energy spread
(right axis); Right: slice horizontal (green) and vertical (red)
emittance.

FIRST TEST RUN UP TO 30 keV

First test run of the EuXFEL aiming for high photon ener-
gies above 25 keV was carried out last year on the request of
the on-site users at DESY. Due to a temporary technical limit
in the transport capability of the photon beam line, a target
photon energy of 24 keV was preliminarily determined for
SASEI and 30 keV was requested for SASE2.

After short-term SASE tuning, in both SASE1 and SASE2
undulator lines the electron bunch lased at the aimed pho-
ton energies. The HIgh REsolution hard X-ray single-shot
(HIREX) spectrometer [20] was used to verify the achieved
photon wavelengths to be 24.579keV and 30.235keV at
SASE1 and SASE2, respectively. The SASE spectrum at
30.235 keV is shown in Fig. 5. It should be noted, that for
the first time, the FEL facility has ever been operated at such
high photon energies. It is also worth mentioning that fairly
good lasing intensities have been achieved in both beamlines
at these photon wavelengths in the sub-angstrém working
regime.

Figure 6 shows the overall FEL performance panel corre-
sponding to the test run in October 2021. As shown, about
0.8 mJ SASE intensity is achieved at 24.58 keV (0.5 A) at
SASE1 and about 0.3 mJ is obtained at 30.24 keV (0.4 A)
at SASE2. Additionally, the SASE3 beamline is simultane-
ously lasing undisturbed at 1 keV with an intensity of 10
mJ [9] during SASE tuning for the other two undulator lines.
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Figure 4: Simulated SASE intensities at 24.58 keV (left) and 30.24 keV (right) for beamlines SASE1 and SASE2, respectively.
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Figure 5: SASE spectrum detected by HIREX [20] for
SASE?2 with a central photon energy of 30.235 keV.

CONCLUSION

Virtual commissioning of the European XFEL is per-
formed based on start-to-end electron beam physics simula-
tions and SASE performance studies at high photon energies
up to 30 keV in the sub-dngstrom working regime. The opti-
mized simulation results have shown millijoule-level lasing
performance. First short-term test run of the EuXFEL in
October 2021 has demonstrated SASE intensities of about
0.8 mJ and 0.3 mJ at 24.58 keV and 30.24 keV, respectively,
which, to the best of our knowledge, are the highest demon-
strated SASE intensities at these wavelengths of the hard
X-rays that are delivered to the users. More detailed char-
acterization of the whole accelerator and undulator beam
lines is planned. Comprehensive numerical and experimen-
tal studies will follow to reduce the existing discrepancies
between measurement and simulation.
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Figure 6: First test run of the EuXFEL delivering hard X-
rays of about 0.8 mJ and 0.3 mJ at photon energies of 24 keV
and 30 keV for SASE beamlines 1 and 2, respectively, with a

simultaneous SASE pulse delivery of about 10 mJ at 1 keV
for the SASE beamline 3.
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