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(Color online) (a) Bird’s-eye view of the European XFEL (EuXFEL) showing the location of the tunnel build-
ings and their photos. X-ray comes from the right. (b) Schematic layout of SASE1-3 undulators and the X-ray
beam transport to 6 different experimental stations. X-ray comes from the left. (c) Bird’s-eye view looking from
the building of the experimental station. X-ray comes from the top. (d) Current peak performance of the SASE2
XFEL at photon energies between 6 and 18 keV measured at the HED instrument. The data points represent peak
pulse energies measured in 2019 and 2020 (https://xfel.desy.de/operation/performance/). The linac was operat-
ed at 11.5 GeV (blue crosses), 14 GeV (black rectangles) and 16.5 GeV (red circles) electron energy. (e) Unique
bunch pattern of European XFEL. Within an up to 600 us-long RF-pulse window, between a single and 2700 X-
ray pulses can be created. The facility can deliver pulses at difference repetition rates of 4.51, 2.26, or 1.13 MHz,
resulting in a pulse spacing of 222, 443 or 886 ns, respectively. Single bunch (10 Hz) and pulse-on-demand is also
possible. (a-c) Copyright ©European XFEL. (d-e) Figures adapted from U. Zastrau ef al.: J. Sync. Rad. 28 1393
(2021), in accordance with the Creative Commons Attribution (CC BY) license.
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Fig. 2 (Color online) Schematic view of a Megahertz serial femtosecond crystallography (SFX) experiment performed
at the SPB/SFX instrument at European XFEL. Pulses from the European XFEL were focused on the interaction
region. Protein crystals were introduced into the focused XFEL beam using a liquid jet of 1.8 um diameter mov-
ing at speeds between 50 m/s and 100 m/s. Diffraction from the sample was measured using an AGIPD, which is
capable of measuring up to 3520 pulses per second at megahertz frame rates. In-situ jet imaging (inset) showed
the liquid jet with a speed of 100 m/s which explode under the X-ray illumination. The liquid jet is however reco-
vered in less than 1 us to deliver fresh sample in time for arrival of the next X-ray pulse. The figure is reproduced
from M. O. Wiedorn ef al.: Nat. Comm. 9, 4025 (2018), in accordance with the Creative Commons Attribution

(CC BY) license.
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(Color online) Stepwise heating of samples compressed by a diamond anvil cell (DAC). (a) Temperature color

map 1 ps after X-ray irradiation at 25 keV photon energy with 0.35 mJ pulse energy. X-ray axis is indicated by the
black arrow. Sample material is iron, surrounding medium is Al,O;. (b) Temperature evolution at the sample
center (S) and medium-tamper interface (MT) with X-ray pulse train with 220 ns separation (4.5 MHz). It
shows for the first 11 pulses. The sample is efficiently heated by the X-ray pulse to several 1000 K while the pres-
sure medium and diamond were barely heated. The figures are reproduced from J. Meza—Galvez ef al.: J. Appl.
Phys. 127, 195902 (2020), with the permission from AIP Publishing. Copyright ©2020 by AIP Publishing
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Fig. 4 (Color online) High resolution inelastic spectra measured at HED instrument. (a) Schematic experimental setup.
Incident X-ray pulses at 7492 keV are monochromatizsed using double-bounce silicon (111) and (533)
monochromator to ~30 meV spectral bandwidth. (b) Obtained inelastic spectra from room temperature (100)
single crystal diamond. (c) resistively heated diamond to 503 = 8 K. Temperature is measured from the intensity
asymmetry between the positive and negative energy sides by the use of the detailed balance principle, as indicated
by black arrows. Figures adopted from A. Descamps et al.: Sci. Rep. 10, 14564 (2020), in accordance with the

Creative Commons Attribution (CC BY) license.
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S, double core hole & ’EiX N APk 2 & 1 4/ IRAE
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Fig. 5 (Color online) (a) The photon absorption and resulting
ionization of neon is typically followed by an Auger decay
after approximately 2.4 fs (from (a) to (c)). (b) Nonlinear
X-ray photoexcitation. With short pulses of sufficiently high
fluence, this sequence can be intercepted by a second photon
that creates 1s-2np-Rydberg states in the transient ion. The
relaxation of this double-core hole results in the ejection of
an electron. Figures adapted from T. Mazza ef al.: Phys.
Rev. X 10, 041056 (2020) in accordance with the Creative
Commons Attribution (CC BY) license.
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European XFEL: New scientific opportunities with
high-repetition XFEL

Motoaki NAKATSUTSUMI European XFEL, HED instrument, Holzkoppel 4, 22869 Schenefeld,
Germany

Abstract European XFEL is the first mega-hertz (MHz) high-repetition hard X-ray free electron laser in the
world, thanks to a superconducting linear accelerator. A significant reduction of the data correc-
tion time for experiments that require many accumulations of shot is foreseen, which would lead
further broadening of scientific cases. In this review, we discuss new insights that can be ob-
tained using a MHz XFEL through introducing the latest experimental results. We also discuss
technical challenges that are imposed due to the MHz repetition rate, in particular, on detectors,
on samples and on data analysis. Current issues and perspectives will be briefly mentioned.
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