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Executive summary

Context

The Single Particles, Clusters, and Biomolecules & Serial Femtosecond Crystallography (SPB/SFX)
instrument of the European XFEL is primarily concerned with three-dimensional diffractive imaging
and structure determination of micrometre-scale and smaller objects at atomic or near-atomic
resolution.

The SPB/SFX instrument has been in user operation since September 2017, one of the first two
instruments to come online at the European XFEL. Active members of the SPB/SFX user community
include scientists from all European XFEL member countries as well as from further afield, including
the USA, China, and Australia. The research output metrics of the SPB/SFX instrument (primarily
peer-reviewed research articles produced using European XFEL beam) are vastly above the
European XFEL mean, with articles appearing in Nature Methods, Nature Communications, Optica,
IUCrdJ, and more.

The science scope at SPB/SFX places a particular emphasis on biological objects—including
crystals of macromolecules and macromolecular complexes as well as viruses. More specifically, the
SPB/SFX instrument aims to study structural dynamics in these biological systems on the millisecond
to femtosecond timescale.

The SPB/SFX instrument is also capable of investigating non-biological samples using techniques
similar to those described above. The investigation of material and other non-biological samples

is now in increasing demand using scattering, diffraction, and imaging techniques. Recently,

the SPB/SFX instrument has also been used for so-called “megahertz microscopy” to observe
microscopic, stochastic processes on the sub-microsecond timescale using the natural time structure
of the European XFEL.

Physically, the SPB/SFX instrument consists of two experiment endstations (upstream and
downstream), based on the combined contributions of European XFEL and the SFX user consortium,
contained in a single experiment hutch. In practice, five broad classes of experiment are performed
at SPB/SFX (though a number of these utilize almost identical experimental configurations): 1)
(time-resolved (TR)) serial crystallography from low viscosity, liquid jet injected samples, 2) TR small
angle X-ray scattering (SAXS) of non-crystalline samples in low viscosity media, 3) TR-SFX of
samples in high viscosity media, such as LCP, 4) single particle imaging of biological and inorganic
samples using aerosol injection, and 5) megahertz microscopy of stochastic processes at micrometre
length and sub-microsecond timescales. A key achievement of the SPB/SFX instrument group,
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European XFEL supporting staff, and the SPB/SFX user community has been not only to successfully
realize all these classes of experiment and collect data but also to successfully analyse this data and
publish the results. Indeed, there are even analysis pipelines available for each of these classes of
experiment (each in different levels of readiness and all with contributions or continuing contributions
of the user community).

This document outlines the successful deployment of each of these methods, notes the opportunities
and challenges for the immediate future, and describes opportunities for expansion and growth to
meet the already high and growing community demand for each of these experiment classes.

Scope

This document has been written in preparation for the instrument review of SPB/SFX scheduled

for 15—16 March 2022. This will be the first instrument review conducted at European XFEL, as
SPB/SFX was the first instrument (alongside FXE) to come online and perform user experiments at
the European XFEL in September 2017. Since then, 36 experiments (as of December 2021) have
been performed (of which 17 SFX and 4 SPI experiments used the standardized configurations).

Fig. 1.1 shows a comparison of the number of finished experiments at SPB/SFX to those carried out at
other instruments at the European XFEL. A total of 19 user-driven experiments have been published
(so far) and more are in various stages of preparation. Of these 19 published articles, all present data
collected using MHz repetition rates; 11 are SFX, 3 are SPI, and 5 present time-resolved data.

Number of experiments over time
40
35
30
25
20
15

E I I |I
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2017 2018 2019 2020 2021 Total
mSPB/SFX mFXE mSCS mSQS mHED mMID
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Figure 1.1: Number of experiments carried out at each of the six instruments between 2017 and 2021

This document looks back at what has been delivered by SPB/SFX in the past four and a half years
and looks forward to a number of opportunities that this work at SPB/SFX has opened up for future
scientific directions at European XFEL—most of which are wholly unique to this high repetition
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rate and hard X-ray facility. Specific (though not yet detailed) examples of future directions will be
presented that take into account these unique, future opportunities as well as exploiting the lessons
learned from preliminary experiments already done at SPB/SFX.

The document is organized into a number of chapters mainly addressing issues of science scope,
instrumentation capability, and future opportunities. Note that the future opportunities identified
address both structural biology, the core remit of much of the SPB/SFX instrument, as well as subjects
significantly beyond this field of science. Indeed, the high repetition rate of the European XFEL has
opened up the possibility for both megahertz microscopy of fast, stochastic processes as well as the
study of the three-dimensional structure of heterogeneous populations of material nanoparticles—both
novel applications of a high repetition rate XFEL to materials science.

For convenience, the “Charge to the Committee” is reproduced below. Note that some aspects that

are often part of instrument reviews in general, such as staff loading and graduate student planning,
are out of scope for this first instrument review and are thus not comprehensively documented here.
These topics may be addressed in discussion at the review meeting.
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Charge to the Committee

The six currently operating instruments were opened to user operation between summer 2017 and
summer 2019, and will be reviewed in the period March 2022 — September 2023, after roughly five
years of operation. All six instruments are teeming with scientific ambition. Each was planned to
fulfil a broad variety of needs and requirements of a number of user communities, due to the global
constraint of having only six instruments in the startup phase of the facility. The present instruments
were intended to explore a large scientific space and volume that, by necessity, led to complex

and demanding setups often requiring well-staffed and mature user groups to make effective use

of beamtime. The experience of four years of operation shows that we are now ready to define
more specialized setups and instruments that will allow for efficient studies in specific scientific and
application areas.

The main goals of the instrument reviews are:

1 Assess past performance of the instrument and areas for improvement. Receive constructive
feedback from:
m  Leaders in XFEL science and instrumentation to keep the instruments at a world-leading level
m  Science community—even beyond XFEL science—to provide broader perspectives

2 Receive advice on important future science directions. Your recommendation will be a precious
aid in steering the scientific vision of the instrument for the next decade and will contribute to
develop a foundation (and justification) for the strategic elements under consideration for the
facility.

Your report shall detail responses to the questions below and, in addition, must include a summary of
recommendations.

m  Please summarize your recommendations in up to 10 short statements.
m  Please include specific recommendations given the perspective of future facility development
plans.

1 Research by users and staff

m  Which experiments/results would you rank as outstanding?

= How do you judge the quality of the major part of the experiments done?

m  Has the suite of experiments performed to date efficiently exploited the unique capabilities of
this European XFEL instrument?

m  Should we concentrate activities and resources on specific scientific fields (differently to the
present distribution of experiments)? If so, which?

m  Are there potential users or communities which have not yet been active?
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2 Future scientific directions

Do the short- and long-term research directions of the instrument address the key needs of
users and the broader community?
Are there outstanding areas that may require more emphasis or effort?

3 Technical status of the instrument

Could you evaluate the technical status of the instrument?

How do you judge technical developments initiated by the staff? Where do you see needs for
improvement or additional development?

Are the capabilities and components at the instrument sufficiently user-friendly?

Do you see areas where more effort or even further development by expert (e.g. laser, optics,
detectors, data, sample environment) groups is needed to improve quality, efficiency, or
productivity?

Please provide your evaluation of the instrument in the context of (international) competitors,
both in terms of scope and performance.

4 Future technical developments

Where do you see long-term needs for technical/capability developments?

Would you recommend major refurbishment? If so, on which timescale?

Are there areas where you would recommend a more detailed evaluation by experts in
instrumentation?

Do you see potential for development of common proposals with other X-ray facilities and/or
different investigation techniques (n, e, otherwise)?
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SFX User Consortium

The SPB/SFX instrument is supported by a partnership between the European XFEL and the Serial
Femtosecond Crystallography User Consortium (SFX UC). The SFX UC is a consortium of partners
from the user community collaborating together to provide additional instrumentation, personnel,
and expertise in serial crystallography for European XFEL. Indeed, the instrument was originally
termed the SPB instrument, with its name later changed to “SPB/SFX” as an acknowledgment of the
substantial contributions of the SFX UC.

Serial crystallography has become one of the leading applications of X-ray FELSs, since it allows
structure determination from samples too small for conventional analysis, avoids radiation damage,
provides higher-quality data than achievable otherwise, and allows time-resolved measurements over
timescales spanning 12 orders of magnitude. The popularity of the technique places demands on the
availability of instrumentation and beamtime. Additionally, micro- or nano-crystals of macromolecules
cannot easily be characterised to determine their suitability for serial crystallography with FEL pulses,
other than measuring diffraction with FEL pulses. That is, there is a great need for sample screening
where data may be collected in a minute or less per sample or sample condition, in combination with
measurements of full datasets.

The SFX UC was thus formed with the goal of providing instrumentation for high-throughput serial
femtosecond crystallography and related measurements. By refocusing the spent beam passing
through the hole in the detector of the upstream region of the SPB/SFX instrument to a second
downstream sample chamber, it would be possible to run two experiments at once. The efficient
application of this idea requires a high level of automation and reliability, which needs dedicated,
purpose-built instrumentation. Furthermore, for many macromolecular crystals, a diffraction camera
consisting of a detector with about 2000 x 2000 pixels is required. The UC has already provided
optics and components to refocus the beam, a measurement station with liquid-jet sample delivery,
associated diagnostics, elements of a DAQ system, a pump laser system, and infrastructure
modifications and additions to support the instrument. Outstanding is a suitable diffraction detector,
in this case the larger 4 Mpx version of the AGIPD (1 Mpx version of which is already in use at
SPB/SFX). Although the delivery of the AGIPD-4Mpx detector has been delayed, an external review
and evaluation of the project was conducted and gives some confidence of improved design and
reliability in operation once completed.

Institutions contributing to the SFX User Consortium

m  Centre for Free-Electron Laser Science, DESY, Hamburg, Germany
m  Arizona State University, Tempe, Arizona, USA

= Diamond Light Source, Oxfordshire, UK

m  Karolinska Institute, Solna, Sweden
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m  La Trobe University, Melbourne, Australia

m  Lund University, Lund, Sweden

m  Max Planck Institute for Medical Research, Heidelberg, Germany
m  Medical Research Council, Laboratory of Molecular Biology, Cambridge, UK
m  Paul Scherrer Institute, Villigen, Switzerland

m  Slovak Academy of Sciences, Bratislava, Slovakia

m  Stockholm University, Stockholm, Sweden

m  University of Gothenburg, Gothenburg, Sweden

m  University of Hamburg, Hamburg, Germany

m  University of Libeck, Liibeck, Germany

= University of St Andrews, St Andrews, UK

m  Uppsala University, Uppsala, Sweden

Future opportunities

At present, the SPB/SFX instrument serves a variety of science cases and communities across
both the life sciences and the physical sciences. Most prominently, this includes structural biology,
especially time-resolved structural biology, although time-resolved studies of material behaviour,
synthesis, response to external forces, and stochastic processes are expected to become more and
more prevalent. Figure 1.2 shows use cases that could benefit from dedicated instrumentation in
the future, not only to alleviate over-subscription at SPB/SFX but to provide for more streamlined
and efficient use of beamtime by users as well. Later in this document, we will explore more fully the
possibilities to better exploit these opportunities in more efficient and effective ways in the future.

Serial crystallography (inc. Downstream IR Single Particle Imaging MHz microscopy
time-resolved serial cryst.) New mounting hardware Recent Ayyer et al. The EuXFEL is uniquely
Very high repetition LCP/High Viscosity SFX paper shows the value of poised to do (potentially
rate feasible and ideal with 4 Mpx Jungfrau now large volumes of data multi-projection) MHz
for TR studies more or less standard Nanoparticles microscopy
Includes optical pump, N o TR represent a good SPB/SFX now has two fast
as well as mixing opportunity for method cameras and a development
Certainly still some development while programme
open method questions, delivering science now Can take well prepared
though many now users too

answered

cup1?

y
@ ()

Vagovi¢ et al., Optica 6(9), pp. 1106-1109 (2019)

Wiedorn et al., Nature Comms. 9:4025 (2018) Meents et al., Nature Comms. 8:1281 (2017) )
Griinbein et al., Sci. Data 6:18 (2019) Round et al, (in preparation) Ayyer et al., Optica 8(1), pp. 15-23 (2021)

Figure 1.2: Possible suite of future, more specialized instrumentation to capitalize on the science presently
performed at SPB/SFX
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Science and capability highlights
from early operation

This chapter summarizes a selection of published science highlights from early operation at SPB/SFX.
Some of the yet-to-be-published (and perhaps even more exciting) results are likely to be presented
during the review meeting. At the time of writing, there are a number of finalized results that have
been, or will soon be, submitted to various journals. For the readers’ convenience, a limited selection
of (open access) papers are reproduced in Appendix B. A list of published articles with beam is
documented in Chapter 5. Early operation has, by necessity, predominantly focused on validating the
capabilities of the instrument and extending the scope of existing modalities that can be achieved

at the instrument. As such, there has been a visible bias towards methods and instrumentation in
the highlights published to date. Nevertheless, interesting science questions have already been
answered and more are, at the time of writing, being prepared for publication. In addition to the work of
SPB/SFX users, the life science research of the SPB/SFX group is expanding and taking advantage
of the defined standard configurations of the instrument, some examples of which are included in
Appendix ??. Additionally, single particle imaging and megahertz microscopy for materials science
becomes much more prevalent and very much capable of application.

High repetition rate serial femtosecond crystallography:
A route to high data rate SFX

One of the primary science drivers of the SPB/ SFX instrument is high repetition rate SFX [2]. The
combination of a high repetition rate X-ray source and a high repetition rate capable detector (AGIPD)
offers the possibility to collect SFX datasets within a matter of minutes. The unique train—pulse
structure of the European XFEL presents opportunities, questions, and challenges for the SFX
experimental process, from sample delivery to structural analysis.

The currently highest achievable data rate for SFX experiments at SPB/SFX is 30 times that of LCLS
(3520 diffraction images per second vs. 120). The MHz intra-train pulse structure, however, represents
a nearly four orders of magnitude increase in the X-ray pulse rate. One of the significant questions
regarding a MHz data collection scheme was whether the increase in the X-ray pulse rate would have
an effect on the subsequent analysis and data quality.

A series of early experiments and subsequent publications seek to address this question under
conditions moving towards the current instrument performance, increasing from Beryllium compound
refractive lens focusing of 15 [55] and later 50 pulses per train [17] to KB mirror focusing of 120 pulses
per train [57]. A typical experimental setup for SFX experiments is shown in Fig. 2.1. The primary
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concern was that the environment of the sample, or the sample itself, could be affected by previous
pulses in a train—either by direct interaction with the X-ray beam or by the effect of the X-ray beam
on the sample carrying jet. These investigations looked for correlations between pulse position in the
train and various data metrics and found that there was no measurable difference in diffraction data or
recovered structure quality with a MHz rate pulse delivery scheme.

Pulse 1 Pulse2 Pulse3 Pulse4 Pulse5

e S T SR SR
[ , : !

| ]

AGIPD detector

Jet flow
(100 m/s)

i i | ‘
(147 ns) (1027 ns) (1907 ns) (2787 ns) (3667 ns)

Crystal suspension

Helium gas

3D-printed
nozzle

AGIPD can measure up to:
352 frames at 1.1 MHz
3520 frames per second

European XFEL pulse structure 900 ns
— i« (1.1 MH2) This experiment:
(LLLCTEEAEL . [ITETIL | 385 nso0s frames por socon
i 100 ms :
(10 Hz) E

Figure 2.1: Main: Setup for early MHz SFX experiments with Be lenses producing a ~15 micron focus. Insert:
Jet imaged with fs laser after sequential X-ray pulses showing jet recovery has been shown to be possible in
between pulses at up to 1.1 MHz (although the maximum facility and detector repetition rate is 4.5 MHz). Figure
adapted from [55].

Wiedorn et al. [55] demonstrated that hit rate, indexing rate, and individual diffraction pattern
resolution are unaffected by pulse position within the train (see Fig. 2.2), that the CC* (data metric
useful for comparing data and model quality) is similar for merged data split according to pulse ID, and
that the correlation between merged data from the first and subsequent pulses is consistent.

With similar experimental conditions, Griinbein et al. [17] demonstrated that anomalous sulphur signal
could be observed. In addition, the lengths of disulphide bonds, as a sensitive marker of radiation
damage in lysozyme crystals, were compared from the first and later pulses in a train. No differences
beyond experimental uncertainty were found.

With up to 120 pulses per train and a smaller focus of ~3 microns, Yefanov et al. [57] compared hit rate
probabilities and solved structures for each pulse of the train independently. A number of important
conclusions for MHz rate serial crystallography were presented by Yefanov. These are consistent with,
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Indexing and integration results per pulse c Resolution vs. pulse ID for XFEL-r0085-c00.cxi.stream

51

2500 1.00

o 0.95
2000 -~ ST -

1500
1000
500

mm Hits
s Indexed
WSS Crystals

0.90 44
0.85

Number

0.80

Overall CC*

0.75

Resolution (nm™")

0.70

0.65

0.60 0
12 3 456 7 8 91011121314 1234567 8 91011121314
XFEL pulse ID XFEL pulse ID

Figure 2.2: Left: Hit rate and “indexable” hit rate are consistent across pulse trains with no degradation in quality
(CC*). Right: CrystFEL resolution estimate as a function of pulse shows no decrease in estimated resolution.
Figure adapted from [55].

and firmer than, those of both Wiedorn and Griinbein. They have also been further confirmed by
subsequent experiments at the SPB/SFX instrument and highlighted in the resulting publications.

Those conclusions are re-formulated here:

m  The structures generated from each ordinal pulse in a train show no significant differences from
each other to 1.7 A resolution (detector geometry / wavelength limited).

m  Since the structures determined from each pulse are essentially identical, it is possible to merge
data from all pulses in the pulse train into one dataset without having to account for changes due
to the MHz repetition rate.

m |tis therefore feasible to improve data quality by averaging over all pulses for large datasets, for
time-resolved experiments, or for experiments using small or weakly diffracting crystals.

m Individual datasets with sufficient data for a molecular replacement structure determination
can be completed significantly more quickly than at other sources (in a matter of minutes for a
well-behaved experiment).

A MHz collection scheme does add important additional constraints to the sample delivery scheme.
Liquid jets are often locally destroyed by interaction with the X-ray pulse. A jet must then re-establish
in time to deliver a crystal to the interaction point for the next X-ray pulse. A given crystal (or section
of jet) also must not have been exposed to X-rays from the tails of previous pulses. This results in a
jet-speed requirement that is dependent on the time gap between X-ray pulses. For the commonly
used 1.1 MHz rate, a jet speed of above ~50 ms~' is required [17; 55].

The continuous monitoring of jet behaviour is an important diagnostic for high repetition rate SFX
experiments that has been implemented as a standard at SPB/SFX. The jet is imaged via either ns or
fs optical laser pulses (depending on any additional optical pumping scheme required). Adjusting the
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timing to compare images of the jet from adjacent X-ray pulses gives immediate feedback regarding jet
re-formation (see Fig. 2.1). If the jet is not fast enough, either the jetting parameters can be adjusted
to increase the jet speed or the X-ray pulse rate can be down-selected to increase the time gap
between X-ray pulses. The European XFEL accelerator can now, at the switch of a button, alter its
repetition rate to accommodate experimental needs. For SFX, this is predominantly between 1.1 MHz
and 0.5 MHz.

Significant effort by colleagues from the Sample Environment and Characterisation (SEC) group is
dedicated to the standardization of jets and delivery systems, especially via 3D printing of nozzles.
This results in consistent liquid flow rate and gas parameters to achieve jets of reproducible size and
speed as well as standardizing the day-to-day handling of these devices. This significantly decreases
the barrier to fast nozzle and sample changes and reduces the change of instrument settings required
from nozzle to nozzle. Further details are provided in Section 3.2.1.

A further consideration for the efficient completion of MHz SFX experiments is data handling and
online experimental feedback. A number of user-developed software tools have been integrated

at SPB/SFX, including OnDA [30]. A fraction of the online-corrected AGIPD data is output via the
Karabo-bridge system (see Section 3.4). OnDA performs hit-finding on this data slice and displays live
hit rate and recent hits. Taken together, this information can be used as a guide as to when sufficient
data has been collected for a given sample or experimental condition.

Efforts are also ongoing in collaboration with colleagues from the Data Analysis and Controls groups
to ease the flow of instrument metadata information to users. This information is also streamed

via a Karabo bridge and can help the process of building an automated run log, or database, e.g.
AMARCORD [32], and can help guide the experiment as well as spot instrument configuration issues
quickly. Full information is always stored in the DAQ system for later in-depth analysis.

Early SFX experiments at SPB/SFX have laid the groundwork for successful execution of increasingly
ambitious and complicated MHz rate SFX-based experiments. A dataset sufficient to reconstruct a
high-quality structure can now be collected within a matter of minutes. This opens up the possibility to
collect complex multi-dimensional datasets within reasonable experimental time, e.g. multiple time
points for optically pumped systems and varied sample and substrate conditions in mix-and-inject
experiments. Such experiments are now being performed successfully at SPB/SFX, described further
in Section 4.2.
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High repetition rate single particle imaging (SPI) for structural
studies of heterogeneous populations of nanoparticles

Structural determination of reproducible nano-particles without the need of forming crystals is one of
the outstanding research avenues made possible by the extremely bright and short X-ray pulses from
XFELs [35]. In contrast to the (now) more routine crystallography experiments, individual particles
are delivered in a substrate-free fashion into the X-ray interaction region, usually as an aerosol with
the help of an aerodynamic lens [28]. When an intense FEL pulse interacts with the particle, light

is scattered in the forward direction, forming a diffraction pattern on the 2D photon detector, see
Fig.2.3(a). This diffraction pattern corresponds to a (curved) slice through the 3D Fourier space of the
particle. For large (>100 nm) particles, the signal level can be enough to perform a 2D reconstruction
into real space of individual diffraction patterns, leading to images corresponding to projections of
the particle density along the X-ray propagation direction. These images will have limited resolution.
For smaller particles, the signal level is often too low to be successfully analysed in this manner.
Instead, high-resolution reconstructions are made possible by the fact that the particles arrive into
the X-ray interaction region with a random orientation. Thus, by collecting diffraction patterns on an
ensemble of identical particles, one will eventually sample the full 3D Fourier space with enough signal
to reconstruct the 3D structure of the particle as visualised in Fig. 2.3(b).

(a) (b)

Injected sample

Figure 2.3: (a) Sketch of the setup for single particle imaging experiments. The aerosol injector delivers sample
particles into vacuum, where they intersect with the X-ray beam. The resulting scattering is recorded shot-by-shot
by an X-ray area detector. (b) Single diffraction patterns are oriented and assembled into a 3D Fourier volume,
from which the real space object can be reconstructed using the smoothness of the diffraction pattern as the

constraint used for phasing. Figure and caption adapted from Bielecki et al. [8].

There are two main factors that often limit the achievable resolution in this class of experiment. The
first is the total number of scattered photons, and it relates to the highest resolution where sufficient
signal level was recorded. As the number of photons per X-ray pulse is more or less fixed by the
FEL and accelerator performance, the most reliable way to increase resolution is to collect more
patterns. The second main aspect that limits the resolution is the degree of reproducibility of the
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delivered particles, where the resolution will be limited to the length scale within which the particles
are identical. Sample homogeneity is often characterized and optimized while the sample is in solution
(independently of the diffraction analysis). This approach neglects the behaviour of the sample, and
solution, when the aerosol is formed and liquid subsequently evaporates. Hence, sample delivery
and its effect on sample homogeneity is an extremely important, and often overlooked, aspect of SPI
experiments [7; 8].

At SPB/SFX, we have the unique opportunity to efficiently approach both of these limitations. The high
repetition rate of the European XFEL, in conjunction with the MHz operation of both the accelerator
and the Mpx AGIPD at SPB/SFX, makes it possible to record 3520 diffraction patterns per second.
This is a factor of 30 higher collection rate than previously possible elsewhere, e.g. at LCLS. Secondly,
our recently developed sample delivery scheme [7] and the aerosol characterization methods available
in the SEC laboratories and SPB/SFX hutch, together with our in-house expertise, enable us to
prepare and optimize the sample conditions in collaboration with users before the start of any given
measurement with XFEL beam.

The potential enabled by these factors was first showcased during the Ayyer p2160 experiment.

The aim of the experiment was to collect an unprecedented one million pattern dataset from Au
nano-particles in the shapes of cubes and octahedra with sizes between 17 and 60 nm. This dataset
could then serve as a benchmark for data analysis and structure reconstruction algorithms. As a
reference, the largest previous dataset from an SPI experiment contained approximately 10° patterns.
Before the start of the beamtime, we worked closely with the sample preparation team to make sure
that the sample was efficiently and homogeneously transferred into the aerosol phase. In this way,
we managed, over the course of several months, to go from a sample that aggregated and clogged
the sample delivery equipment, to a close-to-optimal sample with high throughput and sample-limited
homogeneity. As a result, the aim to record one million diffraction patterns was achieved within only
a few hours of measurement time, and, when the experiment was concluded, more than 70 million
diffraction patterns had been recorded.

The first paper published from the Ayyer p2160 experiment presents 3D structure reconstruction to
better than 2 nm resolution for all samples [5] (see Fig. 2.4). Even though we made sure that the
sample delivery did not add heterogeneity to the sample, the Au nanoparticle synthesis inevitably
leads to some degree of inherent heterogeneity in terms of size and shape. To achieve the 2 nm
resolution reported in Ayyer et al., it was necessary to automatically sort amongst the structural
variability in the Fourier domain. Due to the very low beamline background signal achieved by a
two-plane beam cleaning slit procedure [21], the achievable resolution was finally limited by the AGIPD
dark noise single-photon false-positive rate at 6 keV photon energy, a limit that can be improved by
operating the detector in a higher gain mode.
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Figure 2.4: 3D structural reconstruction of (a) 30 nm octahedra, (b) 40 nm octahedra, (c) 42 nm cube, and
(d) 17 nm cube samples with 40 nm scale bars as reference. (e) shows, with the 30 nm octahedra as an example,
the improvement in Fourier domain contrast achieved after structurally sorting the sample ensemble. Figures

adapted from Ayyer et al. [5].
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The ability to automatically sort weak patterns according to their structural classes in this way has
been predicted from simulations but not before shown with real data. Similar problems with structural
variability are to be expected when imaging single proteins, which has long been the ultimate goal

of SPI. Thus, the results from inorganic samples are expected to be of great importance also in the
pursuit of single protein imaging. The diffraction pattern sorting was further taken to the next level in
the second paper [58], where machine-learning was employed to predict the real-space structure at
arbitrary points in the continuous landscape spanned by the variations in question. In particular, this
method was used to follow the melting that was observed by pre-exposure of the Au nano-particles in
the wings of the FEL pulse arriving 880 ns prior to the main exposure.

Such developments are not only of value to the biological single particle imaging programme. There
is increasing interest from the user community to investigate heterogeneous populations of material
nanoparticles, either just across their population or in a time-resolved manner (such as observing NP
synthesis). These experiments are possible already now, and proposals for material NP study are
seen routinely.

{110) (100)

(111)

(100)

(110}

{111)

Figure 2.5: Neural network generated volumes along a latent “melting” coordinate. The melting occurs from left
(spherical, melted) to right (cubic, intact). The top three rows show Fourier domain data along three directions,

and the bottom three rows show the corresponding real space density projections.
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Small angle scattering at XFELs: Results and opportunities

Taking advantage of the MHz repetition rate to enable improved statistical analysis, filtering, and outlier
rejection, proof of principle of the recovery of validated form factors from proteins in solution using
XFEL pulses has been shown for what is believed to be the first time (see Section 4.6). A collaboration
of motivated experts (EMBL Hamburg, CFEL, and European XFEL) measured standards and corona
virus — related proteins of interest. Comparison of the same samples collected using an XFEL source
and conventional synchrotron data collection, along with complementary measurements of samples
using lab-based techniques, enabled validation of the data collected at the SPB/SFX instrument.

Further work to expand upon these results is already planned to enable small angle X-ray scattering
experiments with XFEL pluses more routinely, and thereby enable time resolved studies of biological
systems that can take advantage of the unique properties of FELSs.

MHz repetition rate microscopy: Pilot experiment

The development of XFELs has, in part, been driven by the very clear applications for imaging
molecule-scale objects down to fs-scale temporal dynamics. The European XFEL uniquely provides
MHz repetition rate, highly intense, fs-duration X-ray pulses with up to 24 keV photons (and possibly
up to 60 keV in future). This opens up new possibilities for the imaging of matter such as fast,
stochastic motion-tracking of objects with velocities up to km/s. Using full-field, single-shot microscopy
techniques, the smooth evolution of certain processes can be observed with high contrast. EUXFEL
provides a possible sampling time in the range of 222 ns — 282 pus, with a burst duration of up to

600 us, meaning the tracking of objects at micron and sub-micron scales can be realized with
velocities of up to km/s. Unlike pump and probe (PP) approaches, where the recording is done

at a certain phase (delay time), MHz microscopy can record a sequence of images (movie) for a
given probe signal and record the unique realization of a single stochastic event. Such a recording
scheme can thereby provide significantly more information than averaged datasets obtained by PP or
stroboscopic approaches.

The pilot experiment noted here has demonstrated the feasibility of XFEL MHz microscopy for
tracking fast, stochastic phenomena by recording sequences of phase contrast images of laser-driven
explosions [49], see Fig. 2.6.

Using a parasitic beam delivered by the SPB/SFX KB optics with a photon energy of 9.3 keV and a
recording frequency of 1.1 MHz, clear tracking of individual debris exhibiting velocities of ~34 m/s is
demonstrated (Fig. 2.7).
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Figure 2.6: Schematics of the time-resolved MHz X-ray microscopy of laser-induced dynamics in a water-filled

glass capillary.

Figure 2.7: Image sequence of a laser-driven explosion of a capillary filled with water imaged at the European
XFEL. Sequence (a) is the result of high-pass adaptive filtering to remove the high-frequency noise and image
flickering, sequences (b) and (c) are the result of optical flow analysis [34] shown as a directional vector for the
movement of debris (b) and the velocity maps (c) (see Visualization 1). The phase retrieval of the corresponding
sequence (d) is performed using an ADMM-CTF algorithm [52].
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These early results demonstrated that MHz Microscopy at EuUXFEL is feasible and high resolution and
high quality images can be recorded as compared to synchrotron sources (Fig. 2.8). This open up
new possibilities proposed in Section 4.5.
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Figure 2.8: Power spectra of the frames with the highest SNR for the XFEL (SNR = 10.69) and the ESRF (SNR =
6.17) of the datasets compared in [49].

Today’s capabilities

In short, the SPB/SFX can routinely perform SFX and SPI experiments in regular operation. The SFX
experiments are, as at all XFEL facilities, dependent on the behaviour of user sample in the sample
delivery process and a program to screen sample delivery behaviour is commencing the second half
of 2022 to address this potential limitation.

The very new methods of the XFEL SAXS and MHz microscopy have been demonstrated at SPB/SFX
too with clear and successful results. While not yet as mature as SFX and SPI, they hold enormous
promise for future application now that first experiments have been successfully completed.

XFEL.EU TR-2022-002 March 2022
SPB/SFX Instrument Review Report 23 of 160






Instrumentation in operation

Brief overview

The European XFEL accelerator delivers electron pulses into a fan of undulators [12], as shown

in Fig. 3.1. The SPB/SFX instrument is located downstream of SASE1, a hard X-ray undulator
producing X-rays from below 5 keV to above 20 keV (beyond the range of SPB/SFX’s operation in
both directions). Currently, SASE1 and SASE3 (soft X-ray undulator) often operate in a so-called
“interleaved” mode, where electron bunches within a bunch train are fed into each undulator alternately.
The rate delivered to SPB/SFX can then be down-selected from the nominal (interleaved) rate of
1.13 MHz. The remainder of the electron pulse train is then conditioned for the SASE2 undulator. The
total length of the operating window for SASE1 is restricted to (in practice) about 400 us per train. If
the pulse repetition rate is reduced, fewer pulses are available per pulse-train given this finite window.
Down-selecting the pulse rate therefore also reduces the overall achievable data rate.
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Figure 3.1: Layout of the photon beam systems at the European XFEL facility

The basic overview of the instrument is not repeated here for brevity. It is described in [29], and the
downstream capabilities, including high viscosity SFX, MHz microscopy, and more, are described
in [19]. In short, the SPB/SFX instrument is capable of many forward scattering techniques across
photon energies from about 5 keV to greater than 15 keV.

Parameters offered to users are summarised in a two-page “fact sheet”. The most recent fact sheet,
relevant to the call for the second half of 2022, is reproduced here for convenience.
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SPB/SFX Instrument Parameters for User s‘a":pE'I‘_
Experiments (run 2022-02)

Version 1.0

19/10/2021

Photon beam parameters

Photon energy

Pulse energy

Photons per pulse (at source)
Pulse duration

Focal spot size (FWHM)

Photons / pm? (at sample)
Train repetition rate
Intra-train repetition rate
AE/E

No. of bunches per train

Sample delivery systems:

6 - 12 keV Up to 15 keV potentially possible

22 mJ Typical at 9.3 keV

~1x 1012 Derived from previous two fields (@ 9.3 keV)
25fs Estimated

-~ 3 um Two KB mirror systems available

<400 nm

> 1010 Derived. Includes abs, expected spot size range.
10 Hz

1.1 MHz (4.5 MHz, 100 kHz, some quasi-arbitrary patterns)
~0.2% Estimated

<352 Some quasi-arbitrary patterns possible.

In vacuum (upstream, 1 Mpx AGIPD) and in-helium (downstream, roadrunner, Jungfrau 4M)

Liquid jet injector rod

Sample injection nozzles
(GDVN and DFFN)

High viscosity liquid jet
Aerosol injector

Fixed target sample holder

Pressure systems

¥2* nozzle rod with M9x1 mm fine thread nozzle mount compatible
with the CXI nozzle rod at LCLS (MPI design), 1030 mm in length.
Additionally, 25mm nozzle rod with M23 fine thread.

3D printed nozzles to produce pm-sized liquid jets. Other nozzle
types also possible. Nozzles are expected to be user-supplied
unless otherwise arranged with SEC group prior to proposal.

Mounted on nozzle rod. ASU or EuXFEL design
Aerosol produced by electrospray. Other nebulizers also possible

Various available. Please consult with instrument scientists prior
to proposal.

HPLC pumps, syringe pumps, gas-pressurised sample reservoirs

AGIPD 1 Mpx detection properties

Number of pixels
Pixel size

Minimum sample—detector
distance*

Resolution at edge @ 9.3 keV

Max sample detector distance

Hole size

I BN 7 ENLIGHTENING SCIENCE

1024x1024 4 quadrants, each 512x512 pixels
200 um x 200 um

~129 mm Maximum 200 mm stroke

<2A At minimum distance from sample
~55m

8 mm. Possibly
~5 mm—Ilarge



European

SPB/SFX Instrument Parameters for User
Experiments (run 2022-02) — page 2 XFEL

Optical laser system 1 properties

Wavelength 800 nm From 740 to 840 nm (pulse duration
is longer than 15 fs)

Pulse duration 15-300 fs

Repetition rate 4.5 MHz Down to 100 kHz

Pulse energy 50 pJ

Wavelength conversion SHG, THG (no OPA) SHG (370—-420 nm), THG (246—-280
nm)

Spot size 30-50 um Diameter (estimated, typical)

Optical laser system 2 properties

Wavelength 1030 nm No wavelength tunability

Pulse duration 1-400 ps

Repetition rate 4.5 MHz Down to 100 kHz

Pulse energy 1md

Wavelength conversion SHG, THG, FHG SHG (515 nm), THG (343 nm), FHG
(258 nm)

Spot size 30-50 ym Diameter (estimated, typical)

Optical laser system 3 properties (Opolette 355 HE)

Wavelength 210 — 2400 nm OPO output

Pulse duration 3-7ns

Repetition rate Single shot — 20Hz Down to 100 kHz

Pulse energy 0.5-9mJ Dependent on wavelength
Spot size 4 mm Near field

Three of these systems can be operated simultaneously

Photon Arrival Monitor (PAM) timing tool available for micron beam experiments, depending on
experimental configuration. TOPAS in commissioning and potentially available for experiments
for run 2022-02. In Helium serial crystallography with Jungfrau 4M detector also available.

In these cases, discussion with instrument scientists before proposal submission is essential

Please discuss your experiment plans with an SPB/SFX instrument scientist before submitting your

proposal. They can help you with any details that may have updated, assist with evaluating experiment
feasibility, and much more.

Contacts:

spb.sfx@xfel.eu
sample.environment@xfel.eu
useroffice@xfel.eu
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Sample delivery methods

A key group of technologies required for successful experimental outcomes requires the presentation
or delivery of sample or samples—crystalline, non-crystalline, biological, inorganic, or otherwise—to
the XFEL beam in order to have its structure interrogated. Traditionally, SFX has relied on the injection
of micro-crystals in a liquid medium to present samples at a rate commensurate with XFEL repetition
rates [11; 43]. This includes both lower viscosity media (with viscosities closer to that of water) as
well as higher viscosity media, such as lipids in the cubic phase (LCP), which, in many cases, are
more amenable to containing and transporting crystals of membrane proteins. Increasingly, systems
presenting crystals on surfaces as so-called “fixed targets” are used too. As the European XFEL
operates at extremely high repetition rates within the “train”, sample delivery methods compatible with
MHz repetition rates are desirable. For methods that are not yet compatible with MHz rates (such as
fixed target sample presentation) we have ongoing development projects to translate these methods
to become MHz capable (such as a “beam sweeping” project that seeks to exploit fixed targets at
high repetition rates by scanning the beam across targets, rather than trying to move them at speeds
compatible with MHz rates).

Liquid samples

For delivering liquid samples into the instrument, a nozzle rod and catcher system designed within the
SFX User Consortium (SFX UC) has been installed and is presently in operation [45]. The standard
rod system provides a load-lock mechanism to insert nozzles into the chamber without breaking
vacuum. Recent developments in imaging hardware, control software, and organizational structure
allow the exchanging of nozzles within 20 minutes. The system can be loaded with standard nozzles
as well as high viscosity extruders and more complicated systems, such as a segmented flow setup in
development with Arizona State University. The most widely used standard nozzles are gas dynamic
virtual nozzles (GDVNSs, [13; 22]) and double-flow-focusing nozzles (DFFNs, [37; 22]). GDVNs provide
fast jets for MHz repetition rates with few-um diameter by compressing a liquid jet in a high-pressure
helium stream. DFFNs add an additional liquid sheath layer between sample liquid and helium gas.
For many samples, they provide more stable and reliable jetting.

Liquid sample delivery has been standardized as far as possible. Sample is loaded into reservoirs that
can be mounted to a temperate-controlled shaking device in order to avoid settling. The reservoirs are
pressurized using an HPLC pumping assembly. To ensure availability of the pumping system, the SEC
group has standardized these systems, organizes regular maintenance, and keeps backup systems
available. Switching between different samples, running water or empty buffer for alignment, and
providing mixing agents is realized with a standard valve box. The entire system is Karabo controlled
and can be accessed from the experiment hutch, the preparation lab, or the control room. During
liquid jet beamtime, a SEC jetting expert is on shift to supervise jetting conditions and quickly react to
any irregularities.
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For many user groups, the sample consumption for a full dataset is a key parameter deciding on the
feasibility of an experiment. We therefore have to efficiently use the sample provided by the users. In
order to increase sample efficiency of the instrument, methods to reduce sample consumption are in
development. For these methods, e.g. drop-on-demand sample delivery or segmented flow , lower
flow rates are required. Actual flow rates are at the lower limit of the operation range of conventional
HPLC pumps. To enable further flow-rate reduction, the SEC group is investigating the possibility of
introducing syringe pumps for sample delivery. This technology has the potential to deliver liquids
pulsation-free at extremely low flow rates. This is important because pulsation in the sample flow can
induce instabilities that lead to nozzle clogging or synchronization loss.

Microfluidic device fabrication

Microfluidic devices enable the precise control of fluids and the generation of micrometre-sized
gas-focused liquid jets, high-viscous streams, and near-monodisperse droplets suitable for X-ray
diffraction and scattering experiments at XFEL instruments.

Recent achievements and advances in liquid sample delivery methods for experiments at the
SPB/SFX instrument are described in the article “3D printed devices and infrastructure for liquid
sample delivery at the European XFEL’ [50], which was compiled by SEC, SPB/SFX, FXE, and

SQS group members as well as external collaborators. In this work, we present a variety of novel

3D printed liquid sample delivery devices (Fig. 3.2), whose construction is based on the two-photon
polymerization (2PP) 3D printing technique. These devices encompass GDVNs for delivering
microcrystals, mixing-GDVNs for time-resolved studies, high-viscosity extruders (HVEs) for studies
of proteins within the LCP, and electrospray coned capillary tips (CCTs) for enabling aerosol-based
samples. This fabrication method maintains the highly reproducible geometric features of the devices
that are suitable for time-resolved SFX as well as SPI experiments at XFEL facilities.

Furthermore, all current and future 3D design files (with detailed descriptions of the design parameters
and experimental requirements) are available for download through a GitHub repository, accessible
under:

https://github.com/fimiot/EuXFEL-designs

With this repository, we hope to positively impact the quality of sample delivery devices, not only

by fuelling new design ideas and improvements in the community but also by allowing users to
facilitate sample injection tests at their home institute prior to an experiment at the European XFEL.
Importantly for operation, we now also provide such 2PP 3D printed nozzles for users when required.
This provides common quality control and more uniform conditions, ideally leading to improved
experimental outcomes and better experiment risk mitigation.
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Figure 3.2: Overview of a 2PP 3D printed mix-and-inject device (i.e. mixing-GDVN) consisting of a 2 mm long
micromixing channel (a microscopy image offers a view of the micromixing channel as seen from the top) fused to
a GDVN tip. Magnification of the jetting region (bottom) demonstrates how a stable liquid jet inside the SPB/SFX
sample chamber interacts with the X-ray pulses, which further create gaps into the liquid column. Upstream of
the jet, throughout the micromixing channel, highly efficient and homogeneous mixing occurs via 3D diffusion
across the flow direction, and retention times of several tens to several hundreds of milliseconds can be controlled.
To access even longer retention/mixing times, a modular assembly approach can be pursued in which a printed

micromixer and GDVN are connected by a liquid capillary extension of custom length.
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High-viscosity extruders

High viscosity samples, such as membrane proteins in lipid cubic phase, are mainly injected in the
helium downstream sample environment. Because of low flow rate, these experiments are conducted
at a 10 Hz repetition rate.

Two kinds of standard high-viscosity extruders are available for the SPB/SFX instrument: A modified
version of the injector developed and distributed by Arizona State University [53] (ASU extruder) and a
new design for the European XFEL (EuXFEL extruder). The ASU extruder provides a 40 pl or a 120 pl
reservoir and has been used successfully for many experiments at LCLS and the European XFEL.
The EuXFEL extruder provides a novel 440 pl glass reservoir for longer operation time and easier
filling. Both devices are compatible with the standard nozzle rods and can be used in the upstream
sample environment.

For using the extruders in the downstream helium sample environment, a small helium chamber with a
nozzle catcher has been built. The catcher accepts a short version of the standard nozzle rod. So we
can use any nozzle rod compatible injection device in the downstream helium environment.

These higher viscosity extruders, while presently only 10 Hz compatible, are also potentially
amendable to the benefits of “beam sweeping” and may be later high repetition rate compatible too.
This would, naturally, increase the attractiveness of performing these experiments at the European
XFEL compared to normal-conducting (~ 100 Hz) XFEL facilities elsewhere.

Aerosols

Weakly scattering samples require a sample delivery method that introduces very little to no additional
background scattering. For such samples, which typically are single particles or nano-crystals, an
aerodynamic lens that focuses an aerosolized sample into the interaction region is used [28]. The
aerodynamic lens is compatible with the standard catcher system used for SFX experiments at the
SPB/SFX instrument and can utilize the full XFEL repetition rate. This capability is now routinely
provided for users.

Typically, the sample, suspended in a volatile solution, is transferred into the gas phase by formation of
nano-droplets, leaving behind naked sample particles/crystals after evaporation. In most cases it is of
paramount importance to remove any non-volatile components in the solution in order to avoid signal
contamination from the resulting covering of the particle. To reduce the effect of such non-volatile
components, droplets as small as possible are used in the aerosol formation process [7]. The particles
are subsequently transported by a sheath gas inside the aerodynamic lens, after which a particle
beam with FWHM in the range between 10—-100 um is achieved at the interaction region [18].
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The electrospray nebulizer that is most commonly used produces droplets with diameters in the
size range between 100—200 nm. Use of this nebulizer requires the sample solution conductivity to
lie between 100—-7000 uS/cm and needs a combination of N> and CO,, for stable operation. These
relatively strongly scattering gases limit the achievable resolution for biological samples due to their
contribution to background. A main focus in our internal research programme is to successfully
replace most of the N, and CO, with He using novel microfluidic devices fabricated at the European
XFEL, which in turn would greatly reduce the background scattering.

Solid samples

A number of experiments require the sample to be presented on a solid substrate or in solid form itself.
As one is generally unable to move a sample fast enough between MHz rate pulses to expose a fresh
site, experiments using solid samples are constrained to collecting data either (a) from subsequent
pulses in a train from the same position or (b) from a single pulse per train (i.e. 10 Hz).

A number of options exist for introducing solid samples to the X-ray pulses at SPB/SFX:

m  Custom support attached to IRU nozzle rods
m  Custom support attached to IRU hexapod
— Use of SmarAct stages for additional X, Y, Z, and rotation axes
— Sample scanner with standard frame
m  Roadrunner installed at SPB/SFX (IRDa) [48]
— Chips of varying designs can be mounted in a temperature and humidity controlled
environment
— Can also be used as the mounting point for other devices, i.e. drop on demand

These presently deployed methods are all constrained by collection mode (a) or (b), as described
above. However, ongoing R&D is underway to avoid this constraint by clever manipulation of the
incident beam, thus providing hope of enabling high-throughput and sample-efficient measurements
(see Section 4.3.3).

Detectors in operation

Two “large” 2D detectors support operation of two interaction regions at the SPB/SFX instrument. The
one megapixel AGIPD (AGIPD 1Mpix) is an integral part of the upstream interaction region. It was
developed specifically for European XFEL to enable wide spectrum of measurements, which utilize
both time structure and brightness of the X-ray beam delivered at the European XFEL facility. The
detector was delivered and commissioned in mid-2017 and has been in operation since then. The four
megapixel unit of the AGIPD detector (AGIPD 4Mpix) was envisioned for the downstream interaction
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region starting from 2017. Currently, due to delays in the AGIPD 4Mpix project, experiments at the
downstream interaction region are realized with the help of the four megapixel Jungfrau (Jungfrau
4Mpix) detector, which is available for users since 2019. Nominally, this detector in compatible with
10 Hz operation at the European XFEL. The SPB/SFX instrument group is working with detector
groups of European XFEL and Paul Scherrer Institute to enable operation of the additional 15 memory
cells and therefore increase acquisition rate to 160 Hz.

AGIPD 1Mpix
General description

The AGIPD 1Mpix [1] is a 1 megapixel detector, which at SPB/SFX is part of the upstream interaction
region. It was designed to operate in the photon energy range from 6 to 18 keV and to a provide
dynamic range of 10* photons at 12 keV. The detector consists of 16 front-end modules (FEMs). Each
FEM consists of 512 x 128 pixels. All pixels, except double-sized pixels between the ASICs, have a
pitch of 200 um. An array of memory cells behind the pixels enables acquisition of up to 352 images
per train. The FEMs are grouped into quadrants (see Fig. 3.3). The relative position of the FEMs
within each quadrant is fixed, while horizontal and vertical positions of the quadrants can be tailored to
each experiments needs. The relative position of the quadrants is evaluated with sub-pixel resolution
using data from a reference sample, typically crystalline lysozyme.

Figure 3.3: The AGIPD 1Mpix detector at the SPB/SFX instrument with the front (left) and rear (middle) panels
of the detector vessel removed. Left: The front-end-modules are cooled using the four movable Cu blocks.

The motor stacks visible beneath and above the quadrants are use to adjust the geometry of the detection
plane. Middle: Electrical and cooling interfaces. Photos taken during the readout board upgrade in Dec. 2020.
Right: Detector head in the nominal position during the SFX experiments. The Al-coated shield and Ta mask
striped are visible. The sample delivery infrastructure (not shown) is aligned with respect to the X-ray beam with

the help of hexapod shown at the bottom of the image.
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Since its installation in 2017, the AGIPD 1Mpix became the main detector of the SPB/SFX instrument,
and it is typically used for protein crystallography and single particle imaging. It was also successfully
used for small angle scattering experiments and proof of principle MHz X-ray photon correlation
spectroscopy [26], a technique routinely used now by the MID instrument with the second unit of the
AGIPD detector.

The AGIPD 1Mpix operates in vacuum and is separated from the sample chamber by a DN500 valve,
allowing access to the sample chamber during operation, while the detector remains cooled and under
vacuum. During a typical experiment, a sample-to-detector distance of around 125 mm is achieved by
translating the detector head into the sample chamber. To protect the detector against exposure to
sample, an Aluminum-coated 13 um thick kapton shield is placed in front of the sensors (Fig. 3.3). The
vacuum level inside the isolated detector chamber is on the order of 10 x 10-® mbar. However, when
connected to the sample chamber, pressure can exceed 1 x 10* mbar, depending on the gas load due
to liquid jet operation. The detector is armed with interlocks to prevent electrical discharges at higher
pressures or mechanical damage during operation.

By design, the AGIPD 1Mpix supports 4.5 MHz operation. However, during most experiments, the
feasible acquisition rate is restricted by the sample delivery rate. For a given acquisition rate, the
number of pulses per train recorded with the AGIPD 1Mpix is, in practice, often limited by the size

of RF window assigned to SASE1. To account for the (unfortunate) dependency of the calibration
constants on the acquisition rate and number of memory cells filled, only a few configurations are
available: 352 memory cells at 1.13 MHz, 202 memory cells at 0.56 MHz, and 64 memory cells at 1.13
MHz. Operation of the AGIPD 1Mpix is supported by the online and the offline calibration pipelines.

It has to be stressed that the AGIPD 1Mpix is a one-of-a-kind detector that was developed specifically
for the European XFEL. Since first light, two units have been deployed: one at SPB/SFX and the other
at the MID instrument. Performance of the AGIPD 1Mpix is the subject of ongoing studies. Since its
arrival at the SPB/SFX instrument, significant improvements have been made in terms of quality of the
raw and corrected data. Further details regarding the detector calibration and operation procedures
are described in internal European XFEL documentation, which can be provided on request.

Detector calibration and commissioning

To ensure the data collected is of best quality, calibration constants are evaluated on a regular basis.
Pedestals, thresholds, and bad pixels are estimated at least once per shift. The flat-field data is
taken at the beginning of every experimental run as part of the instrument restart following each
maintenance period. In addition to the regular detector calibration tasks, SPB/SFX supports a detector
studies programme of the Detector group. For this purpose, several shifts per run are allocated by the
instrument for detector studies. Two such projects are briefly summarized in the following section.
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Baseline shift

The AGIPD 1Mpix exhibits a so-called “baseline shift” towards negative values that is proportional to
the total number of photons detected in a given front-end module. The “baseline shift” is a change in
the pedestal (i.e. “baseline”) level as a function of the total number of photons detected by a FEM. To
quantify and correct for this effect, a sufficient number of dark pixels are required. Therefore, 2 mm
wide tantalum stripes were installed in front of the detector to fully shadow a fraction of each FEM (see
Fig. 3.3) and therefore independently measure the baseline. This baseline shift was attributed to an
error in the design of the readout circuit. The effect was mitigated by reducing the resistance of the
selected resistors within the readout circuit. In February and March 2020, the slope of the baseline
shift for various configurations of the readout boards was studied by the AGIPD developers, detector
scientists, and members of the SPB/SFX group. For the optimal set of resistors, the baseline shift is
around one order of magnitude lower than originally observed. Successful tests were followed by the
upgrade of the AGIPD 1Mpix readout boards during the winter maintenance period of 2020. The
tantalum mask is still required for measurements with high overall intensity.

“Snowy pixels”

The “snowy pixels” effect is associated with the intensity levels around the transition region between
high and medium gain. The AGIPD uses so-called “adaptive gain”, where the gain in a pixel reacts to
the incident intensity. For AGIPD, there is a finite probability that a pixel may be read out in a transition
state between gain levels, and the signal read no longer maps to the correct gain value. As a result, a
much higher value is registered for such a pixel. Visually, for most colour scales, this effect manifests
as some (seemingly arbitrary) pixels that should be part of a smooth signal being much brighter that
their neighbours, hence the colloquial name “snowy pixels”. This effect is especially troublesome in the
case of crystallographic data, as those pixels around may be incorrectly classified by algorithms as
Bragg peaks. The severity of the effect depends strongly on the background level. For example, in
case of an intense water ring, up to 10% of the pixels register unrealistically high values. Although, the
ASIC would need to be redesigned in order to eliminate this effect, the probability of the pixel getting
trapped in the transition phase is reduced in practice as far as possible by a practical and opportune
tuning of the detector settings (see below).

One option to mitigate the “snowy pixels” is to operate the AGIPD 1Mpix in fixed medium gain—e.g. to
suppress (or switch off) the adaptive gain and constrain the detector to only work in its “medium” gain
range. This approach is suitable for measurements that do not require single photon sensitivity, i.e.
potentially SFX type data collections.The fixed gain translates into reduced dynamic range in contrast
with using the adaptive gain. For example, should the diffuse scatter between Bragg peaks also be
of interest, fixed medium gain would no longer be appropriate, and variable gain used with efforts to
mitigate the effect of “snowy pixels” would be necessary.
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The fixed medium gain mode of operation was implemented at the beginning of 2021 and, since then,
it was successfully used for a number of experiments, including the COVID-19 research programme.
An alternative way to address the problem of “snowy pixels” is to extend the time between the arrival of
the X-ray pulse (and the generation of charge in the pixel) and the onset of the readout by extending
the exposure time. The frequency of the “snowy pixels” appearing as a function of the exposure time
was studied at SPB/SFX in August 2021. Examples of the diffraction patterns from a water jet are
shown in Fig. 3.4. For an exposure time tg, = 200 ns, the number of snowy pixels decreased by three
orders of magnitude in comparison with the data taken with the nominal setting of te, = 120 ns. To
quantify the benefits for serial crystallography from using the longer integration time, lysozyme crystals
were measured for both settings. Results are documented in Tab. 3.1 and 3.2. To summarize, an
improvement of 30% in indexing rate and 25% in SNR was achieved. Note that the longer integration
time implies that the maximum repetition rate is reduced, though 200 ns is still compatible with the
1.1 MHz rate, which is, at the time of writing, the highest practical (sample delivery limited) repetition
rate achieved for serial crystallography.
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Figure 3.4: Lysozyme data collected for (left) texp = 120 ns and (right) fexp = 200 ns
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AGIPD 1Mpix data for fexp = 120 ns
Dataset Hit/indexed rate Overal indexing rate N_crystals

1 90.40
2 92.70
3 92.33
4 80.19
5 85.11
Mean 88.15

AGIPD 1Mpix data for fey, = 200 ns

Dataset Hit/index rate

1 96.95
2 96.78
3 96.86
4 97.39
5 91.43
Mean 95.88

0.53
0.41
0.44
0.37
0.25

0.4

0.66
0.61
0.59
0.57
0.64
0.61

3187
2540
2708
2389
1309

Overal indexing rate N_crystals

4476
3848
3823
5627
4013

N_frames
605596
613272
608626
652460
516716

N_frames
677508
630038
647612
984952
623574

Table 3.1: Results of lysozyme SFX measurements for various exposure times fexp

to 2 A, while indexing up to 4 A.

AGIPD 1Mpix data for fexp = 120 ns
Dataset Overall indexing rate (%)

1

aa A~ W N

Mean

1.81
1.41
1.52
2.29
1.54
1.71

AGIPD 1Mpix data for fex, = 200 ns
Dataset Overall indexing rate (%)

1

a ~ WD

Mean

2.1
1.96
1.92
1.82
3.24
2.21

N_crystals
10935
8671

9228
14936
7974

N_crustals
14299
12374
12431
17953
20189

N_frames
605596
613272
608626
652460
516716

N_frames
677508
630038
647612
984952
623574

SNR
5.04
4.57
4.68
5.72
417
4.84

SNR
5.84
5.46
5.41
6.45
7.01
6.04

SNR
3.42
3.12
3.24
2.91
2.24
2.99

SNR
4.06
3.86
3.80
4.44
3.77
3.99

. Hit finding was performed up

Table 3.2: Results of lysozyme SFX measurements for various exposure times tex. Both hit finding and indexing

were performed up to 4 A.

XFEL.EU TR-2022-002
SPB/SFX Instrument Review Report

March 2022
37 of 160



Jungfrau 4M
General description

The downstream interaction region (IRD) is devoted, presently almost exclusively, to experiments

in a Helium atmosphere. The AGIPD 4Mpix was originally planned to be the main detector for the
IRD. However, due to delays in delivery and support from the SFX User Consortium (SFX UC), an
alternate solution has been deployed in the form of a 4Mpx Jungfrau detector with 75 pm pixel and
320 pym silicon sensors. The detector head, along with a typical diffraction pattern, are shown in

Fig. 3.5. Eight Jungfrau modules [33] are arranged into two columns; each column can be moved
independently in the horizontal direction. The vertical gap between the modules is fixed, while the gap
between both columns can be adjusted from 0 to 20 mm. Similarly to the AGIPD 1Mpix, the Jungfrau
detector is protected against contamination (e.g. from sample debris) using a Kapton shield. Over the
last few years of operation, several versions of the shield were developed to accommodate various
experimental needs. Two examples are presented in Fig. 3.6.

Figure 3.5: Leff: Head of the 4Mpix Jungfrau detector at SPB/SFX. Two columns of Jungfrau modules are
attached to copper cooling blocks and are installed on separate horizontal stages. Both the housing and
protective shield were removed for this photograph Right. Example diffraction pattern. The signal is dominated
by the water ring. The broken areas within the temporary modules are visible. (Imperfect “temporary” modules
were delivered prior to the final, production quality modules, which have since been delivered to replace them).
Round shadow at the edges and in the corners of the image corresponds to the part of the signal clipped by the

exit aperture of the sample chamber.

Typically, the detection plane is positioned around 110—-120 mm from the interaction region. However,
the entire detector head can be translated downstream up to 300 mm to accommodate easier access
to the sample region. The detector distance and geometry is calibrated (as with the AGIPD 1Mpix)
using lysozyme as a reference sample. Nominally, the Jungfrau detector operates using a single
memory cell, which, in the case of SFX measurements, translates into 10 Hz operation. To relax this
limitation, SPB/SFX is collaborating with the detector groups of European XFEL and Paul Scherrer
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Figure 3.6: The Kapton shields used at SPB/SFX to protect the Jungrau 4Mpix detector from exposure to the
samples. Left: The Jungfrau 4Mpix with Aluminium-coated mask at the nominal distance from the interaction
region. For this setup, the background on the detector was reduced with the help of straw guiding the direct
beam out of the sample chamber. Middle: Shield with the additional straw, which guides the direct beam further
downstream from the interaction region. Right: Shield with configurable panels used for detector studies. The

shield motor stack is mounted on top of the detector housing.

Institute to enable operation of the 15 additional memory cells that the Jungfrau detector poses.
Further details about the current status of the Jungfrau detector and the commissioning of the multi
memory cell operation is detailed in European XFEL internal documentation, which can be provided
upon request.

The online as well as offline calibration pipelines support the single memory cell operation of the
Jungfrau detector. An upgrade of both pipelines to enable multi-cell operation is underway. From the
control, the data acquisition, or the calibration point of view, each of the modules is treated as an
independent detector. All units share only the trigger, with an option of individual adjustment of the
delay between the trigger and acquisition start.

Commissioning, calibration, and maintenance

Pedestals and bad pixels are evaluated at least once per shift, typically when dark images are
acquired at the beginning and end of the shift. The flat-field data is taken at the beginning of every
experimental run as part of the instrument restart after each maintenance period.

The current version of the readout boards only allows limited calibration of the Jungfrau front-end
modules using the European XFEL infrastructure. In terms of gain, only the high gain stage calibration
constants can be evaluated periodically at SPB/SFX. For the medium and the low gain stages,

the gain constants provided by the supplier, PSI, are applied. The situation will improve with the
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arrival of the latest version of the readout boards. Thanks to enabled back-plane pulsing, in-house
characterization of the detector over the entire dynamic range will then be possible.

The relative position of the modules is evaluated for every experiment using the SFX data from the
model sample, typically lysozyme. One of the ongoing projects between SPB/SFX and the Data
Analysis group is automating generation of the geometry file, which encodes the specific geometry of
detector modules.

The SPB/SFX group is responsible for assembly and maintenance of the detector. Replacement of
the front-end modules and the readout boards is performed by designated scientists along with the
engineers. To ease this task, specialized tools were developed by the engineers of the SPB/SFX
group. As an example, the stand enabling safe rotation of the detector head and easier access to both
FEM and readout board is presented in Fig. 3.7.

Figure 3.7: The Jungfrau 4Mpix during replacement of a front-end-module. The specialized stand allows easier
access to all the components.

Status of the front-end modules

Due to limited availability of the FEMs, the detector at SPB/SFX was, initially, equipped with only three
top-quality modules. The remaining five slots were populated with so-called “temporary modules”,
i.e. modules with minor defects (e.g. single broken ASIC). The defects are shown in Fig. 3.5. All the
temporary modules are scheduled for replacement during the 2021-2022 winter maintenance period.
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Multi memory cell operation

It is clear that access to only a single memory cell of the Jungfrau pixel impairs productivity of the
downstream interaction region. Faced with the accumulating delays of the AGIPD 4Mpix delivery,
SPB/SFX put more effort into enabling access to the remaining 15 memory cells of the Jungfrau
detector. In collaboration with PSI, the Detector and SPB/SFX groups performed systematic studies of
the multi-cell operation mode.

Here, only the key findings are highlighted:

= In the case of the detector running in the adaptive gain mode, calibration of the raw data collected
in the high gain is fully understood. Calibration of the medium and low gain data still poses a
challenge. A large gap between pixel values corresponding to the high and medium gains points
towards problems with the correct estimation of the pedestals.

m  Analysis of data collected in the fixed medium gain mode yielded encouraging results. Although
the lack of the incident intensity monitor at SPB/SFX prevents the absolute calibration of the
detector in the fixed gain mode, it should not prevent the detector from being used successfully for
SFX measurements. As the next step, the test protein crystallography experiment with Jungfrau
detector using multiple memory cells at the fixed medium gain is scheduled for the first half of
2022. An absolute intensity monitor is scheduled for installation at time of writing.

Upgrade of the detector’s infrastructure

Based on the lessons learned during the first years of operation, the SPB/SFX instrument group
decided to upgrade the detector. Engineers and scientists from the group are working on a new design
of the Jungfrau detector and its immediate infrastructure. The conceptual engineering review was
held on 10 November 2021, during which proposed solutions were presented to the engineers and
scientists external to the project. The concept of the new Jungfrau 4Mpix detector is shown in Fig. 3.8.
The final engineering review is planned for the beginning of 2022. The detector is scheduled for
assembly during summer maintenance period of 2022. It will be commissioned and available to users
in the second half of the year. Unfortunately, due to significant delays in the delivery of some critical
electrical components, an intermediate solution will be implemented for the time period between the
deployment of the detector in 2022 and the arrival of the desired parts in 2023.
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Figure 3.8: The Jungfrau 4Mpix during replacement of a front-end module. The specialized stand allows easier

access to all of the components.
In the framework of this project, the following improvements are implemented:

= New readout boards, which will allow for calibration of the medium and low gains
m  The interlock of the detector will include inputs from
— Temperature of the cooling blocks
— Temperature of the readout boards
— Temperature of the coolant
— Flow rate of the coolant
m  Motorized vertical motion (40 mm travel range) of the detector head
m  Adjustable limit and collision switches
m  Redesigned shield motion
m  Change from the TDK Lambda to MPOD power supplies
m  New electrical interface to the control system and the detector diagnostics
m  Detector cage providing safer hoisting and craning detector in and out of instrument

The upgrade will enable safer, more reliable, and more automated operation of the Jungfrau detector,
which supports ongoing efforts to ease operational burden and focus on scientific data collection and
results.

Coming detectors

AGIPD 4Mpix By design, the four megapixel AGIPD (AGIPD 4Mpix) detector is planned to support
operation of the downstream interaction region. At its core, the front-end module will resemble

that of the AGIPD 1Mpix. Similarly, it will utilize 500 p thick Si, 200 um x 200 pm pixels, and array

of capacitors will provide storage for 352 values (as per the 1Mpx version). The geometry of the
FEMSs will resemble the Jungfrau 4Mpix detector. The FEMs will be arranged into independently
movable halves (Fig. 3.9). In contrast to the AGIPD 1Mpix at the upstream interaction region, the
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entire electronics of the new AGIPD will be placed inside the vacuum chamber. The much greater
dimensions of the AGIPD 4Mpix lead to a different concept for the detector motion. While the AGIPD
1Mpix remains fixed with respect to its vessel, and change in the sample-to-detector distance
requires translation of the entire detector chamber, the detector plane of the AGIPD 4Mpix will move
inside a stationary vessel. A great amount of heat to be dissipated from the detector combined with
the in-vacuum motion poses a great challenge from the engineering point of view and is, in part,
responsible for some of delays in detector delivery. According to the most recent estimates from the
provider (DESY detector group), the AGIPD 4Mpix is expected to be delivered in 2023.

Figure 3.9: Model of the AGIPD 4Mpix planned for the downstream interaction region at SPB/SFX

Gothard Il Six Gothard Il detectors with 25 um pitch were ordered for SPB/SFX. Three of those are
assigned for the X-ray diagnostics in the hutches, while the remaining three visible light sensitive units
are planned to be used for the timing diagnostics.

Data analysis tools for SFX, SPI, and other purposes

A particular challenge at high repetition rate XFEL facilities is making sense of the large volumes
of data that can be collected, particularly 2D image data collected at high repetition rates. Different
analysis steps can take place on different timescales, as it is almost impossible to both perform all
desired analysis steps thoroughly and keep up with the acquisition rate overall.

In practice, a compromise between thorough analysis and immediate feedback is required. Data
analysis is therefore grouped into the domains “online” (quasi live during an ongoing experiment
with or without concurrent data acquisition), “near online” (analysis from file data directly or shortly
after acquisition), and “offline” (any time after data acquisition, often even days or weeks after the
beamtime).

XFEL.EU TR-2022-002 March 2022
SPB/SFX Instrument Review Report 43 of 160



Online analysis

Online data analysis serves the main purpose of monitoring the experiment and previewing the
soundness of produced data; as such, it is tightly linked to the control system. The online calibration
of multi-gain megapixel area detector data can be seen as a first step of data processing and is
implemented as a pipeline in the European XFEL control system, Karabo.

The major use cases in the broadest sense (SFX and SPI) at MHz rates have a fundamental similarity
in that not every pulse will interact with the sample of interest. The resulting hits and misses need to
be defined using the data itself. This necessitates initial processing and calibration as well as the
definition of appropriate metrics for the data of interest (hits) in contrast to the background measured
when no sample is present in the interaction region at the time of arrival of an X-ray pulse. The hit rate
is dependent on the sample and delivery method and can routinely be less than 1%. Filtering the hits
and minimizing the processing overhead for images not containing data related to the sample is a high
priority and, as far as possible, common tools are used with optimized “hit” definitions for each type of
experiment.

In some cases, specific analysis types are developed as part of the control system, i.e. implemented
as Karabo devices, as well. An example is the pump—probe timing-jitter analysis tool described
below, a collaboration between scientists from the SPB/SFX group and engineers from the Data
Analysis group. Typically, data analysis within Karabo is of a general-diagnostic nature: pump—probe
synchronization analysis, for instance, serves all time-resolved experiments, including the fields of
SFX and SPI. Where online data analysis is to be performed by dedicated stand-alone software, it
must receive the relevant data as exported from the control system. An infrastructural tool for this,
called the “Karabo bridge”, has been developed by the Data Analysis group and is used at all of

the European XFEL instruments, including SPB/SFX. On the client side, both a C++ and Python
library exist to receive data streams over the bridge, using the ZeroMQ technology. This endpoint is
currently embedded to European XFEL software tools (EXtra-foam, EXtra-metro) as well as user
community-provided software (OnDA for SFX and Hummingbird for SPI).

EXtra-foam (Fast Online Analysis Monitor) [15] is a stand-alone GUI application based on a framework
that provides real-time and offline data analysis (detector geometry, pump—probe, azimuthal
integration, ROI, statistics, etc.) and visualization for experiments that use 2D area detectors (AGIPD,
LPD, DSSC, FastCCD, JungFrau, ePix100, etc.) and 1D detectors (Gotthard, XGM, digitizer, etc.) at
the European XFEL. EXtra-foam allows users to perform EDA (exploratory data analysis) in real time
by “probing” the data with a combination of different analysis tools, e.g. monitoring individual pulses
in a train, checking correlation, and trying different normalization methods, etc. This is particularly
useful if users are not sure what the data really looks like or want to have a sanity check. EXtra-foam
provides tailored data analysis configuration and visualization for specific experiments. For example,
in a pump—probe setup, it allows users to choose how the pump and probe pulses are distributed
(e.g. in the same train or a different train) by providing several typical “modes”. It also integrates
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important plots in a single window so that users can gather abundant information at a glance. At
SPB/SFX, EXtra-foam has been used for commissioning purposes as well as SAXS and fluctuation
X-ray scattering user beamtimes.

EXtra-metro is a software solution for flexible user-defined online data analysis, abstracting away

the processing machinery to a back-end framework (metropc), so that the actual pipeline of data
transformations can be expressed as high-level, script-like Python code that becomes injected at
runtime. This allows for convenient on-the-fly reprogramming of analysis workflows, with fast iterations
and explicit implementations to solve a given problem in the very same moment. EXtra-metro
connects to online data through a front-end device in Karabo and provides graphical visualization of
results either in a separate lightweight GUI client or by sending reduced data back into the Karabo
GUI. At SPB/SFX, it is increasingly used in the context of X-ray imaging and pump—probe experiment
setup.

ipc:///ftmp/metropc-abfef7f6

View Rate / Hz
trains 9.9
~ karabo
SPB_EHC_PAM/DAQ/SPEC_SIG:daqOutput(data.a. 9.9
v view
V! pulse_spectrum 9.9
V! train_waterfall 9.9

v Handle subscriptions automatically Profiles ~

1. vim gotthard-spb.py (ssh) ‘

(
data: 'SPB_EHC_PAM/DAQ/SPEC_SIG:daqOutput[data.adc]'):
"""Spectra of all pulses in a train as waterfall plot
restricted to a region of interest

return data[:, 200:500]

(
data: train_waterfall):
"""Spectrum for one pulse-of-interest as line graph

return data[5]

Figure 3.10: Example of basic EXtra-metro usage to visualize multi-pulse Gotthard detector traces from the
SPB_EHC_PAM system. Both a 2D “waterfall” view with colour-coded intensity for all pulses in an XFEL train and

a 1D line graph for one selected pulse are shown, as well as the “context” code to produce these.

Offline analysis

For file-based SFX data processing and analysis, some well-established community software exists.
The processing of “raw” (but, in case of European XFEL, already gain-corrected) pixel detector image
data to structure factor intensity data in terms of peak finding, indexing, integration, scaling, and
averaging is typically performed with either the CrystFEL package [54] or with the CCTBX/DIALS
software [10]. The independent nature of single-shot diffraction images allows the distribution of data
onto subsets of frames to be independently processed by different nodes of an HPC cluster. The
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SLURM workload manager is used on the DESY HPC cluster Maxwell, including its relevant partitions
for European XFEL staff and beamtime users.

In order to get closer to online data analysis in an “offline” file context, the Data Analysis group

is working on pipelines to automate processing workflows, with the plan to trigger such pipelines
automatically as soon as complete runs of acquired data are available at the relevant storage system.
In the scope of an R&D project (an internal research and development scheme), the pipeline tool
Extra-Xwiz is being developed for the SFX use case.

Currently, EXtra-xwiz serves as a wrapper around the CrystFEL software suite, with the following
tasks:

m  Presenting European XFEL format HDF5 data (a separate set of files per detector module) as
coherent single-file “virtual” dataset (VDS) in CXI format as required by CrystFEL

m  Configuring and launching (in case of multiple iterative) jobs of the CrystFEL programs
indexamajig and partialator for crystallographic data reduction from raw detector images with
Bragg diffraction patterns to crystallographic structure factor datasets.

m  Distributing the computation onto chunks of data for parallel processing by employing the SLURM
workload manager

Based on a well-annotated parameter configuration in a file—covering both input data/geometry

file path specifications and CrystFEL parameters—the complete processing can be run in a fully
automated fashion (Fig. 3.11), which is particularly useful for batch processing of multiple runs from
identical experiment setups, given an established bad-pixel mask and CrystFEL-format detector
geometry file. There are plans to include the steps of pixel outlier determination (hot pixels and other
artifacts) and detector geometry optimization into the automated workflows. Xwiz features auxiliary
data conversion steps for pixel masks from binary HDF5 arrays to rectangular mask objects in the
geometry file and for the data layout (reference) in the geometry file from Cheetah-CXl to VDS-XCI.

One highlight from the broader analysis program was making sense of ~ 1 PB of SFX data, collected
in the frame of the COVID-19—related experiments during the beamtime and including the production
of electron density maps. In general, for SFX users, we can now provide information that any
crystallographer can make sense of, removing the need for specialist XFEL knowledge from the user.

Moreover, Xwiz has a module for multi-dimensional grid searches over the parameter space, varying
different analysis aspects: peak-finding parameters, the indexing algorithm used, subsets of frames
from a run, or even the version of CrystFEL, just to name some options.
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Figure 3.11: Schematic representation of a semi-automatic pipeline for SFX in its current implementation.

Starting from HDF5 datasets in EUXFEL or Cheetah/CXI format, diffraction images are processed in three steps
using CrystFEL tools, embedded in a workflow with a SLURM interface for distributed computing: (1) Initial
crystallographic peak-finding and indexing of all detector images, followed by graphical determination of a crystal
unit cell. (2) Peak-finding and indexing in a low-scattering-angle detector area using the preliminary unit cell,
followed by selection of the indexable image subset (“crystal hit frames”) and unit cell refinement. (3) Peak-finding,
indexing, and pixel intensity integration at predicted positions on a high-scattering-angle area using only the
diffraction image subset, plus the refined unit cell. Crystallographic scaling and intensity averaging yields a unique
reflection dataset, suited to reconstruct the macromolecular structure (not yet part of the pipeline). Preparative
steps—such as (A) automatic conversion of EUXFEL data to the required CXI format in a “virtual” dataset or (B)

optional import of pixel masks into the detector geometry description file—are also supported.
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Extension to “non-standard” use-cases

The tools presented above are developed as far as possible in a common framework to support all
of the more standard use cases with minimised overheads (processing and staff support). At the
same time, the possibility of optimisation for individual experiments and implementation of “user code”
for specific tasks should be maintained. As such ongoing developments for optimisation of initial
detector calibration and filtering combined with support for experiment specific user requests - with the
caveat that implementations should be available for the wider community - give scope for supporting

individual experiments as well as the development of the facility as a whole.
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Future developments

Overview vision

Notwithstanding the relatively young age of the European XFEL and the SPB/SFX instrument,

in this chapter, we present directions for medium-term development of the science possibilities
presently covered by the SPB/SFX instrument. These are largely the science cases supported by
the instrumentation highlighted earlier in Figure 1.2. Each of these fields—time resolved serial
crystallography, single particle imaging, MHz microscopy, and the very nascent field of attempting
what are traditionally low repetition rate serial crystallography experiments at MHz rates—are all now
applicable to use cases in a broader scientific community, utilize the unique properties of European
XFEL (including its high repetition rate, high pulse energy and higher photon energies), and have
predominantly completed proof-of-principle demonstrations. In light of these benefits, ultimately,
most of these applications warrant dedicated instrumentation for the improved efficiency, uptime, and
experimental outcomes that come with specific hardware. This is also in line with overarching strategic
ideas at European XFEL, where the need for future instruments to address more specific science
capabilities will not only improve efficient and effective use of beamtime but will also improve access
for new users who may not have (and should not need) a detailed background in facility-scale X-ray
sources. The case for each of these science applications is made below, most urgently for serial
crystallography, which offers concrete output though has specific needs for effective operation.

Even more immediately, the consolidation of best working practices and increasing automation is
envisaged to reduce the human resource overheads for “standard” experiments and allow more
efficient use of beamtime for collection of larger datasets, increasing the number of time points
collected, statistics, and data quality parameters. These issues of automation and efficient operation
are in discussion with the relevant supporting groups here at European XFEL.

In the meantime, ongoing and future planned projects of the SPB/SFX instrument group and
collaborators are very broad and serve to

= Bring us towards the goal of efficient and effective use of beamtime

m  Standardize the existing experiment configurations

m  Extend the capabilities of the SPB/SFX instrument to enable new classes of experiments for the
future

A non-exhaustive summary of the major development projects currently ongoing are detailed in this
section and in Appendix ??.
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High repetition rate time-resolved SFX

Time-resolved SFX (TR-SFX) is an obvious scientific exploitation of the SFX capabilities of the
SPB/SFX instrument, especially given the appetite for “dynamic structural biology”. See e.g. reviews
by van den Bedem & Fraser [6] and Orville [38]. The goal of any TR-SFX experiment is to capture
structural change during the course of a reaction or induced conformational change at appropriate
temporal resolution.

The X-ray pulse structure of the European XFEL and the flexible optical laser pumping schemes
available at SPB/SFX provide multiple opportunities to investigate reaction pathways on biologically
relevant timescales. The combination of this experimental flexibility and fast data rate means that full
reaction pathways can be investigated within reasonable experiment timeframes of a few beam shifts.
The two principal experimental methods in TR-SFX are optically pumped or triggered reactions and
mix-and-inject schemes.

In optically pumped schemes, a reaction or conformation change is triggered by output from a

timed optical laser pulse. At SPB/SFX, a large range of pump wavelengths are available, including
multi-pump schemes with ns lasers (see [29] for details). The fs pump—probe laser can deliver an
arbitrary pulse pattern at the same intra-train rate as the X-ray pulses with an arbitrary delay to the
X-ray pulses [39]. The time jitter (short term) between the laser and X-rays can be as low as 10 fs
RMS, and the time drift (medium to long term) can be kept to a minimum, made possible by the optical
locking scheme between the accelerator gun laser and the instrument pump laser [46]. User-defined
laser pulse patterns allow for collecting a control, “unpumped” state at the same experiment conditions
as a “pumped” or optically excited dataset, increasing the robustness of later analysis. User-defined
X-ray pulse patterns offer the ability to collect diffraction with increasing delay after an initial pump.
The 880ns (1.1 MHz) intra-train spacing typically used in SFX means that pump—probe delays from

1 s to 300 ps can be collected in a single dataset.

Most biological systems are, however, not driven by light, and here mix-and-inject schemes may

be appropriate [44]. In a mix-and-inject experiment, crystals and substrates or reagents are mixed

at a well-defined point inside a delivery device, usually a more sophisticated version of the nozzle
type used in other SFX experiments. For well-controlled experiments, the diffusion time of substrate
through a crystal should be negligible compared to the reaction turnover time. This implies using
crystals that are as small as possible; as a technique, this is very well-suited to FEL SFX instruments,
which can collect analysable diffraction patterns from crystals of 100s of nm in size.

This mixing point of crystal and substrate can be altered within the nozzle design and, together with
the diffusion time, this defines the time delay at which the reaction is probed by the X-ray pulse.
Recent experiments at SPB/SFX have achieved delay times as low as 5 ms for crystals a few microns
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in size [41]. In these cases, each X-ray pulse in a train can be considered to have probed essentially
the same delay time (e.g. 5 ms + 0 to 300 ps) and taking advantage of this allows multiple datasets
with different delay settings to be collected in a few beam shifts.

Repeatable and tunable mixing nozzles are a key part of mix-and-inject experiments. New versions,
based on 3D printing, are being developed within the European XFEL Sample Environment group, and
we continue to accommodate advances in injector technology from the wider user community (see e.qg.
Knoska et al. [23]).

Multi-parameter TR-SFX experiments put high demand on instrument setup and alignment, and, to
explore a large parameter space might require several changes during a single experiment week.
These type of experiments would particularly benefit from close to real-time analysis. The ability to
evaluate whether structural changes were visible or likely at a certain delay point or whether enough
data had already been taken at a given delay point would increase the efficiency of the measurements
and confidence in the data.

Notwithstanding these challenges, recent work (including work yet to be published) at SPB/SFX has
shown that close to real-time analysis of large SFX datasets is not only possible, but such analysis can
be used during beamtimes to make decisions relevant to live experiment design and success.

LCP and fixed-target SFX (toward high repetition rate serial
crystallography of viscous or fixed samples)

Sample-efficient methods are required

SFX experiments and, in particular, SFX at MHz data collection rates, by necessity demand rapid
sample delivery (for replenishment between each pulse). The consequence for this, however, is
dramatically increased sample consumption (mL). Moreover, this can be highly inefficient, as the
majority (more than 99%) of continuously delivered sample will pass through the interaction region
while there are no X-rays—a direct consequence of the bunched time structure at the European XFEL.
The amount of sample required is a significant and practical problem that is limiting for many samples
(at all facilities). This is particularly so as production quantities can be highly cost- and time-limited
when scaled up to be feasible for an experiment at an XFEL. A related issue is that many of the most
scientifically interesting samples are sensitive or difficult to produce, and this is perhaps part of the
reason they have not already been studied using traditional methods. Even for samples that can be
scaled up by “only” accepting increased costs, this is not necessarily feasible for all groups currently
engaged in XFEL research and is a preventative barrier, particularly for those with interesting science
new to the field.
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High viscosity jets can be more sample-efficient, utilizing slower injection speeds to more effectively
use the sample. However, there is still a significant sample requirement for sample injection testing
and, as the jet is larger than the beam, the injected sample is also not most efficiently used.

Fixed-target sample delivery is the most efficient method in terms of use of the available sample.
Minimal testing is needed in most cases. Appropriate sample handling can keep the crystals hydrated
even in the absence of excess mother liquor, which is preferable for data collection. Efficient chip
loading can provide hit rates in excess of 90%, and nearly all crystals loaded onto a chip can be
presented to the X-rays for data collection.

While high viscosity jets and fixed targets have two key benefits (lower sample consumption and
preferred media for many interesting membrane proteins), such sample delivery schemes are
inherently limited if only naively implemented at the European XFEL. This is fundamentally due to the
European XFEL time structure, which forces a 10 Hz operation for experiments in this modality (these
samples, in their simplest form, do not refresh quickly enough for high repetition rate operation). This
case compares unfavourably with other XFEL facilities operating at 120 Hz, or even 60 Hz, as all other
operating, normally conducting XFELs do today. Nevertheless, we will later outline methods that can
make such delivery methods indeed higher repetition rate compatible, and hence very attractive at
high repetition rate XFEL facilities, such as the European XFEL.

Path to automation

Sample injection (both low and high viscosity) requires careful preparation, including jetting tests

and optimization of delivery media parameters, crystal size, and concentration to minimize clogging.
Furthermore, jets, being potentially unstable and prone to clogging, cannot always be reliably operated
without supervision. These issues are addressed both by developments and activities within the SEC
group as well as by user groups. Nevertheless, injection methods have specific challenges when
aiming toward full automation, which would, in turn, reduce the barrier of entry for new and non-expert
users.

Fixed-target sample delivery methods, on the other hand, are the standard for the majority of
synchrotron crystallography endstations and potentially much simpler to automate. Although the
specific methods of mounting the samples vary, the high level of automation (and sample tracking)
facilitated by the fixed sample can support extremely high throughput with relatively low direct

staff involvement [9; 47]. Moreover, serial data collection methods are increasingly employed at
synchrotrons using fixed-targets arrays of micro-crystals (adaptation of mesh scans) with a high
degree of automation. An automated instrument for SFX at the European XFEL based on fixed-target
sample delivery would be be highly beneficial to the community, not only for efficient data collection
but also to facilitate crystal screening and testing independent of the ability to jet the sample reliably.
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The downstream interaction region IRDa has now been commissioned, and 10 Hz operation at
atmospheric pressure has been shown to be reliable. However, as the greater SPB/SFX instrument
supports a very wide variety of science with varied instrument configurations, the installation and
alignment overhead to set up IRDa for SFX is detrimental to efficiency and limits increasing the
level of automation. These configuration changes are a consequence of the physical constraints for
these other (also applicable and successful) experiments and are unavoidable even if efficient dual
operation could be implemented with differing repetition rates. A dedicated location for testing IRDa
apparatus and experiment setups outside the SPB/SFX experiment hutch would facilitate automation
developments, though they would still not overcome the installation and reconfiguration overheads.
Below (Section 4.3.3.2) we propose a way to address both this experimental overhead as well as
provide a path to MHz-capable SFX for fixed-target and high-viscosity sample delivery systems,
opening up the attractive world of (in viscous media) membrane protein crystallography to efficient
interrogation by the European XFEL beam.

MHz SFX from “slow” samples

Fixed targets and high viscosity injection, while amenable for the highly scientifically interesting and
challenging samples, are limited by the rate at which fresh sample can be presented to the XFEL
pulses. For example, the roadrunner design that is installed at SPB/SFX (IRDa) is capable of kHz data
collection with synchrotron radiation [48]. However, this is still too slow to take advantage of the the
European XFEL pulse train; therefore, these sample delivery methods are presently limited to only
10 Hz (single pulse per train).

Acceleration (and deceleration) of sample for a MHz scanning rate on a fixed target is a fundamental
practical limitation and one of the reasons for the adoption of fast liquid injection as the preferred
sample delivery method for MHz SFX. As high viscosity jets are also not able to be accelerated to the
required speeds for MHz operation, moving the beam instead of the sample is a viable and achievable
alternative, which could allow sample-efficient data collection at high repetition rates. The “holy grail”
goal is to have the best of both worlds: minimal sample consumption, while still benefiting from data
collection at very high repetition rates, which complete datasets in a fraction of the experiment time
required at lower repetition rate facilities).

Beam sweeping concept

Deflecting the XFEL beam via grazing incidence mirrors can provide angular displacements on the
order of microradians, resulting in positional changes relative to the distance between mirrors and
measurement plane. By sweeping a grazing incident mirror upstream of the sample plane, the beam
can traverse fixed- and slow-sample delivery methods and illuminate “fresh” sample (a new location)
at MHz rates. While oscillating such a mirror back and forth would require rapid acceleration and
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potentially result in problematic vibrations, the suggested concept is to rotate a mirror at up to 10 Hz to
sweep the beam across the sample during the train.

In the framework of a project funded by the Réntgen-Angstrém Cluster, in close collaboration with
the FS-CFEL-1/BMX group of Alke Meents, the development of this concept of beam sweeping to
enable data collation with a fixed target and other slow delivery methods at the MHz repetition rate of
the European XFEL facility is underway. Utilizing radial speeds of up to 6 rad/sec, two consecutive
X-ray pulses are reflected at different angles from an X-ray mirror. Thus, individual crystals located in
adjacent (vertical) positions in a sample holder will be exposed to separate pulses in the train. The
fixed target is then able to be translated transversely at 10 Hz (which is already achieved), and data
from individual crystals is collected at MHz rates as the beam sweeps over the sample vertically.
Separation of the 4 micron diameter focused beam by 5 micron steps would allow measurement

of separate crystals and, over the train (assuming 352 pulses maximum frame rate of AGIPD),

the separation between the first and last pulses would be on the order of 1.75 mm. However, the
possibility of radiation effects from previous pulses in neighbouring pores cannot be discounted

and necessitates an increased pore spacing of up to 20 um (used in other studies [42; 48]), where
radiation effects have not been observed. The resulting vertical displacement during the train in this
case would be 7 mm.

Route to implementation

The design of the beam-sweeping mirror is underway, and the construction and testing of the
prototype is planned to begin in 2022. Validation of the prototype at synchrotron sources is envisaged
to begin in late 2022 and early 2023 in preparation for testing at the SPB/SFX instrument. To facilitate
this ongoing development and its commissioning and implementation, an expression of interest for

a long-term proposal at the European XFEL as part of the call for proposals for Run 8 (deadline

3 December 2021) was submitted. This project is in line with the remit for the long-term proposal

and will require an ongoing programme of testing to integrate building new instrumentation and new
capabilities for the benefit of the user community.

Additionally, an R&D project as part of the European XFEL R&D programme, in collaboration with
EMBL Hamburg and the Moscow Institute for Science and Technology (MIPT), has been implemented
for systematic studies for SFX on membrane proteins (SSFXMP). The aim of this is optimize
preparation, delivery, and data collection protocols for membrane proteins, including comparison and
optimization of data collection approaches with fixed targets and high viscosity injection.

By combining the optimized workflows (for sample preparation, handling, and delivery) developed in
the SSFXMP project with access to an optimized, automated instrument for sample efficient SFX

samples, there is a route to enable access for not only new user groups but for samples that are not
currently amenable to XFEL studies. Extending this beyond 10 Hz in the future with beam sweeping
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or CW operation would provide unprecedented access, data collection, and extension of XFEL data
collection to the wider user and structural biology community.

Finally, on a practical note, to address the obvious need for more beamtime for dedicated SFX at the
European XFEL as well as to reduce the operational overhead of setting up the existing atmospheric
pressure SFX sample environment, we propose to move the IRDa hardware (CRL lens stack and
attenuator, sonic delay line, in-Helio YAG screen, RoadRunner, Jungfrau4M) to a dedicated instrument
in the medium-term future. This is consistent with the European XFEL strategy process, which
foresees eight (8) instruments in the medium-term future (an increase of one from the six presently in
operation and the seventh under construction). This would allow not only user operation for standard
SFX measurements without regular reconfiguration but also continued work on the realization of

high repetition rate SFX on fixed and viscous samples. Operation of this dedicated fixed-target SFX
station could simply be for one or two days per week, while configuration changes are underway in the
other hutches, where even 10 Hz operation would be of direct benefit to the user programme and the
number of deliverable hours. Furthermore, once the beam sweeping methodology is commissioned,
such an endstation could operate almost transparently in parallel with other instrumentation. A
movable mirror in the beam transport (in a tunnel) could pick off one train intermittently at a very low
frequency. This would essentially reduce the delivered beam to parallel instruments by a negligible
amount, but would allow such an SFX instrument to operate for almost all periods of time when beam
is delivered. For example, one train “picked” every few seconds could provide competitive SFX data
rates, and only a few percent reduction of total fluence (or number of pulses) to parallel instruments.

XFEL single particle imaging

XFELs are perhaps synonymous, for some, with the idea of X-ray single particle imaging (SPl)—the
concept that the structure of non-crystalline, yet mostly reproducible particles, can be determined to
ideally atomic resolution through utilizing the sheer brilliance of individual XFEL pulses along with the
spatial coherence of such a source [35; 3; 8].

The early user experiments at SPB/SFX have shown that we, indeed, have a good foundation for
achieving high-resolution reconstructions from SPI experiments. Furthermore, the unique high
repetition rate at the European XFEL confers significant benefits on this photon- and pulse-hungry
technique [5; 58]. Nevertheless, there are a few outstanding issues to overcome before sub-nm
resolutions can realistically be achieved. Perhaps most important is the parasitic diffraction signal from
the carrier gas that is used to transport and focus the particles into a narrow beam at the interaction
region. To enable the electrospray-based formation of droplets small enough to avoid substantial
contamination from non-evaporative buffer compounds in a sample solution, a mixture of 90% N
and 10% CO: is used as the carrier gas. The scattering from these relatively heavy gas molecules
creates a background scattering signal that adds incoherently to the sample diffraction. As the gas
molecules are significantly smaller than the sample particles, this background signal drops off much
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slower in the high-resolution regime compared to the sample signal. Thus, at high momentum transfer,
q, the sample signal is drowned out by the gas scattering, and it is virtually impossible to discriminate
between the two. The main effect of this background signal is the inability to accurately orient the

2D Fourier slices inside the full 3D domain, which, in turn, limits the achievable resolution even after
background subtraction.

To overcome this signal contamination, we have developed, with the guidance of gas-mixing
simulations, a 3D printed micro-fluidic electrospray capillary tip that incorporates a local low-flow
N2/CO, atmosphere close to the Taylor cone, while the bulk of the transport gas is replaced with a He
flow that transports the particles. Lab-based tests indicate that we can achieve a decrease close to a
factor of 10 in background scattering with this scheme, although we still have development work to do
before we are ready to deploy these devices. In a similar manner, we are working on improving the
electrospray throughput. The standard electrospray geometry has been shown to have an intrinsic
transmission of less than 10%, while relatively small changes in the design can bring the transmission
up to 80% [16]. This should translate directly to an increased number of collected diffraction patterns
and, hence, achievable resolution.

Another source of parasitic scattering comes from the beamline, especially with the highly divergent
nano-KB beam. Here the solution is to re-imagine the beam cleanup slit-configuration and integrate
sets of miniature slit-blades placed a few cm away from the interaction region. These have, at the time
of writing, just been integrated into the sample chamber at SPB/SFX and are presently in test. This
compares favourably to the 40 cm distance we previously had to the closest slits. This will enable us to
achieve a proper beam cleanup configuration [21] also with the nano-focused beam.

In summary, we expect to see substantial improvements already in the short term with regards to
the number of diffraction patterns we can collect as well as the data quality. Both of these gains will
translate directly to higher achievable resolution.

Strategically, it is fair to ask what role single particle imaging can play at XFELs. There have been
criticisms of SPI using XFELs from both within the XFEL community and also from the electron
microscopy community, where static structures of biomolecules to applicable resolutions are an
increasing success story. Here we propose to position SPB/SFX and the European XFEL to capitalize
on present applications that can be performed today as well as being able to drive and take advantage
of developments that may broaden XFEL SPI's applicability in the future. Today, SPI of higher atomic
number nanoparticles (NPs) from heterogeneous populations is feasible, in no small part because

of the unique, high repetition rate at the European XFEL. This capability potentially has a breadth of
applications from optical behaviour of NPs, to quantitatively studying the structural heterogeneity

of catalyst NPs, and much more. Simultaneously, the development of SPI will enable European
XFEL to remain open to the possibility of SPI on biological particles in future, notwithstanding the
present signal-to-background challenges for these lower atomic number systems we observe today.
This remains an attractive, if further off, goal, as these particles can be delivered in number at the
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European XFEL, in aqueous solutions and potentially even with time resolution. In the good news,
as the instrumentation for both present materials’ science applications and developing biological
questions is essentially identical, we can pursue the latter, stretching goals while still harvesting
science in materials science in what is now almost routine operation.

MHz X-ray microscopy: Route towards 3D information and
hard X-ray acquisition

Motivated by early results at SPB/SFX (see Section 2.4), we have performed several upgrades and
improvements that resulted in significantly superior image quality and have facilitated data recording
procedures. It is now possible to use the direct beam (Fig. 4.1) from the horizontal offset mirrors,
which provides smooth illumination (Fig. 4.2). This is in contrast to previous, parasitic illumination
delivered by the micron focusing KB (MKB) optics.

MHz X-ray microscope

Horizontal offset mirrors X-ray pulse train Power slit Power slit Diamond window -
. . Dynamic sample o
SASE1 undulator /——— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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Figure 4.1: Direct beam configuration for MHz X-ray microscopy at the SPB/SFX instrument

Figure 4.2: Images of the beam illumination using (a) the previous parasitic MKB illumination and (b) the direct

beam illumination from the more recent experiment.

A recent pilot MHz microscopy experiment at SPB/SFX using 24 keV photons achieved, for the first
time, ~ 800 pJ per pulse. Using these conditions time dynamics in aluminium samples (see Fig. 4.3)
and the pump laser driven explosion of a droplet held using acoustic levitation were recorded with
unprecedented contrast.

We have demonstrated that XFEL MHz projection microscopy provides a unique tool to reveal fast
stochastic dynamics showing superior contrast to synchrotron MHz microscopy. However, with just a
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Figure 4.3: Example data recorded at the SPB/SFX instrument using direct beam illumination with 24 keV
photons at ~ 800 pJ per pulse showing an image of an Al foaming process (leff) and PP laser driven explosion of

a water droplet trapped in an acoustic levitator (right).

single projection, only simple objects can be studied, as complex dynamic objects might be difficult
to interpret. Access to 3D information via conventional approaches is not applicable if one needs
sampling of 3D frames with >1kHz repetition rates—one can simply not “spin” samples fast enough for
traditional tomography at these rates. Due to XFELs having three orders of magnitude greater number
of photons per pulse compared to synchrotrons and ~20 eV bandwidth, along with divergences in
both orthogonal directions comparable to the angular acceptances of diffracting optics, the SASE1
source provides enough photons to employ crystal optics as beam splitters. Each splitter can redirect
a portion of the beam (~1 x 10'° photons) through a point on the sample plane from a different relative
angle. Such “views’ will be imaged by MHz X-ray microscopes, and 3D information for each X-ray
pulse will be recovered by software processing to provide a 4D sequence.

We have proposed two splitter systems and obtained third-party funding to enable their development.
One is based on a Laue multi-beam splitter optimal for seeded beams, and a second (more recent
design) is better suited for broader spectrum beams and optimized for SASE1 beams. The first
design is currently characterised at synchrotrons, and the second design has already undergone
first characterisation at the SPB/SFX instrument, providing promising results. These developments
are proposed and driven by the Center for Free-Electron Laser Science (CFEL at DESY) and

Lund University, in close collaboration with the European XFEL SPB/SFX instrument group and
Industrial Liaison Office (ILO). Early developments are supported by the ongoing projects RAC
INVISION 2020 (Total 1.5 M€) and an internal European XFEL R&D grant for MHz Microscopy
(2021, 800 k€). Recently awarded grants ERC 3DX-FLASH 948426 (Lund University 2 M€) and
EIC Pathfinder MHz-TOMOSCOPY (Coordinated by DESY, 3.5 M€) provide a significant boost

to this development and will deliver a multi-projection MHz rate microscopy prototype that will be
applied for the characterization of wet cavitation peening processes as an initial demonstration. The
MHz-TOMOSCOPY consortium aims to build the new user base for microscopy applications at the
European XFEL SPB/SFX instrument, which will enhance the user community of European XFEL and
propose a dedicated endstation for the European XFEL.
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The unique repetition rate and higher photon energy range, along with the plethora of scientific and
industrially relevant systems that can be studied, make MHz microscopy and obvious development
for European XFEL and a key plank in any medium-term plans for future development and dedicated
instrumentation.

Form factor recovery from biological macromolecules in
solution

Small angle X-ray scattering (SAXS) methods are of great interest for understanding complex
biological systems. From single particle imaging and fluctuation scattering up to and including solution
scattering, the instrument geometry and constraints on the data are very similar. The main difference
between these related techniques is the sample concentrations used and, therefore, the choice of
sample delivery methods. SAXS experiments have been previously undertaken at XFELs and useful
time-resolved data collected. However, to date, the results were obtained by subtracting the dark
(unilluminated) signal from the pumped (laser exited) data, resulting in a difference curve that can be
interpreted using a-priori information [4; 27]. To our knowledge, form factor recovery was not achieved
until now because of difficulties associated with achieving reliable background subtractions, due to
fluctuations in the X-ray source and sample delivery at XFELs (a natural consideration, given that both
XFEL sources and sample delivery methods are often highly variable).

Direct duplication of experiment setups for solution scattering at synchrotrons to XFELs is not feasible
due to the power per pulse of the XFELs. The rapid vapourization induced and resulting explosion,
which are capable of destroying the sample containing capillary commonly used for sample delivery at
synchrotrons, prevents this approach. Delivery of liquid-based samples at XFELs using gas dynamic
virtual nozzles (GDVNSs) enables sample replenishment (re-establishing the interrupted jet) between
adjacent pulses. While GDVN liquid jets with water or homogeneous protein solutions are much more
stable than with crystal slurries, they are still subject to instabilities. The observed scattering from shot
to shot varies, as the jet and X-ray pulse intersect slightly differently, giving variation in incidence angle
(and resulting flares), variation in path length due to movement from the centre of the jet, and variation
in the jet thickness. Another complication is the possibility of interaction of subsequent pulses with
debris from the exploding jet contributing to the observed scattering signal.

A collaborative effort (EMBL Hamburg, CFEL, and European XFEL) during the special rapid access
call for COVID research has now provided proof of principle of the recovery of validated form factors
from proteins in solution using XFEL pulses (paper in preparation). Taking advantage of the MHz
repetition rate and the amount of data collected enabled statistical analysis of the obtained data, and
using filtering and outlier rejection, shot-to-shot variations could be excluded from the average of the
buffer and sample scattering, providing more reliable subtractions. Using systematic optimization

of sample delivery, and the instrument parameters using online feedback from data processing,
optimized experiment conditions were found and data could be collected from a number of samples.
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Standards and proteins of interest were measured. Comparison of the same samples collected
using an XFEL source and conventional synchrotron data collection, along with complementary
measurements of samples using lab-based techniques, enabled validation of the resulting data from
the SPB/SFX instrument.

Maintaining stable background scattering such that it can be reliably subtracted remains challenging.
Further work to increase the reliability and improve the scattering signal and repetition rate, while
avoiding the collection of signal from debris, will facilitate future use of this technique. The key aim

is twofold: time-resolved studies at shorter timescales and measurements from ultradilute systems
beyond what can be achieved at current synchrotron sources. A proposal for a follow-up experiment
to build on the success of the recent proof of principle has been submitted as part of the ongoing
collaboration to develop and exploit XFEL-SAS.

FXS - Fluctuation X-ray scattering

Fluctuation X-ray scattering (FXS) is a technique that aims to recover the structure of biological
particles from solution X-ray scattering [20; 24]. FXS proposes an alternative way for biological
structure determination when more conventional serial crystallography or single-particle imaging
(SPI) with an XFEL cannot be applied. This includes cases in which crystalline samples cannot be
produced (e.g. for membrane proteins) or a single bioparticle is too small to be a subject of SPI. FXS
relies on the detection of measurable angular correlations of photons scattered from bioparticles

in solution, which are used as an additional source of information for structure determination.
Model-based analyses or iterative phase retrieval can be applied to obtain information about structure
of a bioparticle [14; 25; 40].

In terms of experimental realization, FXS is, at first glance, similar to small-angle X-ray scattering
(SAXS) in which X-ray scattering is collected from many reproducible copies of a biological sample
in solution. However, the request to measure angular intensity fluctuations imposes restrictions on
the X-ray pulse duration, which should be shorter than the characteristic rotational diffusion time of
bioparticles in solution [20]. This allows the avoidance of orientational averaging of fluctuations due to
rotational diffusion of particles, characteristic of conventional SAXS measurements. Further contrast
improvement in solution FXS can be achieved by optimizing the number of particles illuminated with
the incident X-ray beam, which typically requires nanofocusing X-ray optics. High photon fluences
are very beneficial in this case in order to measure sufficient scattering from a limited amount of
weakly-scattering material in a short period of time. The eventual SNR can be improved by averaging
the correlation functions over a large measured dataset (typically on the order of 100 scattering
patterns). Therefore, availability of ultrashort and ultrabright focused pulses, combined with the
possibility to record scattering data at a MHz repetition rate, make the SPB/SFX instrument especially
suitable for FXS experiments. With this capacity, one can potentially collect an FXS dataset faster than
at any other operating XFEL facility in the world.
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Recent theoretical and experimental advances demonstrated the applicability of FXS to other research
problems, e.g. structure characterization of disordered materials, crystallization studies, ultrafast
structure dynamics [31; 51; 36]. First FXS experiments have been recently carried out at the SPB/SFX
instrument; data evaluation is in progress. As the experimental conditions for FXS are readily realized
at SPB/SFX, in the context of both SAXS and SPI, it is straightforward to enable FXS research too.
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Retrospective: Metrics and the user
community

We note here various metrics for user operation, the SPB/SFX user community, and research output
using beam at SPB/SFX since operation started in 2017. What is readily seen is that SPB/SFX
attracts a diverse user community from all of the European XFEL member countries as well as

from places further abroad, such as the USA, China, and Australia. The instrument has a healthy
over-subscription ratio, though improving access—particularly for new users—is still needed, given the
level of competition for beamtime. Finally, the instrument’s publication metrics, e.g. papers produced
using the European XFEL beam, demonstrate a factor of two to three more papers per year of
operation than the European XFEL mean, reflecting the highly productive, goal-oriented approach at
SPB/SFX.

Head institute countries

w Australia (25)
= Belgium (4)
China (5)
Czech Republic (7)
m Denmark (1)
m EuXFEL (50)
m Finland (3)
m France (23)
w Germany (210)

4
571

® Hungary (1)
m Ireland (1)
u Italy (10)
 Japan (9)
New Zealand (2)
Norway (4)
Poland (1)
Russia (50)
Singapore (1)
m Slovakia (3)
m South Korea (7)
 Spain (9)
= Sweden (44)
u Switzerland (22)
2 m United Kingdom (48)
United States (134)

Figure 5.1: Head institute countries (2017-2021). The "head institute" here refers to the primary institute of a

user.
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Figure 5.4: Papers published from work using beam at the European XFEL: SPB/SFX compared to the mean of

the other five instruments of the facility (Sept 2021).
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Figure 5.5: Number of papers using beam at European XFEL: SPB/SFX and other European XFEL instruments

by year since their respective start of operation

Table 5.1: Overview of all instruments at the European XFEL and their dates of first operation

Instrument Date of first operation Years in operation in March 2022
SPB/SFX September 2017 4.5
FXE September 2017 4.5
SQS November 2018 3.4
SCS December 2018 3.3
MID March 2019 3.0
HED May 2019 2.9

Publication in n-th year before review

Lk

-4

10

o N B OO

M SPB/SFX M AVG other instruments

Figure 5.6: Number of publications using beam at SPB/SFX and other European XFEL instruments by year
prior to this review (Year -1: Publication date between March 2020 and February 2021; Year -2: Publication date
between March 2019 and February 2020; etc.)
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List of papers produced using beam

In Tab. 5.2 and 5.3, we provide for reference a non-exhaustive list of papers that have been produced
to date which include data produced at the SPB/SFX instrument of the European XFEL. A selection of

the most relevant publicly available papers is included in Appendix B.

Table 5.2: List of papers produced using beam at SPB/SFX

No Date of publication Publication details

1 Aug. 2018

2 Oct. 2018
3 Apr. 2019
4 Apr. 2019
5 Aug. 2019
6 Nov. 2019
7 Dec. 2019
8 May. 2020
9 May. 2020
10 Jun. 2020
11 Sep. 2020
12 Sep. 2020

March 2022
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M.L. Griinbein et al.: Megahertz data collection from protein microcrystals at

an X-ray free-electron laser, Nat. Commun. 9 (1), 3487 (2018)

M.O. Wiedorn et al.: Megahertz serial crystallography, Nat. Commun. 9 (1),
4025 (2018)

M.L. Griinbein et al.: MHz data collection of a microcrystalline mixture of

different jack bean proteins, Sci. Data 6 (1), 18

H.J. Kirkwood et al.: Initial observations of the femtosecond timing jitter at the
European XFEL, Opt. Lett. 44 (7), 1650—1653 (2019)

P. Vagovic et al.: Megahertz x-ray microscopy at x-ray free-electron laser and

synchrotron sources, Optica 6 (9), 1106

C. Gisriel et al.: Membrane protein megahertz crystallography at the European
XFEL, Nat. Commun. 10 (1), 5021

O. Yevanov et al.: Evaluation of serial crystallographic structure determination

within megahertz pulse trains, Struct. Dyn. 6, 064702

G. Mills et al.: First Experiments in Structural Biology at the European X-ray
Free-Electron Laser, Appl. Sci. 2020, 10(10), 3642

E. Sobolev et al.: Megahertz single-particle imaging at the European XFEL,
Commun. Phys. 3, 97 (2020)

T. Sato et al.: Femtosecond timing synchronization at megahertz repetition

rates for an x-ray free-electron laser, Optica 7 (6), 716 (2020)

F. Lehmkdhler et al.: Emergence of anomalous dynamics in soft matter probed
at the European XFEL, PNAS 117 (39), 24110-2411

A. Echelmeier et al.: Segmented flow generator for serial crystallography at

the European X-ray free electron laser, Nat Commun 11 (1), 4511 (2020)
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Table 5.3: List of papers produced using beam at SPB/SFX (continued)

Date of publication Publication details

Nov. 2020

Dec. 2020

Jan. 2021

Jul. 2021

Sep. 2021

Sep. 2021

Feb. 2022

Mar. 2022

Mar. 2022

Mar. 2022
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S. Pandey et al.: Time-resolved serial femtosecond crystallography at the
European XFEL, Nat. Methods 17 (1), 73—78 (2020)

A. Gorel et al.: Shock Damage Analysis in Serial Femtosecond
Crystallography Data Collected at MHz X-ray Free-Electron Lasers, Crystals
10 (12), 1145 (2020)

K. Ayyer et al.: 3D diffractive imaging of nanoparticle ensembles using an
x-ray laser, Optica 8 (1), 15 (2021)
F. Dallari et al.: Microsecond hydrodynamic interactions in dense colloidal

dispersions probed at the European XFEL, IUCrJ 8 (5), 775-783 (2021)

S. Pandey et al.: Observation of substrate diffusion and ligand binding in
enzyme crystals using high-repetition-rate mix-and-inject serial crystallography,
IUCrJ 8(6) (2021)

M. Hadian-Jazi et al.: Data reduction for serial crystallography using a robust

peak finder, Journal of Applied Crystallography 54(5) (2021)

D. Doppler et al.: Co-flow injection for serial crystallography at X-ray

free-electron lasers, Journal of Applied Crystallography 55, 1-13 (2022)

Y. Zhuang et al.: Unsupervised learning approaches to characterize

heterogeneous samples using X-ray single particle imaging , IlUCrJ (2022)

M. Vakilii et al.: 3D printed devices and infrastructure for liquid sample delivery
at the European XFEL, J. Synchrotron Rad. 29(2) (2022)

H. Kirkwood et al.: A multi-million image Serial Femtosecond Crystallography
dataset collected at the European XFEL, Scientific Data, accepted (2022)

March 2022
67 of 160



List of all papers from group by year

Since 2015, a total of 119 articles have been published by the group (as of 8 Dec. 2021), with a
further 6 preprints currently in review. Tab. 5.4 shows that the number of articles per year has steadily
increased with time. Full details of all articles can be found here. The table also shows a number of
other publication types, including proceedings (10), preprints (6), posters (5), reports (3), talks (2),
and books (2). A full list of all SPB/SFX publications can be found in the European XFEL Publication
Database.

Table 5.4: Overview of papers produced by SPB/SFX group

Year Number of published articles Number of other publications
2015 4 2
2016 4 3
2017 9 4
2018 11 3
2019 15 1
2020 21 4
2021 11 4
March 2022 XFEL.EU TR-2022-002
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SFX UC contributions and next steps

The Serial Femtosecond Crystallography User Consortium (SFX UC) is dedicated to enhancing the
life science capabilities of the Single Particles, Clusters, and Biomolecules & Serial Femtosecond
Crystallography (SPB/SFX) instrument of the European XFEL. The consortium has provided scientific
and technical expertise during the establishment of the instrument, has generated financing to
expand the experimental capabilities of the instrument, and has created a network for the scientific
user community in Europe and beyond. The scientific scope of the SFX UC emphasises the study

of biological objects using XFEL radiation. This scope covers not only the study of microcrystals of
macromolecules through serial femtosecond crystallography (SFX) and time-resolved SFX (TR-SFX),
but also coherent diffractive imaging of single particles of macromolecular complexes including
viruses, organelles, up to and including living cells.

In the next phase of the project, the SFX UC expects to reaffirm the successful establishment of the
SPB/SFX instrument by lowering entry barriers to new users for a class of relatively standardized
experiments and by continuing to push the limits of what is possible in life science using XFEL
radiation. By volunteering scientific expertise, providing novel ideas that open up new scientific
concepts, and critically overviewing the technical capabilities and support structure of the instrument,
we will support the growth of the user community. The SFX UC will continue to assist in acquiring and
deploying new instrumentation and technologies, such as a 4 Mpixel AGIPD, following on from the
significant contributions made in the first phase.

The consortium believes that it is critical for the SPB/SFX instrument to maintain competitive
capabilities for SFX and TR-SFX, as these are the most widely used applications of XFEL radiation in
the life sciences. Instrument reliability, ease of use and a highly effective duty cycle are considered
priorities as these applications become increasingly streamlined. This vision includes the development
of automation for sample delivery wherever appropriate. Moreover, as the field of time-resolved
crystallography studies expands beyond the scope of naturally light-driven biological systems, it will be
important to develop capability in mixing studies, temperature-controlled studies and the use of caged
compounds.

Another aspect of the consortium’s focus is efficient use of the sample and the available beamtime.
This entails optimisation of the injection parameters and exploration of alternative approaches to
enable projects where sample production is the limiting factor while maintaining MHz data collection
rates. The scientific capabilities of sample environments are a critical part of any TR-SFX study

and include mixing microjets, liquid and high-viscosity microjets, and fixed target systems. Several
members of the SFX UC have been leading many of these innovations and can work with the
SPB/SFX group to expand the scientific capability of the instrument. The SFX UC can also assist in
the planning and development of potential future instruments that may be designed to meet the needs
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Figure 6.1: SFX Users’ Consortium funding partners.

of the TR-SFX community, while expanding the overall user support capabilities of European XFEL.

A second major entry barrier for new and experienced users is the overhead required for processing
the large datasets and their subsequent analysis. It is clear that an overwhelming majority of users
will require the support of European XFEL computing capabilities to be able to handle very large
datasets in an efficient way. The SFX UC has a role to play by assisting with the development

of streamlined protocols from the data being collected to the calculation of electron density, by
incorporating appropriate quality control measures to guide users as they assess the scientific content
of the experimental observations, and by training young scientists in data processing and analysis of
SFX data. It is noteworthy that SFX UC members have been leading in the provision of open access
software that fulfils these goals and are already collaborating very closely with data analysis experts at
European XFEL to deploy these tools.

In parallel, the SFX UC will continue to push the limits of what is possible with XFEL radiation.

The high repetition rates of the European XFEL create unique possibilities for high-throughput

data collection of coherent diffraction imaging from biological samples. As with SFX, these

very large datasets require specialist software and support as well as access to state-of-the-art
computing facilities. In addition to including several leading scientists who are actively pushing these
developments, the SFX UC can advise the European XFEL management about the needs of external
users and help prioritize where the unique pulse structure of the European XFEL may have the most
impact. Important areas of consideration include sample delivery, minimizing background, and which
source characteristics are likely to have greatest impact, such as self-seeding, two-colour modes, or
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shorter X-ray pulses.

On a medium- to long-term view, it is essential that the life science community becomes more
engaged in utilizing the unique capabilities of the European XFEL. The SFX UC can assist

through community outreach, by linking across Europe to complementary capabilities provided by
synchrotron radiation facilities, and in developing serial synchrotron crystallography at high-brilliance
beamlines. Moreover, the experience of synchrotron radiation facilities is that additional flexibility

in beamtime scheduling—such as BAG formats, long-term projects, and protein crystal screening
capabilities—could all assist in developing a stronger life science user base for the European XFEL.

Since 2014, the SFX UC has demonstrated the benefits of closely coupling a strong and innovative
user community to a developing instrument at the European XFEL with unique potential to impact
European life science. It is apparent that the SFX UC has a positive role to play as emphasis shifts
from the establishment of the new capabilities of the SPB/SFX instrument to higher throughput use of
the available beamtime and the expansion of the European XFEL life science user community.
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Conclusions and Outlook

The SPB/SFX instrument has been in operation since September 2017, after only some eleven
weeks of time from first light in the experiment hall to user experiments. The instrument has been
quantitatively and qualitatively successful, as evidenced by both the number of publications (when
bench-marked at the still rather young EuXFEL) as well as by the breadth of demonstration of viable
experimental techniques at EuXFELs unique, MHz rate. This includes MHz serial crystallography (with
both optical pump and mixing time-resolved cases), MHz Single Particle Imaging, MHz X-ray Photon
Correlation Spectroscopy, MHz microscopy, MHz SAXS, MHz fs-scale timing and even more. All of
this would not have been possible without an outstanding user community, and particularly the SFX
Users’ Consortium, which has helped to focus applications, provided material and scientific support,
and taken leadership in growing the broader SPB/SFX user community. Nor without the dedicated
staff of SPB/SFX and across European XFEL.

The next step in the life-cycle of the SPB/SFX instrument is to continue to exploit these demonstrated
and unique capabilities for science. One criticism that has been leveled at the instrument is that a
great number of demonstration and method experiments have been performed to date, with fewer
applications. Of course, that the initial output of a new facility addresses issues around using the
new capabilities (here particularly the high repetition rate) before exploiting them is only natural.
Notwithstanding this, we see the SPB/SFX instrument at a turning point with most proposals and
experiments now addressing applications of the SPB/SFX capabilities, rather than further method
development. This includes things like structural studies of bacterial insecticides—an industrially
relevant topic which has been uniquely investigated using both the intensity and sheer pulse number
available at European XFEL [56]. Further examples are proposed, scheduled and submitted at time
of writing, though it is not appropriate to disclose these here. Indeed, with the core capabilities of
SPB/SFX—(TR-)SFX, SPI, MHz microscopy and SAXS—ready to exploit, the short and medium term
future of SPB/SFX is bright and clear.

The medium to longer term future contains a number of opportunities which one can consider to
take advantage of. As SPB/SFX has enabled a variety of experimental modalities that are both in
demand and applicable to science of relevance to society, it would be attractive to build new, future
instrumentation to focus on each of these topics. This would lead to both improved efficiency, but also
better automation allowing access for users with novel science but not an X-ray facility background.
Most urgently, and as described earlier, Serial Crystallography could sustain a dedicated instrument.
MHz microscopy is similar, and would benefit from higher photon energies, which could be provided
by a future undulator at European XFEL. Finally, an instrument dedicated to scattering studies alone
(SPI, SAXS, FXS) would benefit enormously from a stable configuration and the improvements in
background that an be made over longer periods of operational time (much like dedicated SAXS
beamlines at synchrotrons).
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Considering all these unique capabilities—particularly in time-resolution and especially where relevant
to human health and new materials—the near future is incredibly exciting with opportunity not only to
do great science at SPB/SFX, but also to do great science with real benefit to the community.
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Appendix: Requirements for future
detector(s)

The AGIPD 1Mpix detector plays a critical role in ensuring the high quality of the scientific output of
the upstream interaction region at the SPB/SFX instrument. The Jungfrau 4Mpix detector enables
operation at the downstream interaction region, although, even with the 16 memory cells in use, it will
not allow users to take advantage of the high repetition rate of the European XFEL. Potential arrival of
the AGIPD 4Mpix would improve the operation capabilities of the instrument. However, the AGIPD
4Mpix will share characteristics with the AGIPD 1Mpix and will pose similar constraints on scientific
questions that could be answered at SPB/SFX. It is clear that access to improved detectors plays a
critical role in the continuous growth of the instrument.

Serial femtosecond crystallography, coherent diffraction imaging (with the stress on single particle
imaging), and MHz X-ray microscopy were identified as the key scientific areas of interest for SPB/SFX
in the future. Although the optimal detectors for each of those fields would have very different
characteristics, there is a subset of common requirements, such as a small (< 100 um) pixel size, a
greater number of memory cells, or the ability to veto individual frames.

A short summary of the detector characteristics desired for those experiments are listed below.

Serial femtosecond crystallography and single particle imaging

From the perspective of protein crystallography, two main limitations posed by the AGIPD 1Mpix are
the maximum achievable resolution and maximum size of the unit cell of the measured crystals.

The area of the detector is also a limitation for SPI and also in this case a larger active area is
desirable. In addition to this the signal expected for SPI experiments is significantly weaker. This
requires a narrower dynamic range than SFX, though ideally requires the capability of counting single
photons with high fidelity.

It is desirable for the next generation detector to meet the requirements outlined in Tab. A.1 for both
SFX and SPI.
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Parameter

Detector size (mm)

Min. number of

memory cells

Gain mode

Dynamic range
(photons)

SNR
Linearity
Pixel size (um)

Veto

Value for SFX

350 x 350

500

Adaptive/fixed

1-10000

5-6
Better than 1%
75-100

Yes

Table A.1: Detector parameters for SFX and SPI experiments

Value for SPI

350 x 350

500

Fixed

1-1000

5-6

Better than 1%

75-100

Yes

Comment

Determines the resolution of measurement (distance to the

smallest observable feature of the studied protein). For a given
resolution shell, the fraction of the arc covered by the detector
determines the number of patterns that are needed to achieve

desired completeness.

Throughput of measurement is proportional to the number of
memory cells; therefore, the detector should be able to handle a

greater number of pulses per train than AGIPD 1Mpix.
Control over gain setting on the ASIC. level

At 12 keV.

Ensures sufficiently low false—positive events per million pixels.
Required for phasing studies.
Enables measurements of units cell several hundreds of A.

The ability to discard (empty) data online would alleviate data
storage issues, speed up online data processing, and improve

data acquisition efficiency.



Megahertz microscopy

There are two types of detectors that can be used for MHz microscopy: (a) indirect detectors and (b)
direct-conversion MHz-sampling integrating detectors. The indirect detector is composed of light
emission material (scintillator) that, under X-ray illumination, generates fluorescence emission in the
green to near-ultraviolet light range (550 nm — ~350 nm), containing a latent image of the sample.
Such an image is then magnified using a diffraction-limited visible light microscope and projected
onto a CCD, sCMOS, or CMOS detector. Current state-of-the-art CMOS detectors suitable for MHz
indirect detectors are limited to a small number of pixels and a small dynamic range. For example, the
Shimadzu HPV-X2 have 400 pixels x 250 pixels with a dynamic range of 10 bits. Spatial resolutions
down to micron scales are achievable with indirect detectors.

CMOS cameras for indirect detectors

The camera should be able to synchronise to a pulse pattern selected from a master frequency

of 1.8 GHz. The recording sequence should be possible to trigger with an external synchronised
TTL signal. The jitter between the external trigger and the start of the acquisition should be < 5

ns. The camera should be able to record a larger portion of the train, at least 300 frames (current
state-of-the-art is 256 frames per buffer). Readout and saving of the image sequence should ideally
be completed in the time between trains in order to be ready to record the next sequence when the
next train arrives. Camera control software should be implementable in modern control systems of
large-scale facilities (Tango, Karabo, etc.). The software should provide an absolute timestamp of
acquired sequences so that these can be easily related to a specific XFEL train id. Ideally, Linux SDK
should be available.

Table A.2: Major parameters for indirect detector CMOS cameras

Parameter Required value

Chip format > 1024 x 1024 pixels?

Pixel size <32 um

Dynamic range > 12 bit (14 bit)

Minimum buffer length > 300 frames

Readout time < 99.4 ms (to be ready before next train)
Maximum recording frequency 4.5 MHz (9 Mhz)

The ideal detector would combine sub-micron resolution with high efficiency, high dynamic range,
and X-ray magnification with direct conversion X-ray. X-ray magnification can be achieved via
focusing lenses or crystal magnifiers, and the magnified X-ray image can be then projected onto
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direct conversion detectors. The pixel size required should be smaller than 200 um to avoid long
sample-to-detector distances in case of focusing geometry. The minimum number of pixels should be
> 512 x 512 for a reasonable field of view. The repetition rate should be able to match the European
XFEL with a reasonable number of frames recorded per train. As the European XFEL competitive
advantage is a possibility to deliver pulses in the very hard X-ray regime, high Z materials for the chip
have to be considered. We plan to explore the possibility to combine direct conversion detectors with a
Ge220 Bragg magnifier, which can provide 250x magnification and record 40 mm x 40 mm (existing
prototypes on a small footprint 0.5 m; new system can be designed with optimized parameters for
given available detector). Another option is to combine focusing lenses with a direct conversion
detector. Such a combination can reach nm scale spatial resolution with a high numerical aperture of
the lenses to keep such a microscope short in profile. Ideal candidates for focusing optics are Laue
lenses, which can efficiently work above 60 keV. The direct conversion detector described above is
required.
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Appendix: Selected publications
elucidating scientific excellence

This appendix reproduces some (open access) publications for the reader’s convenience. All those
noted here have used European XFEL beam at the SPB/SFX instrument.

For clarity, the publications are grouped into user-driven publications and staff-driven publications.

User-driven publications
This section includes the following user-driven publications.

Megahertz data collection from protein microcrystals at an X-ray free-electron laser
M.L. Grinbein et al.: Nat. Commun. 9 (1), 3487 (2018)
doi:10.1038/s41467-018-05953-4

Megahertz serial crystallography
M.O. Wiedorn et al.: Nat. Commun. 9 (1), 4025 (2018)
doi:10.1038/s41467-018-06156-7

Observation of substrate diffusion and ligand binding in enzyme crystals using
high-repetition-rate mix-and-inject serial crystallography

S. Pandey et al.: IUCrJ 8 (6), 878-895 (2021)

doi:10.1107/52052252521008125

3D diffractive imaging of nanoparticle ensembles using an x-ray laser
K. Ayyer et al.: Optica 8 (1), 15 (2021)
doi:10.1364/OPTICA.410851
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Megahertz data collection from protein
microcrystals at an X-ray free-electron laser

Marie Luise Griinbein!, Johan Bielecki?, Alexander Gorel', Miriam Stricker!, Richard Bean?,

Marco Cammarata® 3, Katerina Dérner?, Lars Frohlich?, Elisabeth Hartmann!, Steffen Hauf?, Mario Hilpert1,
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X-ray free-electron lasers (XFELs) enable novel experiments because of their high peak
brilliance and femtosecond pulse duration. However, non-superconducting XFELs offer
repetition rates of only 10-120 Hz, placing significant demands on beam time and sample
consumption. We describe serial femtosecond crystallography experiments performed at the
European XFEL, the first MHz repetition rate XFEL, delivering 1.128 MHz X-ray pulse trains at
10 Hz. Given the short spacing between pulses, damage caused by shock waves launched by
one XFEL pulse on sample probed by subsequent pulses is a concern. To investigate this
issue, we collected data from lysozyme microcrystals, exposed to a ~15 pm XFEL beam. Under
these conditions, data quality is independent of whether the first or subsequent pulses of the
train were used for data collection. We also analyzed a mixture of microcrystals of jack bean
proteins, from which the structure of native, magnesium-containing concanavalin A was
determined.
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-ray free-electron lasers (XFELs) are novel X-ray sources

that provide femtosecond pulses of a peak brilliance that

exceeds that of synchrotron sources by nine orders of
magnitude. The short duration of the pulses matches the chemical
time scale of femtoseconds, allowing the investigation of the
dynamics of matter in a time-resolved manner!'~3, and enables the
analysis of highly radiation-sensitive objects*. The high intensity
of the pulses enables the study of weakly scattering objects such as
very small crystals®® and the coherence of the beam enables the
imaging of non-crystalline particles>!?. In line with these trans-
formative capabilities, demand for beam time at XFELs is very
high. For this reason, MHz repetition rate XFELs have been
awaited eagerly, since they can deliver X-ray pulses with an up to
~10,000-fold higher maximum repetition rate than the first hard
X-ray FEL that came online in 2009!!. An increase in pulse rate is
expected to speed up data collection, thereby accommodating
more users and allowing the collection of enough data to study
systems with very weak signals. Also, high pulse rates make far
better use of the often highly valuable samples that are generally
delivered continuously into the X-ray beam by means of liquid
jets, aerosols or molecular beams. However, data collection at
MHz rates brings with it many new challenges including the rapid
delivery of samples to present fresh material for each pulse, and
the development of high frame rate detectors, allowing fast data
acquisition and storage!2.

The European XFEL (EuXFEL) in Germany is the first MHz
XFEL. Its unique design values of up to 27,000 pulses per second
(delivered in 10 trains per second with a 4.5 MHz repetition rate
within each train) and a peak brilliance of 5 x 1033 photons s7!
mm~2 mrad~2 (0.1% bandwidth)!3-1> provide unprecedented
possibilities for experiments in biology, materials science, chem-
istry and physics by increasing the average pulse rate almost 300-
fold compared to any previous XFEL. Here we report serial
femtosecond crystallography (SFX) experiments on protein
microcrystals carried out at MHz data acquisition rate at the SPB/
SFX instrument of the EuXFEL!®17 (June 2018, proposal number
2038). As well as addressing the challenges associated with MHz
data repetition rates using a model system (lysozyme protein
crystals), we investigated a microcrystalline preparation of jack
bean proteins precipitated with acetone, a preparation described
by James Sumner, who used this technique for the first crystal-
lization of an enzyme (urease) in 192618, resulting in a Nobel
Prize in 1946!°. That work ultimately showed that enzymes are
proteins. We demonstrate here that it is possible to separate the
data of the three types of protein crystals in such a micro-
crystalline mixture of jack bean proteins (urease, concanavalin A
and B), and to determine the structures of the two concanavalins,
using data collected at the first MHz XFEL.

Results

Injection and data collection. Full exploitation of the MHz
repetition rate for SFX data collection requires three conditions
to be fulfilled: (i) when using microjets for sample delivery, high-
intensity XFEL pulses induce explosions that generate a gap in
the liquid jet?® and a fresh section of the running jet must
advance to the X-ray interaction region before arrival of the
subsequent XFEL pulse. (ii) Sample that is exposed to an XFEL
pulse should not have been exposed to (stray) X-rays from the
previous pulse, as this can cause radiation damage. (iii) It has
been shown that the impact of an XFEL pulse on the liquid jet
may launch shock waves travelling upstream of the jet before
onset of the explosion??. These may cause mechanical damage to
crystals before they even reach the interaction region, which
must be prevented for a successful measurement. Issue (i) can be
addressed by using a sufficiently high speed of the jet. Challenge

(ii) requires more displacement of the sample than the size of
the X-ray beam and its wings. Problem (iii) is far less trivial as it
is not a local effect but one capable of affecting samples far away
from the actual exposure site. It is therefore critical to verify
that, at the short spacing between two X-ray pulses at MHz
repetition rate (~1ps), such shock waves do not affect the
sample under investigation. While a model exists to predict the
jet gap size in case (1)20 and the region affected in case (ii) is
given by the X-ray beam properties, no predictions exist for the
shock wave damage in case (iii). Therefore, now that the first
MHz XFEL has become available, we investigated this issue at
current EuXFEL operating parameters, using microcrystals of
the model protein lysozyme.

Lysozyme microcrystals were injected in a thin liquid microjet
into the XFEL beam?1:22. The sample was probed using trains of
50 XFEL pulses with an 886 ns interval between pulses (1.128
MH?z intra-train repetition rate which was the highest available
operating rate at the time of the experiment). The time interval
between each 50-pulse train was ~100 ms ensuring that the first
pulse in a train always probed an undamaged sample. To identify
possible damage due to the short pulse intervals within a train, we
compared the quality of data collected from the first pulse in a
train with those from subsequent pulses in a train.

Diffraction data was recorded at 7.47 and 9.22keV photon
energy using a 1 megapixel Adaptive Gain Integrating Pixel
Detector (AGIPD)!2. The X-ray focal size was ~15 um diameter at
7.47 keV and ~28 um diameter at 9.22keV, and each pulse had
~0.9-1.5 m]J pulse energy. The pulse length was likely around 50
fs (FWHM) based on electron beam diagnostics. Since a
sufficiently high jet velocity is critical to avoid sample damage
by the previous pulses, we used a time-resolved optical imaging
system using a fs optical pump laser?? for jet illumination to
observe the effects of the interaction with the XFEL pulses, and to
determine the jet velocity during each XFEL pulse train. To avoid
radiation damage from the previous pulse, the jet must advance
by at least the XFEL beam diameter between pulses. The velocity
required to reestablish a jet in time for the next pulse after the
XFEL-induced explosion was 40-50 ms~! and was determined
by recording images of the jet 13 or 124 ns after the second pulse
in the train. These time delays were chosen such that the jet gaps
caused by both the first and second pulses were clearly visible in
the optical image. Figure la shows a typical jet image for a jet
carrying lysozyme crystals. The presence of two distinct gaps
displaced by 2.7 beam diameters and separated by a section of
contiguous jet indicates that the second pulse indeed intercepted
a recovered jet, and the distance between the centers of the gaps is
given by the jet velocity multiplied by the in-train pulse interval.
Moreover, consecutive X-ray pulses in the same train were
observed to probe different crystals, further verifying that jet
speed was indeed high enough to transport new sample into the
interaction region (Fig. 1b, c).

The presence of shock waves could not be detected optically in
the small jets used for crystal delivery since the visibility of shocks
decreases rapidly with jet diameter??. Due to the X-ray focus
being much larger than the jet diameter, the shock waves were
considerably weaker than the ones launched at similar pulse
energies by beams smaller than the jet diameter, as shown in
Supplementary Fig. 1 for two larger diameter water jets (12 and
27 um).

Correlating data quality to pulse number within pulse train.
The issues of potential radiation damage and shock wave effects
were addressed by collecting extensive data sets on the model
protein lysozyme at both 7.47 and 9.22keV photon energy
(87,000 and 45,000 indexed images, respectively) to compare the
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Fig. 1 Consecutive X-ray exposures. a Liquid microjet (lysozyme microcrystals in mother liquor, ~4 um jet diameter) after being hit by the first two

consecutive X-ray pulses of a pulse train separated by 886 ns, as viewed by the off-axis camera using fs laser illumination shortly after the second X-ray
pulse. Flow direction is pointing down in the image. Each X-ray pulse leads to an explosion in the jet, opening up a gap (black arrows). The jet is sufficiently
fast (-45ms~) to close the gap created by the first pulse (lower gap) in time for the second pulse to hit the jet (upper gap). The distance d between both
gap centers is ~40 um. The scale bar is 20 um. b, ¢ Diffraction patterns of lysozyme microcrystals recorded with the first (b) and second (¢€) X-ray pulse of
the same pulse train (886 ns time delay between pulses) showing that the two pulses probed different crystals. a-¢ All data were recorded from the same

sample suspension, using the same nozzle and flow parameters

different amounts of energy deposited in the sample at these
photon energies, and by then comparing the data obtained from
each pulse number within a train for a given photon energy (see
Fig. 2 and Supplementary Information). The diffraction data were
indexed and integrated using CrystFEL242>,

Notably, the quality of the data is very good, allowing
observation of the anomalous sulphur signal as shown in Fig. 2a.
Statistics for the full data sets are given in Table 1.

Since the integrity of disulfide bonds is a sensitive marker for
radiation damage in lysozyme crystals?®, we compared the bond
length of the disulfide bridges derived from data collected using
the first pulse and those of later pulses, respectively. Since these
refined to the same value within experimental error (Supplemen-
tary Table 1), significant radiation damage caused by previous
pulses appears unlikely.

We then investigated other statistical indicators of diffraction
data quality to check for shock wave-induced damage. Impor-
tantly, at both 7.47 and 9.22 keV photon energy, the diffraction
resolution, as well as other quality measures such as Ryon/Rree
and CC*?7 (Fig. 2b-d and Supplementary Figures 2 and 3) do not
show a dependence on the position in the pulse train. In
particular, there is no difference in resolution between the
diffraction data collected by the first and second X-ray pulse
(Fig. 2c, Supplementary Fig. 4), both distributions having a peak
at the same resolution (~2.2 A in case of the 7.47 keV data). The

hit rate (the ratio between the number of detected diffraction
patterns and the total number of images) shows some variation
(Fig. 2e, and Supplementary Fig. 2c), as does the signal-to-noise
ratio (Supplementary Fig. 3a, e), R (Supplementary Fig. 3¢, g)
and the Wilson B factor (Supplementary Fig. 3b, f); however, this
can be explained by the variation of the pulse intensity over the
train, which decreases with pulse number (Fig. 2d, e, Supple-
mentary Fig. 2). For some quality indicators, the data statistics
show a discontinuity between the first and the last half of the
pulse train (Supplementary Figure 3¢, g, Supplementary Figure 5,
Supplementary Figure 6 and Supplementary Note 1), for reasons
that are currently unclear. Since the pulse energy does not show a
similarly abrupt behavior (Fig. 2d, e and Supplementary Fig. 2b, ¢),
possible explanations could include a change in e.g. the
calibration and/or offset parameters for the various memory cells
of the detector. Indeed, we found that in the detector calibration
data recorded using copper fluorescence in a series of flat field
measurements, stronger intensity signals occur much more
frequently for the second half of the memory cells. This increase
in the calibration measurements shows the same trend with the
memory cell number as the jump we observed using diffraction
data. Moreover, given that radiation- and/or shock wave-induced
damage should affect the whole pulse train either as a smooth
trend (i.e., as a cumulative effect over the pulses) or as a sudden
change from the first to the second pulse in the train, it is highly
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Fig. 2 Quality of lysozyme control data collected at 7.47 keV photon energy. a Anomalous difference density map contoured at 3.0 o, calculated using data
to 2.2 A resolution from 87,000 images. The main peaks are associated with the sulfur atoms (shown: two disulfide bridges). b Diffraction resolution as
a function of the position in the pulse train. Symbols show the median resolution of all indexed images. The error bars indicate the 0.25 and 0.75 quantiles.
¢ Histograms of the resolutions of lysozyme microcrystals of the 7.47 keV dataset for the first (blue, 2109 indexed images) and second (red, 1924 indexed
images) pulses in the pulse trains. d CC*27 of partial datasets (red line) and pulse energy (blue line) as a function of the position in the pulse train. e Hit-
and indexing rate (red and green lines, as the normalized number of images) as well as pulse energy (blue line) as a function of the position in the pulse
train. The total number of hits and indexed images was 421,705 and 106,661, respectively

Table 1 Data collection and refinement statistics
Lysozyme, 7.47 keV Lysozyme, 9.22 keV Concanavalin A Concanavalin B
(6HOK) (6HOL) (6GW9) (6GWA)

Data collection
Space group P432:2 P432,2 1222 P6,
Cell dimensions

a, b, c(A) 79.9, 79.9, 38.5 80.1, 80.1, 38.6 63.9, 88.1, 90.2 82.3,823,1034

a, py (®) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 120.0
Resolution (A) 35-2.2 (2.3-2.2)? 35-19 (2.0-1.9) 45-2.1(2.2-2.1) 42-2.2 (2.3-2.2)
Rspiit 0.077 (0.374) 0.154 (0.591) 0.128 (0.694) 0.146 (0.560)
CGCyz 0.994 (0.249) 0.973 (0.387) 0.984 (0.333) 0.967 (0.232)
cecr 0.999 (0.631) 0.993 (0.747) 0.996 (0.706) 0.992 (0.614)
I /a(D) 12.0 (4.1 6.3 (2.9) 7.2 (2.0) 7.6 (3.2)
Completeness (%) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0) 100.0 (100.0)
Multiplicity 1160 (690) 278 (186) 715 (146) 723 (241)
Refinement
Resolution (A) 35.0-2.2 35.0-1.9 45.0-2.1 42.0-2.2
No. of reflections 6717 10,346 15,227 20,161
Rwork/ Riree 0.196/0.240 0.188/0.237 0.186 / 0.238 0.161 / 0.213
No. of atoms

Protein 992 992 1778 2274

Ligand/ion — — 2 (Ca?*, Mg2t) —

Water 73 80 72 159
B-factors

Protein 36.2 19.2 29.4 26.5

Ligand/ion — — 20.9 (Ca?t), 21.8 (Mg?t) —

Water 45.0 26.7 35.8 35.2
R.m.s. deviations

Bond lengths (A) 0.002 0.008 0.002 0.009

Bond angles (°) 0.619 1.054 0.577 1.210
The number of indexed crystals used for structure determination was 86,807 for lysozyme at 7.47 keV, 45,799 for lysozyme at 9.22 keV, 76,803 for concanavalin A and 23,719 for concanavalin B
3Values in parentheses are for the highest-resolution shell.

unlikely that the observed effect is caused by damage to the
sample.

Analysis of microcrystals of jack bean proteins. In addition to
the comprehensive analysis of SFX data collected for each shot in
the pulse train using microcrystals of the well-established model
system lysozyme, we were also interested to explore whether the
data collected at MHz rate using a novel X-ray detector would be
of sufficient quality to permit the analysis of an uncharacterized,
complex system. To this end, we collected SFX data of a micro-
crystalline mixture of jack bean proteins, crystallized using acet-
one as published previously!®. The microcrystalline slurry
contained at least three different crystal forms (Fig. 3a). Due to
their small size (on the order of 5-10 um) the crystals could not
be further characterized before the beam time and it thus
remained unclear which proteins had in fact crystallized. Index-
ing with CrystFEL?42° revealed the presence of three different
crystal lattices corresponding to one protein each. In line with
expectations from the purification protocol?®2° and SDS PAGE
of the microcrystals (Supplementary Fig. 7), a search for known
unit cell constants from the PDB resulted in identification of

diffraction patterns from urease, concanavalin A and con-
canavalin B crystals. In contrast to the concanavalin A and B
microcrystals, which diffracted strongly, urease microcrystals
diffracted only to low resolution and with low signal-to-noise
ratio, and no structure was refined. In total, 1,333,750 images
were collected, and the final number of indexed diffraction pat-
terns was 76,803 for concanavalin A and 23,719 for concanavalin
B, with the resolution limit of the Monte-Carlo integrated data
being 2.1 A for concanavalin A and 2.2 A for concanavalin B. The
structures of concanavalin A and B were solved by molecular
replacement, and data and refinement statistics are shown in
Table 1.

Given the lysozyme results, it appears unlikely that our jack
bean protein data are compromised by radiation damage or by
shock wave effects in the current experiment. Indeed, the electron
density maps are of excellent quality (Fig. 3b, c¢) and the overall
structures are virtually identical to those determined using
macroscopic crystals, with core RMSDs on Coa atoms against
reference structures of 0.31 A for concanavalin A (vs. PDB entry
1JBC3%) and 0.24 A for concanavalin B (vs. PDB entry 1ICNV31),
Notably, in contrast with all other concanavalin A structures in
the PDB, our structure contains a magnesium ion in one of the
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Glu225

Fig. 3 MHz serial femtosecond crystallography of jack bean proteins. a
Microscope image of the microcrystalline mixture of jack bean proteins that
was injected into the X-ray beam, clearly showing different types of crystal
forms. The scale bar is 10 um. b Map quality for the concanavalin A
structure. The metal binding site is shown, with the simulated annealing
composite omit map contoured at 1.06 shown as a blue mesh and the
anomalous difference density map (5.06) shown as an orange mesh.
Selected residues are shown as sticks, the calcium and magnesium ions as
yellow and grey spheres, respectively. Water molecules are shown as red
spheres. € Map quality for the concanavalin B structure. Part of one of the
B-strands of the TIM-barrel is shown as sticks, with the simulated annealing
composite omit map (1.06) shown as a blue mesh

main metal binding sites, as expected given the metal content of
native concanavalin A%, In structures determined from macro-
scopic crystals this site is typically occupied by a manganese ion,
which increases diffraction quality3.

Discussion

Taken together, our present data suggest that under the condi-
tions used, neither protein structure nor crystal quality is affected
by previous X-ray pulses. While these results are very promising
for MHz data collection, it must be noted that the conditions of
the experiment were fairly mild in terms of X-ray exposure due to
the current large focus spot size of ~15um (FWHM) and an
intra-train repetition rate of 1.128 MHz. The final design char-
acteristics of the SPB/SEX instrument at EuXFEL foresee an X-ray
focus of hundreds of nanometers (nanofocus) to a few micro-
meters (microfocus) resulting in a much higher fluence, com-
bined with the possibility of a 4.5 MHz intra-train repetition
rate! 314 which will therefore require a reassessment of this issue.

Our results demonstrate that MHz XFELs can be used to collect
high-quality serial femtosecond crystallography data, and that
under the conditions used in the current experiment, shock waves
caused by the interaction between the sample jet and the XFEL
pulses do not compromise the data to a measurable extent. The data
are good enough to evaluate a previously uncharacterized sample.
As shown by the electron density maps of the concanavalin A and B
structures determined in this study, the data are of high quality and
this is likely to improve as experience with ultrafast detectors such
as the AGIPD increases. Moreover, in just one shift (12h) of data
collection, ~77,000 indexed images were collected of concanavalin
A and ~24,000 of concanavalin B, despite this being one of the very
first experiments at a new facility.

The findings presented here are of interest for a large and con-
tinuously growing community of scientists interested in using MHz
XFELs. The possibility of recording data >100 times faster than
previously possible means that XFEL technology will in the near
future become available to many more scientists since the cost of
these measurements will decrease greatly as the time spent to acquire
the data is reduced. Notably, the techniques we used in our present
work and the underlying physics of operating sequential experiments
at MHz rates are also directly relevant to other subfields of XFEL
science, from physicists interested in extreme interactions between
radiation and matter, to chemists focused on ultrafast reactions, and
to other scientists interested in “big data” measurements.

Methods

Crystallization. Jack bean meal was obtained as a fine powder from Sigma (J0125).
Proteins were extracted following published procedures?®2°. To this end, 50 g of
jack bean powder were suspended in 200 ml of phosphate buffer (100 mM, pH 8.0)
and stirred for 1h at 4°C. After centrifugation, acetone was added to the super-
natant to yield 28% and incubated over night at 4 °C. After centrifugation the
acetone concentration was increased to 31.6% and stirred for 1h at RT. Upon
further centrifugation the acetone concentration was increased to 50% and stirred
1h at RT. After a final round of centrifugation the pellet was dissolved in 50 ml 50
mM Tris pH 8.0. This solution was dialyzed for 48 h against water at 4 °C. Rod-
and rugby-ball-shaped crystals appeared overnight. After 2 weeks of storage at 4 °C,
needle-shaped crystals appeared. Lysozyme microcrystals were grown by rapidly
mixing 2.5 ml of protein solution (hen egg white lysoyme (Sigma) in 0.1 M sodium
acetate buffer pH 3.0) and 7.5 ml precipitate solution (20% NaCl, 6% PEG 6000,
0.1 M sodium acetate pH 3.0). The mixture was left over night on a slowly rotating
wheel shaker. After gravity-induced settling, the crystalline pellet was washed
several times in crystal storage solution (10% NaCl, 0.1 M sodium acetate buffer,
pH 4.0). The microcrystal size depends on protein concentration and temperature:
~1 um crystals were obtained using a protein concentration of 32 mgml~! at 4°
C?2; the microcrystals were slightly larger (~2 x 2 x 3 um) when using a protein

concentration of 50 mgml~! at room temperature3%.
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Injection. A suspension of microcrystals in their mother liquor was injected into
the X-ray interaction region via a liquid microjet produced by a gas dynamic virtual
nozzle (GDVN)3® using helium as the focusing gas. The sample flow rate was
30-40 Wl min~!, and gas pressure 400-500 psi at the inlet of the GDVN’s gas
supply line, corresponding to a flow rate of 140-250 ml min~!. All samples were
20 pm filtered prior to injection, and the suspension was adjusted to contain
10-15% (v/v) settled crystalline material. During injection the sample was kept in a
rotating temperature-controlled reservoir (20 °C for lysozyme microcrystals, 4 °C
for jack bean protein microcrystals) to prevent crystal settling®.

Jet speed is a parameter of utmost importance for our experiment, determining
not only the rate at which sample is replenished in the X-ray interaction region but
also the distance of microcrystals probed by consecutive X-ray pulses. Jet speed was
therefore measured in situ (described below) during data collection both on a
regular basis and for each change in flow conditions (e.g., new sample, crystal
concentration, change in liquid flow rate or helium pressure, new GDVN, etc.). To
enable comparison of all data collected in a liquid jet, jet speed was always set to a
value of 40-50 ms~1, typically ~45 ms~!, by adjusting the sample flow rate and
the pressure of the focusing gas.

Imaging the jet. The liquid jet was imaged from an off-axis perspective (orthogonal
to both X-rays and jet flow direction) using a 10x infinity-corrected objective in
combination with a 200 mm tube lens and a camera (Basler pilot pIA2400-17gm,
Basler AG, Germany). The optical resolution of the imaging system, determined
with a resolution target (Edmund Optics), was 1.6 um. During data collection the
camera pixels were 2 x 2-binned, resulting in recorded images with a scale of 0.68
pm pixel 1. To illuminate the jet for high time resolution imaging while preventing
motion-induced blurring, which may preclude any speed analysis for liquid jets
running at the speeds required for MHz data collection®’, the femtosecond (fs)
SASE! optical pump laser? was employed for jet illumination as described in ref. 20.
The fs laser pulse and the camera were triggered by the EuXFEL global trigger
(10 Hz) that indicates the arrival of an X-ray pulse train, thus the images were
recorded at a set delay relative to the arrival of the pulse train. We set this delay to
image the jet shortly after the second pulse generated a visible gap in the jet, thus
imaging the effect of the first two pulses on the jet (see Fig. 1a). The optical images
were recorded 124 ns (lysozyme) and 13.4 ns (jack bean proteins) after the second
XFEL pulse. The imaging time delay was chosen such that the gap made by the
second pulse in the jet was clearly visible during the experiment, in order to provide
feedback for the proper alignment of the jet (i.e., the best alignment occurred when
the gap size was maximized, which indicates that the jet acquired the maximum
possible radiation dose). The jets carrying lysozyme, because they were less stable in
shape than the urease/concanavalin jets, required a longer imaging delay such that a
larger gap size compensated for the jet’s shot-to-shot jitter.

Jet speed determination. In situ measurement of jet speed is constantly required
for MHz data collection to verify that the gap produced by one X-ray pulse has
moved downstream before arrival of the subsequent X-ray pulse. This is particu-
larly important when flow conditions change. Measuring jet speed is generally done
by tracking a feature over time. In our case, the tracked “feature” was the center of
the gap produced by the XFEL interaction with the jet, which is flushed down-
stream by the subsequently injected sample at the speed of the jet itself?. Imaging
two gaps in the jet that are produced by two X-ray pulses therefore allows deter-
mining jet speed in a single image provided the imaging quality and time resolution
is high enough to determine the center of both gaps: If the two gaps are located at
distance d from each other, and the corresponding X-ray pulses were spaced by At,
then jet speed v is obtained as v = d/At (see Fig. la).

Data collection. The experiment was performed at the SPB/SEX instrument of the
EuXFEL!®17. Ten pulse trains per second consisting of 50 pulses at 1.128 MHz
intra-train repetition rate (886 ns spacing between pulses as measured during the
experiment) were used for data collection. We note that during our experiment, the
EuXFEL could deliver up to 60 pulses per train to SPB/SFX and that the accelerator
was indeed running in 60-pulse mode, with the first 10 pulses used for electron
orbit feedback and then being sent to the pre-undulator dump, without lasing.
While an increase in the electron orbit stability has been observed in the accelerator
with this procedure, possible increases in positional or intensity stability of X-rays
at the SPB/SFX instrument have not yet been determined. We chose to discard the
first 10 pulses before the sample, due to the possibility that the first pulses in a full
train currently may have lower intensities due to the feedback loop requiring the
first pulses in a train to optimize beam properties over the remainder of a given
train. Thus, using the first several pulses in a maximum-size train could have led to
an underestimate of sample damage. The photon energy was tuned to 7.47 and
9.22keV for the lysozyme control data sets and to 7.48 keV for the jack bean
protein microcrystals data set. For the lysozyme control data, the crystal size was
chosen so as to have the diffraction limit fall within the boundary of the detector, to
be able to see any damage effects on the diffraction resolution (1 x 1 x 1 um for the
7.47 keV data, 2 x 2 x 3 um for the 9.22 keV data). At the beginning of each shift
the X-ray focus size was minimized by adjusting the photon energy, and then
measured, by imaging the size of the fluorescent spot produced by single focused
XFEL pulses on a YAG screen (Ce:YAG, 20 um thickness, Crytur) placed at the

interaction region. The X-ray focus was ~15 pm for the 7.47 keV lysozyme and the
7.48 keV jack bean protein data and ~28 um for the 9.22 keV lysozyme data. For
each individual X-ray pulse, the pulse energy was recorded by an X-ray gas monitor
detector (XGMD) upstream of the experimental hutch. Microcrystals were injected
into the X-ray interaction region using a GDVN as described above.

Data processing and structure solution. Data from the AGIP detector was
calibrated using the calibration pipeline established at EuXFEL383%, with constants
provided by the facility and the AGIPD consortium. CASS*? was used for online
data analysis, hit identification and data preprocessing. Indexing and integration
were performed with CrystFEL version 0.6.3. The detector distance was the same
for each of the five shifts of data collection. The position of the sample jet was
continuously adjusted to maximize the hit rate. The positions and orientations of
individual sensor modules of the AGIPD were refined as described!. The quality of
the lysozyme control data was investigated using custom-written python- and
mathematica scripts as well as programmes from the CCP4 suite*!. Lysozyme
structures were refined against the 7.47 and 9.22 keV datasets using PHENIX*?
(including simulated annealing), after molecular replacement with PHASER. In
the 7.47 keV structure, 99.2%, 0.8%, and 0.0% of residues are in the preferred,
allowed and disallowed regions of the Ramachandran plot, respectively. For the
9.22 keV structure, these numbers are 99.2%, 0.8%, and 0.0%. Complete data and
model statistics are given in Table 1.

The concanavalin A data were phased by molecular replacement with
PHASER®3, using PDB entry 1JBC3C as the search model after removal of the
waters and the metal ions. A clear solution (TFZ = 8.9) was found, and the
structure was refined by iterative cycles of rebuilding in COOT** and refinement in
PHENIX*?, including simulated annealing. The final model has excellent geometry,
with 97.4% of residues in the preferred regions of the Ramachandran plot, 2.6% in
allowed regions and 0.0% in disallowed regions. A phased anomalous difference
density map was calculated to help identify the metal ions bound to the protein. As
expected at the photon energy used for data collection (7.48 keV), clear anomalous
difference density (6.90 peak height) was found at the position of the calcium ion,
but none was found for the other metal ion, which was modeled as a magnesium
ion based on the lack of anomalous signal, the coordination as well as the expected
metal content for native concanavalin A32

The concanavalin B data were treated by AMBIGATOR to remove the indexing
ambiguity>>*°. These data were then also phased by molecular replacement with
PHASER using PDB entry 1CNV3! as the search model after removal of the waters,
again resulting in a very clear solution (TFZ = 12.6). The final structure was obtained
using iterative cycles of rebuilding in COOT and refinement in PHENIX (including
simulated annealing), resulting in a model with excellent geometry, with 97.9% of
residues in preferred regions, 1.7% in allowed regions and 0.4% (1 residue) in
disallowed regions of the Ramachandran plot. This latter residue is in a highly
strained part of the main chain, involved in a cis peptide known to occur in
concanavalin B.

Simulated annealing composite omit maps of representative regions of both
structures are shown in Fig. 3. Atomic coordinates and structure factor amplitudes
have been deposited in the Protein Data Bank under entry codes 6GW9
(concanavalin A) and 6GWA (concanavalin B). Data and model statistics for both
structures are given in Table 1.

Code availability. Analysis scripts are available from the authors upon request.

Data availability. Coordinates and structure factor amplitudes have been depos-
ited in the Protein Data Bank under accession codes 6HOK (lysozyme, 7.47 keV),
6HOL (lysozyme, 9.22 keV), 6GW9 (concanavalin A) and 6GWA (concanavalin B).
Data from this experiment have been registered under DOI 10.22003/XFEL.EU-
DATA-002038-00. Other data are available from the corresponding authors upon
reasonable request.
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The new European X-ray Free-Electron Laser is the first X-ray free-electron laser capable
of delivering X-ray pulses with a megahertz inter-pulse spacing, more than four orders of
magnitude higher than previously possible. However, to date, it has been unclear whether it
would indeed be possible to measure high-quality diffraction data at megahertz pulse
repetition rates. Here, we show that high-quality structures can indeed be obtained using
currently available operating conditions at the European XFEL. We present two complete
data sets, one from the well-known model system lysozyme and the other from a so far
unknown complex of a B-lactamase from K. pneumoniae involved in antibiotic resistance.
This result opens up megahertz serial femtosecond crystallography (SFX) as a tool for reli-
able structure determination, substrate screening and the efficient measurement of the
evolution and dynamics of molecular structures using megahertz repetition rate pulses
available at this new class of X-ray laser source.
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he development of serial femtosecond crystallography
(SFX) using intense femtosecond-duration pulses from X-
ray free-electron lasers has opened up new avenues for the
measurement of macromolecular structures and macromolecular
dynamics. SFX has found particular application for room tem-
perature measurements using micron-sized and smaller protein
crystals, time-resolved studies of biomolecular dynamics at phy-
siologically relevant temperatures, and the measurement of
radiation-sensitive structures!~”. The pressing challenge facing
serial crystallography has been efficiently measuring diffraction
data from the large number of individual micro- or nanocrystals
required for the serial crystallography approach. Now, the new
European X-ray Free-Electron Laser (EuXFEL) is the first X-ray
free-electron laser capable of delivering X-ray pulses with a
megahertz inter-pulse spacing, a peak pulse rate four orders of
magnitude higher than previously possibleS. However, to date, it
has been unclear whether it would indeed be possible to measure
high-quality structures using an XFEL beam with a microsecond
X-ray pulse separation. Here, we show that high-quality struc-
tures can indeed be obtained using 1.1 MHz repetition rate pulses
from the European XFEL using currently available operating
conditions (September 2017 and March 2018, proposal p2012).
We present two complete data sets, one from the well-known
model system in crystallography, lysozyme and the other from a
so far unknown complex of a B-lactamase from Klebsiella pneu-
moniae involved in antibiotic resistance. This result opens up the
possibility of SEX structure determination at a far higher rate than
previously possible, enabling the efficient measurement of the
evolution and dynamics of molecular structures using megahertz
repetition rate pulses available at this new class of X-ray laser
source.
Ultra-short and extremely intense X-ray pulses from XFELs
can outrun X-ray-induced damage processes to obtain practically
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unperturbed structures before the onset of sample explosion®1°,

"Diffraction before destruction" has enabled the recent develop-
ment of SEX at FELs using sub-micron-sized crystals at room
temperature using doses far exceeding conventional radiation
damage limits' 112, To date, SFEX measurements have been limited
by facility pulse repetition rates to measuring at 120 frames
per second or 8 ms between pulses!3~1>. The EuXFEL design
produces bursts of X-ray pulses at a megahertz repetition rate,
repeating at 10 Hz frequency (Fig. 1). At the current EuXFEL,
intra-bunch repetition rate of 1.1 MHz the pulse spacing is less
than 1 ps, nearly four orders of magnitude shorter than previously
available®. The decreased time between X-ray pulses enables the
EuXFEL to deliver more pulses per second while maintaining the
same X-ray peak power, but simultaneously poses several chal-
lenges for SFX. Exposed samples must clear the X-ray interaction
point in less than 1 ps before the arrival of the next X-ray pulse
requiring sample to be delivered four orders of magnitude faster
than previously required. Additionally, detecting full-frame dif-
fraction patterns with megahertz pulse repetition rates requires a
totally new class of detector. Further complicating matters, the
high dose deposited by a single FEL pulse can cause the jet to
explode. This creates a void which must also clear the interaction
point before the next X-ray pulse arrives. The explosion has been
observed to send a shock wave back up the liquid column under
certain conditions!®, while high levels of ionization produced in
a small area also create free electrons which can damage as
yet unexposed sample. Any of these effects could damage the
incoming protein crystals resulting in either modification of the
molecular or crystalline structure, possibly preventing structural
information to be acquired from diffraction measurements
altogether.

We demonstrate here that serial femtosecond crystallography
using bursts of megahertz repetition rate X-ray pulses is capable

AGIPD detector

AGIPD can measure up to:
352 frames at 1.1 MHz

European XFEL pulse structure

3520 frames per second
900 ns

—i i« (1.1 MH2) This experiment:
| ||||||||||| 15 and 30 frames at 1.1 MHz
150 and 300 frames per second

100 ms

7/

(10 Hz)

Fig. 1 Megahertz serial crystallography. Pulses from the European XFEL were focused on the interaction region using a set of Beryllium lenses. Protein

crystals in crystallization solution were introduced into the focused XFEL beam using a liquid jet of 1.8 um diameter moving 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 that the liquid column does explode under the X-ray illumination conditions of this experiment using a jet with a
speed of 100 m/s, but that the liquid jet recovered in less than 1ps to deliver fresh sample in time for arrival of the next X-ray pulse. Images and movies of

jets at different speeds are included in the supplementary material
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of high-resolution structure determination using high-speed
liquid jets as the sample delivery medium and hen egg white
lysozyme (HEWL) as a known and well-characterized model
system. HEWL is an extremely well-characterized system that
crystallizes easily into a range of crystal sizes, making it an
excellent system for demonstrating SFX at MHz pulse rates.
We further demonstrate that MHz SFX is suitable for structural
discovery by determining the structure of a so far unknown
complex of a B-lactamase from K. pneumoniae. This enzyme
belongs to the extended spectrum P-lactamases (ESBLs) that play
an important role in emerging multi-antibiotic resistance
mechanisms. This class of enzymes is able to hydrolyze the -
lactam ring structure of most prominent antibacterial agents used
in medicine and render them ineffective. The constantly evolving
resistance to penicillin and penicillin-derived antibiotics is forcing
the development of new antibiotics, as particular ESBLs including
CTX-M-14 from K. pneumoniae are already able to cleave even
antibiotics specifically developed against pathogens with high p-
lactamase stability including third-generation cephalosporins
such as cefotaxime or ceftazidime!”. These cephalosporins have
bulky R1 residues, which means that they no longer fit into the
binding pocket of B-lactamases and thus are no longer cleaved by
them. The so-called activity-stability compromise for the
observed substrate-spectrum-expanding mutations in ESBL
describing an enlargement of the binding pocket at the expense of
the overall stability of the enzyme!® is a suspected cause of
inhibition!®. To obtain structural insights into the molecular basis
and spectrum of CTX-M-14 inhibition, we analyzed the complex
with the inhibitor avibactam. Furthermore, studying B-lactamase
binding is an important demonstration towards both high-
throughput substrate screening and future time-resolved diffu-
sion-based SFX experiments in which inhibitor and crystals are
mixed on the fly to enable time-resolved structural studies of
substrate binding?°.

Results

Megahertz serial crystallography. Our experiment was con-
ducted at the SPB/SFX (single particles, clusters and biomolecules
and serial femtosecond crystallography) instrument of the
European XFEL?!. For the HEWL measurements, X-ray pulses
with a mean photon energy of 9.3keV (1.3 A wavelength), a
mean pulse energy of 580 uJ and pulse length of approximately
50 fs duration (derived from the electron bunch length) were
focused by beryllium compound refractive lenses into a focal
spot of 16 um diameter full width at half maximum (FWHM) in
the SPB/SFX interaction region (Fig. 1). The European XFEL
pulse structure for this experiment comprised 15 X-ray pulses
at 1.1 MHz repetition rate repeating at 10 Hz, for a total of
150 pulses per second. Microcrystals of HEWL of 6-8 um size
were introduced into the X-ray interaction region in a 1.8 um
diameter liquid jet by a gas dynamic virtual nozzle at speeds of
between 50 and 100 m/s. Jet speed was measured using direct
imaging in the laboratory under the same conditions as used in
the EuXFEL experiment (Table 1). Measurements were made at
room temperature and the absorbed dose for each crystal was
estimated to be 0.5MGy using RADDOSE-3D version 2.12?
based on an estimated 50% beamline transmission and a 16 um
focal spot size. Diffraction from each X-ray pulse was measured
using a 1-megapixel AGIPD (adaptive gain integrating pixel
detector) located 0.12m downstream of the interaction region
as shown in Fig. 1. A sample crystal diffraction pattern is
shown in Fig. 2 demonstrating the quality of diffraction patterns
measured. An image of an HEWL crystal in liquid jet under
the same sample delivery conditions used in this experiment is
shown in Supplementary Figure 1, which also illustrates how jet

Table 1 Measured jet speeds
Condition 50m/s 75m/s 100m/s 25m/s
Liquid flow (uL/min) 15 13 13 41
Gas flow (mg/min) 23 50 80 20
Water
Delay time (ns) 200 130 80 ~2000
Distance by imaging in 10 10 9 ~50
lab (um)
Speed by imaging in lab (m/s) 50 77 10 25
Lysozyme crystal suspension
Delay time (ns) 500 400 200 -
Distance by imaging in lab 21 31 21 -
(um)
Speed by imaging in lab (m/s) 42 78 105 -
{= .

1 1 ~d . 5

I .

éGOO I 1
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{
0

Fig. 2 Diffraction pattern from HEWL. Diffraction pattern from a single
HEWL microcrystal measured using MHz pulses of 50 fs duration X-rays at
9.3 keV using the AGIPD 1M detector in the SPB/SFX instrument. Dynamic
gain switching of the AGIPD detector enables simultaneous low noise and
high dynamic range: each pixel has three gain settings which are
automatically selected depending on the per-pixel cumulative intensity to
simultaneously maximize sensitivity and dynamic range. Image clipped at
2600 counts to show content, full dynamic range of brightest spots extends
to 109,000 counts

speed for crystal solution was directly measured using double
exposure illumination.

An important consideration is whether data can be collected
from any pulse in the EuXFEL pulse train, or only from the first
pulse due to jet destruction or crystal damage. Direct imaging of
the liquid jet using stroboscopic laser illumination shows that the
XFEL pulse initially vaporizes the jet but that the liquid column
does indeed recover in time for the next X-ray pulse for jets with a
diameter of less than 2 um and speeds between 50 and 100 m/s,
while jets with a speed of 25 m/s do not recover in time (Fig. 3
and Supplementary Movie 1, Supplementary Movie 2, Supple-
mentary Movie 3, Supplementary Movie 4). Imaging reveals that
explosion dynamics for jet speeds of between 50 and 100 m/s
are qualitatively different from those previously reported!,
showing a clean break in the liquid stream rather than the rapid
expansion shapes reported in ref. 1°, reflecting the smaller jet size
and larger focus compared to previous studies. Results using
lower photon energies at FLASH suggest this behaviour will scale
to GGy doses expected to be available due to smaller focal spot
sizes at the SPB/SFX instrument in the near future?3. The ratio of
focal spot size to jet diameter may also affect explosion dynamics
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Fig. 3 Images of interaction of the EUXFEL liquid jet for the first 5 pulses in
a train. Jets in the range of 50-100 m/s recover in time for the next pulse
(first three rows), whereas slower jets of the type commonly used at LCLS
do not recover in time for the next XFEL pulse at MHz repetition rates
(bottom row). The bottom line provides linkage back to the results
presented in ref. |. Red line shows the intersection point with X-ray pulses.
Images obtained by synchronized laser back illumination. Movies with finer
time steps are included as supplementary material

and will be the subject of future studies when smaller focal spot
sizes become available.

Lysozyme reference data. We collected 749,874 diffraction pat-
terns from HEWL crystal solution in 83 min of measurement
time at 150 pulses per second, of which 25,193 images (3.4%)
were found to contain crystal diffraction as identified by Chee-
tah?*. We observed that diffraction from microcrystals could be
observed on both the first and subsequent pulses in the XFEL
pulse train and that detected crystal “hits” were distributed
roughly evenly through the pulse train (Fig. 4). This indicates that
the first pulse does not destroy the liquid jet for the rest of the
pulse train across the range of jet speeds and X-ray pulse inten-
sities tested. From the identified hits, 24,733 images (95%) could

be indexed using the CrystFEL software suite>>2¢ yielding 25,531
indexed crystal lattices for structure determination when allowing
for multiple lattices per image. Indexing results further indicate
that crystals were equally distributed among pulses in the MHz
XFEL pulse train with no obvious signs of degradation in data
quality through the pulse train (Fig. 4). Additionally, the CC* data
metric is similar for merged data split according to pulse ID, and
that the correlation between merged data from the first and
subsequent pulses is consistent showing no visible signs of
degradation under the conditions of this experiment (Fig. 4).

Merging reflection intensities using the program partialator in
CrystFEL produced a data set with an error metric Rypy; of 0.105
to 1.8 A resolution and CC* of 0.995 (Table 2). The structure was
determined by molecular replacement using Phenix?*’ using a
solvent-free version of the 4ET8 SFX lysozyme structure? as the
starting model with an Ryou/Rgee 0of 0.151/0.176 to 1.8 A
resolution (Fig. 5a and Table 2). Calculation of a composite
simulated annealing omit map and, separately, complete rebuild-
ing of the structure from a truncated starting model using
Autobuild?® after removal of residues 1-16 and 40-60 of the
polypeptide chain indicate that the measured data contain
meaningful and sufficient information to rebuild the structure
(Fig. 5b and Supplementary Figure 2). No obvious signs of
damage are visible at the disulfide bond sites at this dose
(Supplementary Figure 3).

CTX-M-14 p-lactamase. Measurements for CTX-M-14 f-
lactamase were made in the same manner as for HEWL, except
the EuXFEL delivered 300 pulses per second with a mean photon
energy of 9.15 keV and a higher mean pulse energy of 1.05 m] per
pulse, giving an absorbed dose of 0.9 MGy using RADDOSE-3D
version 2.122. Microcrystals of CTX-M-14 B-lactamase were of
3-8 um size and delivered using similar jet speeds and diameters
as for HEWL. A total of 3,215,616 diffraction pattern were
collected from CTX-M-14 collected from which 14,445 (0.4%)
were identified as crystal hits by Cheetah?4, of which 12,474 could
be indexed using the CrystFEL software suite?>2°. Merging
reflection intensities using the program partialator in CrystFEL
produced a daata set with an error metric Rp;; of 0.197 and CC* of
0.984 to 1.7 A resolution (Table 2). A solvent-free version of
5TWD CTX-M-14!8 was applied to refine the model of CTX-M-
14 in complex with avibactam. The SFX data collected to 1.7 A
show a complex with diazabicyclooctane avibactam, covalently
bound to OG of Ser70 of the -lactamase, as also reported similar
by King et al.?? for other B-lactamases. The crystals are in a space
group with only one molecule in the asymmetric unit (AU), an
active site fully accessible to solvent, and were soaked with avi-
bactam just before the SFX data collection. The electron density
as well as the resulted and refined model are of high quality,
without any indication of radiation damage and show avibactam
complexed covalently to OG of Ser70 of the -lactamase (Fig. 6a,
b). As CTX-M f-lactamases are known to demonstrate a unique
capacity to expand their substrate profile, via active site region
amino acid changes, thereby conferring resistance which in turn
leads to therapy failure, the obtained CTX-M-14 structure is most
useful and complements information already obtained from other
B-lactamases?®. The data will support drug discovery investiga-
tions to extend the spectrum of inhibition to a wider range of
serine {3-lactamases. Experimental procedures applied for crystal
preparation, soaking and SFX data collection pave the way for
time-resolved SFX experiments applying P-lactamase micro-
crystals at EUXFEL with different p-lactam antibiotics, such as
cefotaxime, to unravel the structural mystery and conformational
changes involved in sequential acylation and deacyalation of the
B-lactam ring.
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0.0 0.0
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1/d center resolution (1/nm)
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1/d center resolution (1/nm)

Fig. 4 HEWL diffraction was measured on all pulses in the pulse train. a Hit fraction as a function of pulse number indicates that crystals are hit randomly
on any pulse within the MHz EuXFEL pulse train, and not only on the first pulse in the pulse train. b Indexable lattices were equally distributed among the
MHz XFEL pulse trains and no sign of degradation in data quality is observed through the pulse train as measured by the overall CC* for subsets of the data
corresponding to each pulse. ¢ CrystFEL resolution estimate as a function of X-ray pulse within a train shows no decrease in estimated resolution through
the course of the pulse train. d CC* for data separated from each pulse indicates similar data quality for each pulse in the pulse train. Merging all pulses
produces higher data quality (as expected). e Correlation of merged data from the first pulse relative to each subsequent pulse in the pulse train indicates
that data are similar on each pulse to the limit of data quality available in this experiment. Both d and e are generated from the same stream files used for

structure determination sorted according to pulse ID

Discussion

The results obtained for HEWL and CTX-M-14 demonstrate that
SEX using X-ray pulses with megahertz repetition rates is suitable
for high-resolution structure determination using the methods
described in this paper under the exposure conditions currently
available at the European XFEL. This work was performed with
pulse trains of 15 and 30 X-ray pulses delivered in bursts with a
1.1 MHz inter-pulse repetition rate, for a total of 150 and 300
pulses per second—the number of pulses available at the time of
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the experiment during instrument commissioning. However, the
advance to exploiting sub-microsecond inter-pulse spacing
demonstrated here is the key to high speed data acquisition using
MH?z pulse rates. Subsequent experiments have already been able
to take advantage of 500 pulses per second®’, and at the time of
writing SFX experiments at the European XFEL are already
performed using 1200 pulses per second at 1.1 MHz pulse rates
enabling data to be measured at a rate 10 times higher than
previously possible at hard X-ray XFELs. 3520 pulses per second
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is planned to be available for EuXFEL users in 2019 enabling even
higher data acquisition rates in the near future. The results pre-
sented here demonstrate that SFX using X-ray pulses with sub-
microsecond inter-pulse spacing is suitable for high-resolution
structure determination, and thus the results scale to even more
pulses per train up to and beyond the current AGIPD memory
cell limit of 352 pulses per train.

We can therefore look forward to measurements using more
pulses per unit time as the number of pulses per train delivered by
European XFEL continues to increase. For example, when the
number of pulses in the European XFEL pulse train is increased
to match the maximum AGIPD detector frame rate of 3520

Table 2 SFX data and refinement statistics

Parameter

Lysozyme

CTX-M-14

Photon energy (mean value)
X-ray focus

Pulse energy at sample
(assuming 50% beamline
transmission)

9300eV
15 um (FWHM)
290 W

9150 eV
15 um (FWHM)
526

Pulse length 50fs 50fs

Space group P 4522 P3,21

Unit cell

a, b, c 79.6, 79.6, 383 A 41.8, 418, 2333A

a, By 90, 90, 90° 90, 90, 120°

No. of hits/indexed lattices 25,193/25,531 14,445/12,474

No. of unique reflections 12,387 (1171) 27,838 (2715)

Resolution range 21.99-1.76 34.6-1.69
(1.82-1.76) A (1.75-1.69) A

Completeness

99.64% (97.25%)

99.89% (99.45%)

Rspiit 0.106 (0.446) 0.197 (0.476)
I/s() 7.36 (2.62) 4.37 (2.30)
CGCya 0.98 (0.79) 0.93 (0.63)
ccr 0.99 (0.94) 0.98 (0.88)
Wilson B-factor 26.18 A2 26.80 A2
Rwor 0157 (0.211) 0.176 (0.27)
Reres 0173 (0.218) 0.21 ((0.30)

Rmsd bonds/Rmsd angles
Ramachandran favored

0.010 A/0.994°
99.21%

0.008 A/1.22°
98.1%

Ramachandran allowed 0.79% 1.5%
Ramachandran outliers 0.00% 0.4%
Average B-factor 30.0 A2 27.6 A2
Macromolecules 28.9 A2 27.1A2
Ligands 458 A2 22.2A2
Solvent 403 A2 37.0 A2

PDB code 6FTR 6GTH
CXIDB data deposition CXIDB ID-80 CXIDB ID-83

Statistics for the highest-resolution shell are shown in parentheses

frames per second, the HEWL data set presented here could
be collected in as little as 3.5 min while consuming only 50 uL
of crystal solution. Under such conditions the pB-lactamase
measurements could be completed in only 15min despite the
low hit fraction of 0.4% obtained. Further reduction to less than 1
min per data set consuming only 15puL of solution should be
possible by increasing the hit fraction and reducing dead time
through improvements in sample delivery. Moving beyond 352
pulses per train at EuXFEL would require either a new detector
able to detect more pulses per pulse train or exploitation of the
real-time veto capabilities of AGIPD. Meanwhile, the planned
LCLS-II facility promises up to 10°-10° equally spaced pulses
per second increasing the rate of structure determination even
further. In particular, the structural data obtained for the CTX-
M14 avibactam complex demonstrates the potential of megahertz
SEX for structural discovery at newly available high repetition rate
sources, opening up new possibilities for rapid screening for drug
targets using on-the-fly substrate mixing, while the potential for
rapid data acquisition will facilitate the generation of time-
resolved movies of macromolecules in action at physiological
temperature.

Methods

Sample preparation. Crystals of HEWL were grown by the rapid-mixing batch
method?!. Crystals with sizes of between 6 and 8 um in diameter were obtained by
adding three parts of precipitant (1 M NaCl, 40%(v/v) ethylene glycol, 15%(w/v)
PEG 4000, 50 mM acetate buffer pH 3.5 filtered through a 450 nm filter) to one
part of HEWL (Sigma-Aldrich; dissolved to 126 mg/mL in 50 mM acetate buffer
pH 3.5 and filtered through a 100 nm filter) at 1°C (ThermoStat C, Eppendorf,
Germany). The resulting mixture was immediately subjected to rapid mixing and
incubated for 30 min at 1 °C32. Crystal sizes were estimated through image analysis
by optical microscopy. Crystals were resuspended before injection to yield a
homogenous suspension of HEWL microcrystals.

For the CTX-M-14 B-lactamase the gene was cloned into a pRSET A plasmid
and transformed into competent Escherichia coli BL21DE3 cells (BI21(DE3) pLyS,
Novagen, Schwalbach, Germany). Chromosomal DNA from clinical K.
pneumoniae DT1 (GenBank CP019077.1) served as a template. The amplicon was
cloned into pCR4 and introduced into E. coli TOP10 cells (Invitrogen), giving E.
coli TOP10 x pCR4:blaCTX-M-14. TOP10 x pCR4::blaCTX-M-14 was used to
isolate CTX-M14. The primers used to amplify blaCTX-M14 were Prom-CTX-
M14-for GCCAAAAGTTATTCTACACTCACT and CTX-M14-rev
TTACAGCCCTTCGGCGATG. BL21DE3 cell were grown in LB medium at 37 °C
containing 100 ug/mL ampicillin for plasmid selection. Gene expression was
induced by supplementation of IPTG (isopropyl B-p-1-thiogalactopyranoside) to a
final concentration of 1 mM at an optical density (OD) of 0.7. Cells were harvested
3 h after induction by centrifugation with 4000 x g at 4 °C. The cell pellet was
resuspended in 20 mM MES pH 6 and sonicated for lysis. Cell debris were
separated by centrifugation at 17000 x g for 1 h at 4 °C. Supernatant was
supplemented by addition of 1 ul DNase and dialyzed overnight against a large
volume of 20 mM MES pH 6 at 4 °C. Dialyzed sample was filtered using a 0.2 um
syringe filter and applied onto a cation exchange column (HiTrap SP XL) using a
Akta Pure chromatography system. The column was prequilibrated with 20 mM
MES pH 6 and CTX-M-14 was eluted using a gradient over 20 column volumes
with 50 mM NacCl, 20 mM MES pH 6. Elution peak was concentrated using a

Fig. 5 Electron density map for HEWL by MHz SFX. a 2Fo-Fc map at 1 sigma overlaid on Fo-Fc map at 3 sigma from molecular replacement using a solvent-
free version of the 4ET8 lysozyme structure? as the starting model. b Integrity of the measured data is verified by complete rebuilding of the structure from
a truncated starting model after removal of residues 1-16 and 40-60 of the polypeptide chain using Autobuild?8
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Fig. 6 Structure of CTX-M-14 B-lactamase determined by MHz SFX. a 2Fo-Fc map at 1 sigma overlaid on Fo-Fc map at 3 sigma around covalently bound
avibactam from molecular replacement using a solvent-free version of the 5TWD B-lactamase structure from ref. 8 as the starting model. b Representation
of covalently bound avibactam to OG of Ser70, stabilized by hydrogen bonds and hydrophobic interactions with surrounding amino acids of CTX-M-14.

Figure was prepared using Ligplot>3

10 kDa Amicon concentrator to a final CTX-M-14 concentration of 20 mg/mL.
CTX-M-14 microcrystals for SFX were produced using a seeding approach.
Crystals were grown by sitting drop vapor diffusion at 20 °C overnight mixing 1 pL
CTX-M-14 at 20 mg/mL and 1 uL precipitant (40% PEG8000, 200 mM lithium
sulfate, 100 mM sodium acetate). Obtained crystals (space group P2,2,2;) were
crushed and a seed stock was prepared. To obtain microcrystals the undiluted seed
stock was used for batch crystallization setups by mixing volumes of 50% CTX-M-
14 with 10% undiluted seed stock and 40% precipitant solution. Resulting
microcrystals were centrifuged at 200 x g for 5 min and the pellet was crushed
using a glass tissue homogenizer. This procedure was repeated 10 times and the
supernatant of a final centrifugation step was used for two successive rounds of
seed stock preparation, resulting in approximately 1 mL of highly concentrated
seed stock that was used for following CTX-M-14 batch crystallization setups.
CTX-M-14 microcrystals prepared by this approach grew within 1h and had a
homogeneous size distribution ranging from 3 to 8 um, scored by light microscopy.
Prior to sample loading into the reservoir container the crystal suspension was
filtered using a 20 um gravity flow filter and mixed at this time with avibactam to
obtain a final avibactam concentration of 20 mM.

Fast jets. Delivery of suspensions of crystal solution followed the principle of a gas
dynamic virtual nozzle>3-3 in which a liquid stream is focused and accelerated by
the virtual orifice created by a co-propagating helium gas flow. The sample was
delivered to the injector using a syringe approach in which a high-pressure liquid
chromatography (HPLC) pump (Shimadzu) delivered water to drive the plunger in
a sample reservoir, forcing sample through a syringe into the injector lines. The
pump delivers a constant flow even at high pressures and thus allows for stable and
steady delivery of the sample suspension. The sample flow rate was additionally
monitored by a liquid flow meter (Sensirion) located in the water stream between
the HPLC pump and the sample syringe/reservoir. Gas flow was controlled using a
GP1 gas pressure regulator (Proportion-air) and the flow rate was monitored with a
gas flow meter (Bronkhorst). Nozzle tips were produced by three-dimensional (3D)
printing®® following the design shown in Fig. 1. A 50 um internal diameter injector
sample line was used for improved stability with the crystal sizes used, placing an
upper limit on achievable jet speed in this experiment. Three different conditions
were chosen for sample delivery spanning the range of 50-100 m/s jet speed,
significantly faster than previous jet velocities that were usually below 30 m/s%. Jet
speeds were estimated during the experiment based on the flow conditions and
known geometry of the 3D-printed nozzle, and subsequently verified by high-speed
imaging in the laboratory using the same flow conditions as listed in Table 1.
Laboratory measurement with both water and HEWL crystal suspension showed
similar jet speeds, as reported in Table 1. The speed of the 25 m/s jet was calculated
with less precision from movement of the X-ray-induced gaps at EuXFEL. No
crystal diffraction data were collected with the 25 m/s jet. For simplicity in the main
text and figures we refer to these conditions as jets with a speed of 100, 75, 50 and
25 m/s, values which retain physical meaning but do not over-estimate the stability
of the jet speed over time.

Placement of injector nozzles near the XFEL interaction region was achieved
using a “nozzle rod” mount provided by the EuXFEL sample environment group,
providing the ability to optimize overlap between the focused X-ray beam and the
sample-containing liquid jet. Interaction of the jet with the XFEL was imaged using
an in-situ microscope with pulsed laser back illumination (Coherent Minilite-II,
pulse duration of 3-5 ns for the frequency doubled 532 nm pulse) synchronized to
the XFEL pulses similar to the arrangement in ref. '°. Jet explosion movies were
collected using the higher pulse energy of the p-lactamase measurements.

SPB/SFX instrument. Experiments were performed at the SPB/SFX instrument at
the European XFEL X-ray free-electron laser in September 2017 (HEWL) and April
2018 (CTX-M-14) as part of EuXFEL experiment p2012 using parameters as
described in the main text. The size of the focal spot in the interaction region was
estimated to be 16 um + 4 yum FWHM diameter based on optical imaging of single
shots using Ce:YAG screens of various thicknesses (15, 20 and 50 pm). An analysis
of the scattered signal on the detector suggests it is possible the actual focal spot
was somewhat smaller in size. The liquid jets (described above) were positioned in
the interaction region by mounting nozzles on a movable “nozzle rod” which held
the jets just above the
X-ray focal position and aligned to the X-ray beam using an in-line microscope
viewing system. Diffraction from the sample was measured using an AGIPD 1M
located 0.12 m downstream of the sample interaction region, with the direct beam
passing through a central hole in the detector to a beam stop further downstream.
The AGIPD (Supplementary Figure 4) is a new charge integrating detector built
for the European XFEL that is capable of measuring full frames at the EuXFEL pulse
repetition rate. The AGIPD is designed to read out in burst mode because the
EuXFEL delivers trains of X-ray pulses at MHz repetition rate, repeating at 10 Hz
repetition rate. This experiment was performed with 30 pulses per burst at 1.1 MHz
repetition rate. The EuXFEL design parameters extend to bursts of up to 2700 pulses
at 4.5 MHz repetition rate, and thus each AGIPD pixel contains 352 analog memory
cells which can be addressed at MHz repetition rates enabling the AGIPD to
measure bursts of up to 352 individual X-ray pulses at MHz repetition rate.
Subsequently, all memory cells are read out in the less than 100 ms before arrival of
the next burst of X-ray pulses. This enables up to 352 pulses per train to be
measured, or when fewer than 352 pulses populate a pulse train allows all pulses to
be measured, as is this case here. The maximum frame rate of AGIPD is therefore
3520 frames per second matched to the EuXFEL pulse structure. Each pixel of
AGIPD has three gain settings which are automatically selected on a frame-by-
frame basis depending on the signal present in each pixel (Supplementary Figure 4).
The AGIPD 1M detector used here consists of 16 tiles of 128 x 512 pixels each
arranged as shown in Fig. 1 and Supplementary Figures 4 and 5. Calibration of the
AGIPD readout requires measurement of the pedestal, gain and gain switching
threshold for each of the three gain stages in each memory cell of each pixel. In this
experiment the detector readout was initially limited to the first 15 X-ray pulses
during instrument commissioning (HEWL), and later 30 pulses (CTX-M-14).

XFEL data analysis. Experiment progress was monitored online using OnDA38 for
serial crystallography reading data in real time from the EuXFEL control system
Karabo®” using the Karabo bridge*?. Of the 749,874 diffraction patterns collected
during HEWL data acquisition runs used for final analysis, 25,193 (3.4%) images
were found by Cheetah?* to contain crystal diffraction (peakfinder8, minSNR = 8,
minADC = 200, minPix = 2, minPeaks = 20). The same procedure was followed
for CTX-M-14, except with the peakfinder8 parameters minSNR = 8, minADC =
250, minPix = 1, minPeaks = 20. Data from each AGIPD module was saved into
separate files, and thus Cheetah?* was updated to match data from each of the
16 separate modules by train and pulse number. This ensured data was processed
from the same X-ray pulse even in the presence of missing data frames, for
example, if not all modules were present in the saved data for all train and pulse ID
combinations. Data were read from uncalibrated (RAW_) data files in European
XFEL format, and thus detector calibration was required. See Supplementary
Figure 4 for operation of the AGIPD multiple-gain mode. AGIPD calibration was
performed in Cheetah as follows: first the memory cell in use for the given Train ID
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and Pulse ID combination was determined, and then the recorded gain switch level
was compared against the gain threshold for that memory cell to determine which
gain mode the pixel was in for that particular measurement. The pedestal and gain
correction for that memory cell and gain stage was then applied, and a per-memory
cell and gain stage bad pixel mask was applied. Bad pixels were identified as
statistical outliers in dark data sets and flagged to be ignored. The density of bad
pixels across the detector areas used for analysis was 2.5% (Supplementary Fig-
ure 5). Calibration constants were obtained using software from both EuXFEL and
the AGIPD detector consortium*!. The output from Cheetah was stored in .cxi
format for compatibility with downstream processing. Corrected data frames as
well as raw data for both data sets have been deposited in the CXIDB.

SFX data processing. Indexing was done for both data sets applying CrystFEL
v.0.6.3 to peaks found by Cheetah using the indexing packages MOSFLM*2,
DirAx*? and asdf?®. Since detector panel locations were not measured to adequate
precision before the experiment, lithium titanate powder diffraction rings were
used for rough detector panel alignment followed by fine refinement from HEWL
and CTX-M-14 diffraction data using geoptimiser** and Slip-n-slide*>. Combined
with a 1% uncertainty in photon energy and uncertainty in the detector-to-sample
distance, final indexing involved an iterative process with refinement of all
unknown values using geoptimiser#. Indexing of multiple lattices per image
sometimes resulted in a higher number of indexed lattices than number of input
images. Merging and scaling of the Bragg peaks intensities were performed using
partialator program from CrystFEL. To avoid the integration of noise for weakly
scattering patterns, reflections were included up to 0.2 nm~! above a conservative
resolution estimate for each crystal (--push-res = 0.2) for both HEWL and CTX-
M-14. Since the space group of the CTX-M-14 crystals (P 3, 2 1) is merohedral and
will exhibit indexing ambiguities, we processed the stream-file using ambigator in
CrystFEL to resolve the indexing ambiguity before scaling and merging. MTZ-
files for crystallographic data processing were generated from CrystFEL merged
reflection data files using f2mtz of CCP4%”. Figures of merit were calculated using
compare_hkl (Rsplit, CC,,, CC*) and check_hkl (SNR, multiplicity, completeness),
both a part of CrystFEL. The distribution of peak intensities and Wilson plot for
the HEWL data set also reflect good data quality and dynamic range (Supple-
mentary Figures 6 and 7).

Structure determination. A solvent-free version of the 4ET8 lysozyme structure?
and the solvent-free structure of the 5TWD B-lactamase structure!® were used each
as a starting model for molecular replacement in Phaser*®. Due to non-
isomorphism of the collected data set with the data set in 4ET8 and 5TWD Rgee-
flags were generated randomly using phenix.refine*® and the same set of R.-flags
were then used throughout the refinement process. Initial refinement was carried
out for both structures using phenix.refine, with all isotropic atomic displacement
parameters set to 20 and using simulated annealing. This was followed by iterative
cycles of restrained maximum-likelihood refinement using phenix.refine and
manual model re-building using COOT?’. Polygon®! and MolProbity>? were used
for the validation of the final model.

To assess the quality of data we followed two separate approaches. In the first
approach, firstly we calculated a composite simulated annealing omit map for the
HEWL structure, using phenix.composite_omit_map?’ (Supplementary Figure 2),
and secondly we generated a polyAla-model of the final refined model, truncated
residues 1-16 and 40-60 and used AutoBuild?® to see whether the final model
could be rebuilt correctly and completely starting from just the X-ray-data and the
truncated model (Supplementary Figure 2). Figures were generated using PyMOL.
For CTX-M-14 the quality of the data and electron density was proven by the clear
difference electron density of avibactam complexed in the active site, allowing an
unambiguous interpretation of the inhibitor and identification of the covalent bond
to OG of Ser70 of the p-lactamase.

Code availability. The versions of Cheetah and CrystFEL used in this work are
available from the respective websites: https://www.desy.de/~barty/cheetah and
https://www.desy.de/~twhite/crystfel.

Data availability

Source data have been deposited with the Coherent X-ray Imaging Databank (CXIDB)
with reference number CXIDB-ID-80 (HEWL) and CXIDB-ID-83 (CTX-M-14). Data
deposition with CXIDB includes: Raw EuXFEL data files (/raw); Cheetah folder (results
and calibrations); Stream files generated by CrystFEL; Detector geometry files; Data
calibrated by the European XFEL (/proc). The DOI for the original data at EuXFEL is:
https://doi.org/10.22003/XFEL.EU-DATA-002012-00. Structures have been deposited
with the Protein Data Bank (PDB) with the accession codes 6FTR (HEWL) and 6GTH
(CTX-M-14). Other data are available from the corresponding authors upon reasonable
request.
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Here, we illustrate what happens inside the catalytic cleft of an enzyme when
substrate or ligand binds on single-millisecond timescales. The initial phase of
the enzymatic cycle is observed with near-atomic resolution using the most
advanced X-ray source currently available: the European XFEL (EuXFEL).
The high repetition rate of the EuXFEL combined with our mix-and-
inject technology enables the initial phase of ceftriaxone binding to the
Mycobacterium tuberculosis f-lactamase to be followed using time-resolved
crystallography in real time. It is shown how a diffusion coefficient in enzyme
crystals can be derived directly from the X-ray data, enabling the determination
of ligand and enzyme-ligand concentrations at any position in the crystal
volume as a function of time. In addition, the structure of the irreversible
inhibitor sulbactam bound to the enzyme at a 66 ms time delay after mixing is
described. This demonstrates that the EuXFEL can be used as an important tool
for biomedically relevant research.

1. Introduction

Combatting the rise of infectious diseases requires a colla-
borative and interdisciplinary approach. Structural biologists
can contribute by investigating the reaction mechanisms of
biomedically significant enzymes as a structural basis to
develop cures for diseases. Bacterial infections with strains
that are resistant to currently available antibiotics are on the
rise (Cassini et al., 2019). A study sponsored by the British
government projected that in the near future more people will
die from untreatable bacterial infections than from cancer
(https://amr-review.org/). Bacterial enzymes that inactivate
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currently available drugs are central to antibiotic resistance
(Fair & Tor, 2014), and unraveling the catalytic mechanism of
these enzymes will be beneficial for the development of novel
antibiotics (Imming et al, 2006). B-Lactamases such as the
Mpycobacterium tuberculosis B-lactamase [BlaC; Fig. 1(a)]
catalytically inactivate B-lactam antibiotics. B-Lactamases are
responsible for the emergence of multidrug- and extensively
drug-resistant bacterial strains (Smith et al., 2013). Infectious
diseases that could be treated with antibiotics in the past may
become untreatable. This warrants the investigation of the
structure and function of these enzymes.

Using time-resolved crystallography, structures of inter-
mediates and kinetic mechanisms can be extracted simulta-
neously from the same set of X-ray data (Moffat, 2001;
Schmidt, 2008). At free-electron lasers (XFELs) small,
micrometre- and submicrometre-sized, crystals can be exam-
ined due to the immense X-ray pulse intensity (Chapman et
al., 2011). The microcrystals are destroyed by the pulses, and
new crystals must be delivered to the X-ray interaction point
in a serial fashion. This method has been termed serial
femtosecond crystallography (SFX; Chapman et al., 2011;
Boutet et al., 2012). Since the XFEL pulses are of femtosecond
duration, diffraction patterns are collected before the crystals
suffer significant radiation damage, resulting in X-ray struc-
tures that are essentially damage-free (Lomb et al., 2011; Nass,
2019; Neutze et al., 2000) and are suspended in their current
reaction state. Most time-resolved crystallographic experi-
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Figure 1

ments at XFELs are of the pump—-probe type. An optical laser
pulse triggers a reaction in the crystallized molecules. Struc-
tures are probed by X-ray pulses after a controlled delay
(Tenboer et al., 2014; Barends et al., 2015; Coquelle et al., 2018;
Nogly et al, 2018; Kern et al., 2018; Pandey et al., 2019;
Skopintsev et al., 2020; Dods et al., 2021; Yun et al., 2021). Due
to the ultrashort nature of both X-ray and optical laser pulses,
the experiments can reach subpicosecond time resolutions
(Hartmann et al., 2014; Barends et al., 2015; Pande et al., 2016;
Skopintsev et al., 2020). Photoactivation requires a light-
sensitive cofactor, a chromophore, located in the protein to
absorb the light. Light absorption must trigger a reaction that
either promotes catalysis directly (Holtorf et al., 1995; Li et al.,
2010; Sorigué et al., 2017, 2021) or regulates the activity of the
enzyme (Takala et al., 2014; Gourinchas et al., 2017; Carrillo et
al., 2021). Most enzymes, however, are neither activated nor
regulated by light, meaning that the technique can only be
directly applied in a narrow range of cases. Broader applica-
tion requires great effort and chemical expertise to either
engineer photoactive enzymes or to design photoactive
compounds that can by soaked into, and activated in, enzyme
crystals (Srajer & Schmidt, 2017; Zaitsev-Doyle et al., 2019;
Mehrabi, Schulz, Dsouza et al., 2019).

With the ‘mix-and-inject’ technique (Schmidt, 2013; Stagno
et al., 2017; Kupitz et al., 2017; Olmos et al., 2018; Mehrabi,
Schulz, Agthe et al., 2019) photoactivation is not necessary.
The substrate is rapidly mixed with small enzyme crystals
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The structures of BlaC and the ligands investigated here. (a) Structure of BlaC in the orthorhombic crystal form. The four subunits of BlaC are shown in
red (A), green (B), blue (C) and yellow (D). The red dotted box shows the position of the active site. A phosphate (P;) is present in all active sites. The
catalytically active Ser70 is marked in subunits B and D. (b) The chemical structure of ceftriaxone (CEF). The leaving group (dioxotriazine; the double
tilde shows the cleaved bond) and the thiazole ring are marked. (¢) The chemical structure of sulbactam (SUB). (d) The covalently bound trans-EN.
Ser70 of BlaC opens the f-lactam ring of SUB. The structure rearranges to a trans-enamine. This inactivates BlaC.
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Table 1
Data-collection statistics [30 ms data from Olmos et al. (2018)].

Water (reference) 5 ms CEF 10 ms CEF 50 ms CEF 66 ms SUB 30 ms CEF (LCLS)
Temperature (K) 293 293 293 293 293 293
Space group P2, P2, P2, P2, P2, P2,
EuXFEL train pulse rate (kHz) 564 564 564 564 564 564
a, b, c(A) 80.9, 99.5, 112.6 80.6,98.7,113.1  80.6,985, 1135 804,982, 1152  81.0,99.5,112.6  78.7,96.8, 112.6
o, B,y () 90, 108.4, 90 90, 108.6, 90 90, 108.8, 90 90, 110.0, 90 90, 108.4, 90 90, 109.7, 90
Resolution (A) 2.8 2.4 2.6 2.6 2.7 2.7
Hits 51980 110698 85775 85914 35886 35065
Indexed patterns 31812 105495 52323 36256 25013 24397
Hit/indexing rate (%) 2.98/61.2 0.65/95.3 1.33/61.0 2.26/42.2 0.78/69.7 3.87/69.5
Observed reflections 31572191 114717921 49576617 38055135 21034155 14588166
Unique reflections 41870 65232 51595 50760 45344 40340
Multiplicity 754 (236) 1758 (1246) 966.3 (580.4) 749.7 (449.4) 463.8 (307.4) 526 (142)
Completeness (%) 100 (100) 100 (100) 100 (100) 100 (100) 100 (100) 100 (100)
Rapiie (%) 20.6 (988) 15.6 (303.7) 17.8 (334) 20.9 (198.1) 214 (459.2) 142 (121.1)
CCyp2 (%) 96.5 (22.9) 99.2 (26.9) 99.6 (58.4) 99.5 (58.4) 96.9 (20.5) 98.6 (34.5)

during sample delivery (Calvey et al., 2019). Mixing occurs at a
well controlled location ‘en route’ to the X-ray beam. During
the time delay At,, that occurs between mixing and injection,
the substrate diffuses into the crystals and binds to the
enzyme. The complex formed by the substrate and the enzyme
then initiates the enzymatic cycle. Variation of At,, allows the
measurement of rate coefficients together with atomic reso-
lution structures which can be associated with intermediate
states of the protein reactions (Kupitz et al., 2017; Olmos et al.,
2018; Mehrabi, Schulz, Agthe et al., 2019). This can reveal the
mechanism of enzyme action at the molecular level or the
binding of a drug molecule. The combination of serial
femtosecond crystallography with mixing before injection has
been denoted ‘mix-and-inject serial crystallography’ (MISC;
Kupitz et al., 2017; Olmos et al., 2018). The feasibility of MISC
has previously been demonstrated with BlaC on longer
millisecond timescales (Kupitz et al., 2017; Olmos et al., 2018).
The observation of intermediate-state structures, and the
maximization of the potential time resolution in both photo-
activation and mix-and-inject techniques, relies on an accu-
rately gauged start time of the reaction inside the crystals. In
photoactivation experiments this requires a sufficient pene-
tration of optical laser light into the crystal to ensure that a
reaction is simultaneously triggered in a significant fraction of
the molecules. In mix-and-inject experiments, the diffusion
time of the substrate into the crystal may limit the ability to
discriminate diffusion and kinetics, including substrate
binding. To overcome this limitation, micrometre or sub-
micrometre crystal sizes are required that ensure that the
substrate diffuses rapidly into the crystals and the reaction is
triggered swiftly and much faster than the lifetime of the
reaction intermediates of interest (Schmidt, 2013).

The reaction of the cephalosporin antibiotic ceftriaxone
[CEF; Fig. 1(b)] with BlaC is an excellent candidate for
exploration with MISC. Previously, this reaction was investi-
gated for At of longer than 30 ms (Kupitz et al., 2017; Olmos
et al., 2018). At 30 ms, however, the CEF binding sites in BlaC
were essentially fully occupied (Olmos et al., 2018), a state also
reached on similar timescales for other proteins and enzymes
(Stagno et al., 2017; Mehrabi, Schulz, Agthe et al., 2019; Ishi-
gami et al, 2019). The substrate-binding phase and the

formation of the enzyme-substrate complex, however, remain
elusive. Here, we aim to characterize the early phase of
substrate binding with single-millisecond time delays by using
the megahertz X-ray pulse-repetition rate of the European
XFEL (EuXFEL; Decking et al., 2020).

In addition, we aim to investigate the reaction of BlaC with
an inhibitor, sulbactam [SUB; Fig. 1(c)], on a millisecond
timescale. The biochemistry of SUB and its application in
combination with B-lactam antibiotics have been described in
detail elsewhere (Totir et al., 2007). SUB binds to the active
site of BlaC and reacts with the catalytically active serine of
B-lactamases to form a covalently bound species. Most abun-
dant is the so-called trans-enamine (trans-EN) species
[Fig. 1(d)] that inhibits S-lactamases and helps to eliminate
B-lactamase-induced antibiotic resistance. Static structures of
trans-ENs with B-lactamases, including BlaC, have recently
been characterized (Cheng et al., 2020; Tassoni et al., 2019), but
structures of the early species that form during SUB binding
remain elusive.

2. Methods
2.1. BlaC crystals

Platelet-shaped crystals of BlaC with approximate dimen-
sions of 10 x 10 x 2 um (Appendix A) were produced by a
stirring method on site in the XBI facility of the EuXFEL
(Han et al., 2021) using ammonium phosphate (AP) as
described by Olmos et al. (2018). The crystals belonged to
space group P2, (Table 1), with four BlaC subunits in the
asymmetric unit [Fig. 1(a)] (Olmos et al., 2018). Only two
subunits bind CEF in their catalytic cleft, as demonstrated
previously (Olmos et al, 2018). The concentration of BlaC
subunits in the crystals is 15.5 mM, so that the concentration of
active subunits is 7.8 mM. When this concentration is matched
by substrate, the substrate concentration is called ‘stoichio-
metric’ in the following description.

2.2. Data collection at the EuXFEL

The platelets were mixed with ceftriaxone [CEF; Fig. 1(b);
molecular mass 554.6 g mol™!; 200mM in 0.8 M AP] or
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sulbactam (SUB) inhibitor [Fig. 1(c), molecular mass
2232 gmol™!, 100 mM in 0.8 M AP] using optimized mixing
injectors (Calvey et al., 2019) which were adapted to operate at
the SPB/SFX instrument (Mancuso, 2019) of the EuXFEL.
Flow rates and mixer geometries are shown in Table 2. The
mixture was intercepted after a delay At, by X-ray pulses
from the EuXFEL. The EuXFEL delivers X-ray pulses in
pulse trains that repeat ten times per second (Fig. 2). Each
train contained 202 X-ray pulses with approximately 40 fs full-
width at half-maximum (FWHM) pulse duration and about
1.5 mJ pulse energy. The pulse-repetition rate within a pulse
train was 564 kHz, a reduction from the possible 4.5 MHz to
avoid pristine, upstream jet volumes being affected by
previous X-ray pulses (Yefanov et al., 2019; Pandey et al., 2020;
Griinbein et al., 2021). Given a flow rate of about 80 pl min !
(Table 2) and an assumed jet diameter of 8 pum, the jet
advances 26.5 m in a second. With a 564 kHz pulse rate the jet
is intercepted every 47 pm, which is much larger than the gap
(~20 pm; Wiedorn, Oberthiir et al., 2018) in the jet produced
by the intense X-ray pulse. The X-ray beam size at the jet
position was ~3 pm. The design of the mixers allowed us to

Microcrystal

suspension -\
Substrate
"

10

1 train

202 pulses

9
sy ]
e ==l

!

Figure 2

Mixing point

recapture the record (Mehrabi, Schulz, Agthe et al., 2019) for
the shortest MISC time point, while maintaining the high jet
speed necessary for the 564 kHz measurements (Wiedorn,
Oberthiir et al., 2018). Reference data were obtained by
mixing with water.

Diffraction patterns (DPs) were collected using the Adap-
tive Gain Integrating Pixel Detector (AGIPD; Allahgholi et
al., 2019) operating at a 565 kHz frame rate. The experiment
was monitored using OnDA (Mariani et al., 2016), which is
designed to estimate hit rates and spatial resolution in real
time. DPs with Bragg reflections were selected by Cheetah
(Barty et al., 2014) and indexed, integrated, scaled and merged
by CrystFEL (White et al., 2016) in a manner consistent with
previous work (Pandey et al., 2020). In brief, diffraction images
with Bragg reflections were found by Cheetah (peakfinders,
minSNR=8, minADC=200, minPeaks=25)
using the calibration process described by Wiedorn, Awel et al.
(2018). Careful masking of shadowed and unreliable regions
of the detector was performed on a run-by-run basis
(Appendix B). Independent masks were used for peak finding
to avoid false hits, for example due to ice formation. Indexing

minPix=1,

AGIPD |

mixing

Experimental setup at the European XFEL. BlaC microcrystals are mixed with substrate and injected into the X-ray interaction region (dotted circle)
after a delay determined by the distance between the mixing region and the X-rays, the capillary width and the flow rate. Diffusion of substrate into the
crystals occurs during this time. The mixture is probed by trains of X-ray pulses. The trains repeat ten times per second. Pulses within the trains repeat at
564 kHz, hence the pulses are spaced by 1.78 ps. 202 pulses were in each train for this experiment. The AGIPD collects the diffraction patterns and reads
them out for further analysis. Inset: data collection. With a selected injector geometry and flow rate, the delay is fixed by the distance of the mixing region
from the X-ray interaction region. All pulses in all trains (here pulse 3) probe the same time delay. The EuXFEL pulse structure is most efficiently used.
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Table 2
Parameters for the mix-and-inject experiments.

Concentrations of ceftriaxone (CEF) and sulbactam (SUB) are shown as were flowed through the outer capillary line of the mixing injectors. Time delays are

achieved after mixing in a constriction as per Calvey et al. (2019).

Water SUB CEF CEF CEF
At,, (ms) (10) 66 5 10 50
Ligand concentration (mM) — 100 200 200 200
Ligand buffer — 0.8 M AP pH 4.6 0.8 M AP pH 4.6 0.8 M AP pH 4.6 0.8 M AP pH 4.6
Ligand flow (ul min™") 74.5 54.5 76.7 74.5 71.8
Crystal flow (ul min™") 55 11.6 33 55 8.2
Mixing injector capillary internal diameter (um) 50 75 50 50 75
Constriction length (mm) 17.8 36.1 9.3 17.8 36.1
Timing uncertainty (ms) — 9.3 1.8 3.0 10.4
Experimental time to collect the data set (min) 50 56 138 250 32

was performed with CrystFEL (version 0.9.0) using the
indexing package XGANDALF (Gevorkov et al., 2019) with
the following parameters: peaks=peakfinder8, Min-
SNR=5, Min-pixel-count=1, Threshold=400. The
detector geometry was refined using geoptimiser (Yefanov et
al., 2015). Merging and scaling of the Bragg peak intensities
were performed using the partialator program from CrystFEL.
To avoid the integration of noise for weakly scattering
patterns, reflections were included up to 1.0 nm™" above a
conservative resolution estimate for each crystal (--push-
res=1.0). Hit rates and indexing rates were stable in the
order of 1.0% and 70%, respectively, irrespective of the pulse
index in the train (Appendix A). The lower hit rate is a
consequence of diluting the crystalline slurry with the ligand/
substrate. It has been shown that the X-ray pulse position in
the train has no effect on the structure (Yefanov et al., 2019).
Structure-factor amplitudes were generated from the
measured intensities using programs from the CCP4 software
suite (Winn et al., 2011). Data-collection statistics are shown in
Table 1.

As a control, and to investigate the result of the complete
reaction of BlaC with SUB in the platelet crystal form,
macroscopic crystals were grown in sitting drops (10 pl BlaC at
45 mg ml~" mixed in a 1:1 ratio with 2.1 M AP pH 4.1).
Crystals grew within three days. The crystals were soaked for
3 h in a cryobuffer consisting of 2 M AP, 20% glycerol and
100 mM SUB. The crystals were cooled in liquid nitrogen.
Data were collected on beamline ID-19 of the Structural
Biology Center, Advanced Photon Source, Argonne National
Laboratory. Data were processed to 2.7 A using HKL-3000
(Minor et al., 2006). Details will be presented elsewhere.

2.3. Difference-map calculation and structure determination

The structures of BlaC and the BlaC-CEF complexes were
determined as described previously (Kupitz et al., 2017; Olmos
et al., 2018). Since the unit-cell constants change substantially
after mixing (Table 1), isomorphous difference maps cannot
be calculated and OMIT difference maps (DED,y;) were
used. An initial BlaC model, PDB (Berman et al., 2002) entry
6b5x (Olmos et al., 2018), was refined against the structure-
factor amplitudes |F,(f)|cer collected at a particular At,,. The
content of the active sites (water and phosphate) was removed

during the refinement. From the refined model amplitudes, |F,|
were determined. From the amplitudes (and the phases
obtained from the refined model), weighted m|Fy(t)|cer —
D|F,| OMIT maps (DED,,,;) were calculated. Polder differ-
ence maps (Liebschner et al., 2017; DEDpq4.,) Were calculated
to display weak difference electron-density features. The CEF
was modeled in the polder maps. To refine the structure and to
determine the fractional concentration of both P; and CEEF,
grouped occupancy refinement was performed using Phenix
(Liebschner et al., 2019). CEF was flagged together with P; as a
pair of molecules occupying the same space. The positions and
B factors of all atoms as well as the occupancies of P; and CEF
were refined simultaneously. As a check, the sum of the
occupancies of the flagged molecules should not deviate too
much from unity.

Initial structures of the BlaC-SUB complexes were deter-
mined by inspecting both isomorphous and OMIT difference
maps. The OMIT map was calculated in a similar way as
described above except that amplitudes |F,(¢)|sys Were used.
A weighted DED,, map was calculated from difference
amplitudes w[|F,(¢)|sus |Folwat], where the reference
amplitudes |F,|war Were obtained by mixing with water. The
weighting factor was calculated as described previously for
photoactive yellow protein (Ren et al., 2001; Pandey et al.,
2020) and for the needle crystal form of BlaC (Olmos et al.,
2018). The trans-EN and SUB molecules were inserted into
the OMIT map. The positions and orientations were cross-
examined to agree with the DED;y, map. The complexes were
refined using REFMAC (Murshudov et al., 2011) against the
|Fo(t)lsup amplitudes. The refinement statistics for the BlaC-
CEF and BlaC-SUB complexes are shown in Table 3.

2.4. Binding kinetics of CEF

Refined occupancies are fitted by functions that account for
saturation of CEF and decline of P,
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Table 3
Refinement statistics.

Water 5 ms CEF 10 ms CEF 50 ms CEF 66 ms SUB 30 ms CEF (Olmos et al., 2018, revisited)
Refinement program Phenix  Phenix Phenix Phenix REFMAC Phenix
Resolution 2.8 2.4 2.6 2.6 2.7 2.75
Reflections used 36804 52163 43274 45264 36434 40951
Rerysi/ Riree 0.21/0.27 0.24/0.25 0.22/0.26 0.22/0.27 0.21/0.29 0.22/0.26
Occupancy (CEF/phosphate) (%) — B, 46/60; D, 43/53 B, 61/35; D, 64/38 B, 84/11; D, 79/27 100, not refined B, 76/20; D, 74/21
(B)cer (B/D) (Az) — 51/48 55/58 53/50 — 70/67
R.m.s.d., bond lengths (A?) 0.009 0.003 0.003 0.003 0.007 0.003
R.m.s.d., bond angles (°) 1.09 1.07 1.03 1.34 1.67 1.10
H,O 129 246 251 247 201 146

respectively. Cg cgr and Gy, p. are the occupancy of CEF after a
long time (at saturation) and the initial occupancy of P;,
respectively. The constant ¢, is either the time taken to reach
half saturation of CEF or denotes the time when P; has
declined to half its initial concentration. The initial occupancy
of P; was set as 1.0, but the final occupancy of CEF was not

constrained to 1.0 to account for a more realistic scenario.

2.5. The diffusion coefficient of CEF in the BlaC platelets

The occupancy of CEF bound noncovalently to the active
center of BlaC was calculated with typical sized 10 x 10 x
2 um (platelet-like) crystals (Appendix A) by varying the
diffusion coefficient D for the CEF in crystals until agreement
with the experiment was achieved. The crystal was divided
into 20 voxels along each direction and 20 time intervals were
used. For each time interval, the concentration of the CEF
substrate (Ccgr) in each of the 8000 voxels in the crystal was
determined using the known solution to Fick’s second law for
a rectangular volume, represented by the first 20 modes
(Schmidt, 2013, 2020; Carslaw & Jaeger, 1959),

Cepr(x,y,2,8) =
64 19 19 19
C 1-—=
°’CEF< 7 5 5 @ Dem + Den 1 1)

Ql+Dnx  Cm+1my (@2n+ Dnz
cos cos cos

(_1)I+m+n

2a 2b 2c
D [QI+1Y (@m+1)° (@n+1)
Xexp{—4|: a? + b? + c? )

(©)

where [, m, n are integer numbers that define the modes. x, y
and z are coordinates within the crystal that extend from —a to
+a, —b to +b and —c to ¢, where a, b, ¢ are the half edge lengths
of the platelet-shaped BlaC crystals. D is the diffusion coef-
ficient, ¢ is the time after mixing and C, cgr is the outside CEF
concentration, which was set to 150 mM. This analytical
approach to diffusion is strictly speaking only valid in the
absence of substrate binding. However, here the substrate
concentration (~150 mM) is much higher than the concen-
tration of the subunits that bind the CEF (7.8 mM). The
concentration of substrate in the crystals increases rapidly to
values much higher than the stoichiometric concentration. At
saturation, the ES concentration is only 5.2% of that of the
substrate. In addition, the speed (rate) of substrate binding is

low until sufficient substrate is present. Accordingly, substrate
binding is a small perturbation of the free CEF concentration
on all but the very shortest timescales.

On the timescales employed here, the formation of later
intermediates and the catalytic turnover of BlaC with CEF do
not play a role (Boyd & Lunn, 1979; Hugonnet & Blanchard,
2007; Tremblay et al., 2010; Olmos et al., 2018). Both processes
unfold over much longer timescales (Fig. 3) than the time
delays examined here.

CEF binding to the active sites of BlaC is dependent on the
free BlaC concentration in the crystal and the rate coefficients
that describe the binding kinetics (Fig. 3). Here, the rate
coefficient k,, of 3.2 M 's™! as estimated by Olmos and
coworkers was used. The k. rate coefficient (dashed arrow in
Fig. 3) was assumed to be negligible relative to the on-rate
coefficient. There is only one free parameter, the diffusion
coefficient D, which can be inferred by matching calculated
occupancies to the refined occupancies observed at Afy,. (3)
provides substrate (CEF) concentrations in each individual
voxel (at each position in the crystal) at any particular time ¢.
CEF binding to BlaC was calculated for each voxel by
numerically integrating the rate equation with time intervals
dr,

d[ES] = [E(t)]jree - [Copr(t)] - ko dt,
[ES(#;4,)] = [ES(z)] + d[ES],
[E(ti+1)]free = [E(#)rec — d[ES],
lig =+ dr. 4)

CEF 200ms 2

E !&”Es “Lep KL
Tk H YT
R, P

5-50 ms

Figure 3

Simplified enzymatic cycle of, and the timescales associated with, the
reaction of BlaC with CEF. CEF is delivered to the crystals by diffusion. It
noncovalently binds to the free BlaC enzyme (E) to form the enzyme—
substrate complex (ES). The acyl intermediate EP, which is covalently
bound to Ser70, is formed within ~200 ms. The leaving group R, is
cleaved off the CEF. The modified CEF (EP) is hydrolyzed and released
as product (P) and the free enzyme is recovered within about 2 s. In this
paper, only the formation of the ES complex up to 50 ms (gray, blurred
vertical line) was explored.
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In (4), d[ES] is the change in concentration of the BlaC-CEF
complex ([ES]) given the free enzyme ([E]) and free CEF
([CcEr]) concentrations at time ¢#; and the k,, rate. The free-
enzyme concentration [E] decreases and that of the BlaC-
CEF complex increases with each time step. (4) is repeated by
increasing ¢ by dr until ¢ is larger than a given delay time, for
example 10 ms. The substrate [Ccgg] is provided everywhere
by diffusion (3) and its concentration is also dependent on ¢
The goal was to reproduce the approximate 50% BlaC-CEF
occupancy in the B and D subunits (occ,y,s) which was
observed in the experiment at around 5 ms. The calculated
BlaC—CEF occupancy (occ.,) is the average of the calculated
occupancies found in all voxels of the crystal. Occ,,. can then
be compared with occ,,s and adjusted by varying the diffusion
coefficient of CEF.

3. Results and discussion
3.1. Formation of the enzyme—substrate complex

The EuXFEL 564 kHz pulse structure was used to measure
the binding of the large CEF substrate to BlaC at a At of 5,
10 and 50 ms. The At,, of 5 ms is about an order of magnitude
faster than the earliest (30 ms) time point collected previously
(Olmos et al., 2018). The ~2 um thin, platelet-shaped BlaC
microcrystals allow fast diffusion times across the thin
dimension. Furthermore, diffusion is facilitated by large
channels in the crystals (Olmos et al., 2018). Therefore, these
crystals are ideally suited for mix-and-inject investigations on
fast timescales.

As observed in the previous studies at longer At,,, CEF only
binds to BlaC subunits B and D. In Figs. 4(b)-4(d) polder
difference electron-density maps (Liebschner et al, 2017
DEDp,qcr) are shown in the active site of subunit B. On early
timescales (5 and 10 ms after mixing) we simultaneously
observe electron densities for CEF and the close-by phosphate
(P;) molecule. Since CEF and P; occupy the same space, their
presence is mutually exclusive and the electron density reflects

(@) (b

Figure 4

an average over sites occupied by P; and others occupied by
CEF. P; is also found near the CEF binding site in the un-
liganded (unmixed) form [Fig. 4(a)]. At At,, =5 ms, the P; and
CEF occupancies are both approximately 50%. The available
catalytic sites in subunits B and D are equally occupied either
by a CEF or by a P;. At At, = 50 ms, the P; density vanishes.
Nevertheless, the P; occupancy refines to 19% and that of CEF
to 82% (Table 3). Here, an electron-rich compound (P;) is
refined in conjunction with CEF, occupying equivalent spaces
in different unit cells. This may result in an overestimate of the
occupancy of P;. As there is no indication of phosphate-shaped
electron density at 50 ms [Fig. 4(d)], we consider this to be the
error margin of our occupancy refinement.

In agreement with previous work (Olmos et al., 2018), an
additional CEF molecule is identified close to each active site
that weakly interacts (stacks) with the CEF already bound
there (Fig. 5). The stacking sites seem to be only transiently
visited by CEF molecules until the active sites are fully
occupied. The unit-cell parameter changes roughly follow
CEF binding and P; release [Fig. 6(a), inset; Table 1]. When
sulbactam, which is about 2.5 times smaller, binds the P; is not
replaced and the unit-cell parameters do not change (see
below and Table 1). We postulate that the displacement of the
strongly negatively charged P;, as well as the occupancy of the
stacking site, may contribute to the unit-cell changes observed
when CEF is mixed in. The needle crystal form described
earlier (Olmos et al., 2018) does not show unit-cell changes.
There, neither the P; nor the stacking site is present. In our
BlaC platelets the CEF occupancy can be very heterogenous,
in particular at 5 ms, which should result in different unit-cell
parameters near the surface and in the center, respectively.
However, the Bragg reflections are not split, which is in
accordance with observations by others (Ramakrishnan et al.,
2021; Stagno et al., 2017; Kupitz et al., 2014). This may be a
consequence of the fully coherent illumination of the entire
microcrystal volume by the XFEL radiation or may be due to
the plasticity of microcrystals that even supports phase tran-
sitions and space-group changes (Ramakrishnan et al., 2021).

Polder difference electron density, contour level 3o, in the active center of BlaC subunit B. (a) The CEF ligand has not yet diffused in; the phosphate (P;)
from the crystallization buffer is dominant in the active site. (b) 5 ms after mixing: the phosphate is beginning to be displaced by CEF. (c¢) 10 ms after
mixing: the phosphate is no longer dominant. (d) 50 ms after mixing: little evidence of the phosphate remains and the density only has features of the
antibiotic compound. Nearby amino acids are marked in (a).
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As more CEF binds, Ser70 moves towards the P; position
(by about 1 A) and the P; is replaced at the same time
(Table 4c). Other amino acids such as Asnl72 and Asp241
move closer to the CEF. We can now develop a mini-movie for
the formation of an enzyme-substrate (ES) complex
(Supplementary Movie S1). This movie visualizes how CEF
interacts with BlaC. The initial binding phase is complete
when the CEF occupancy approaches saturation. Since the
aminothiazole ring and, in particular, the dioxotriazine ring of

CEF stick out from the center [the S-lactam ring fused to the
six-membered thiazine ring; Fig. 1(b)], they are more disor-
dered and their electron densities are weaker. However, clear
density features guide a structural refinement that shows that
CEF binds through a succession of conformations which may
be associated with distinct BlaC intermediates. The separation
of these intermediates from the X-ray data is difficult since we
have not collected a sufficiently large number of time delays to
apply meaningful deconvolution algorithms (Schmidt et al.,

7
A Glng112
A\/

Argl73

(©)

Figure 5

Additional ligands. (a) CEF in the active site and the stacking site (dotted oval) located between subunits D and C. A DF, — mF. OMIT difference
electron-density map in the active site is shown in green and that in the stacking site in gray—green (at a 2.50 contour level). Substantial CEF density in
the active site is shown in green. There is also electron density for P; present due to averaging over all unit cells in the crystal. The stacking site is not
occupied (gray CEF; molecule). (b) At 50 ms the maximum occupancy of CEF in the active center is reached. The stacking site is substantially occupied
(blue CEF molecule). Important residues and distances are marked in A. (c) The covalently bound trans-EN is present in subunit A of the static
cryostructure of BlaC when soaked with SUB (blue; 2F, — F, map at a 1.50 contour level).
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Figure 6

BlaC-CEF complex formation as a function of time. (a) Occupancies of CEF in the active site of BlaC at 5, 10, 30 and 50 ms in subunits B (spheres) and
D (squares) as well as those of P; (green triangles and blue diamonds) are plotted as a function of delay (the 30 ms data are from Olmos et al., 2018). The
data are fitted with saturation curves [equations (1) and (2), black and blue dashed lines]. The two curves intersect at around 6 ms. Inset: the
corresponding change in the unit-cell axis ¢. (b) Concentrations (in %) as calculated from diffusion and binding [equations (1)-(5)]; green dashed line
and green triangles, increase of the calculated BlaC—CEF complex concentration averaged over all voxels in the crystal; red dashed line and squares,
decrease of the free enzyme (BlaC); blue dashed line and diamonds, increase of the BlaC—CEF complex in the center of the platelet-shaped crystals. For
comparison, the observed (refined) occupancies of the BlaC-CEF complex (normalized to 100% at 50 ms) are also shown (black spheres).
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Table 4
Important distances in the active centers of BlaC.

s, strong hydrogen bond up to 2.5 A;h, hydrogen bond from 2.6 to 3.2 A; w, weak interaction >3.2 A

(Jeffrey, 1997).

(a) Distances in (A) in subunits A and C to the sulbactam (ORN).

does not measure the free substrate
concentration in the crystals, and
therefore diffusion is rather observed
indirectly through the increase in the
occupancies of well ordered substrate
molecules in the active centers of BlaC.

Subunit A Subunit C
When the diffusion times are very short,
Ser70 OG to P; O 32 (h) 2.6 (h) .
Ser70 OG to ORN OAF 3.1 (h) 32 (h) occupancies . may accum}ﬂaté on a
GIn112 OE1 to O0RN OX GIn from B, 2.8 (h) Gln from D, 33 (w)  timescale longer than the diffusion time,
Asn172 ND2 to ORN OAF 32 (h) 3.1 (h) as they are governed by the binding
Glul68 O2 to 0ORN OAF 3.0 (h) 2.8 (h) . . :
Argl73 NHI to ORN O 25 (5) 39 (w) kinetics. The formation of . the ES
Thr239 O to ORN OAO 3.9 (w) 2.9 (h) complex, and therefore the time reso-
lution of the MISC method, is therefore
(b) Distances in (A) in subunits B and D to the Ser70 trans-enamine (TSS). not only .depen.dent on _the .hgand
- - concentration delivered by diffusion but
Subunit B Subunit D .
also on the magnitude of the rate coef-
Lys73 NZ to TSS 013 2.8 (h) 3.0 (h) ficients that characterize the Kinetic
GIn109 OE1 to TSS O12 Gln from A, 2.7 (h) Gln from C, 2.9 (h) mechanism
Thr239 O to TSS 08 2.9 (h) 2.9 (h) ’
Asp241 OD2 to TSS O11 6.4 4.1

3.2. Inhibitor binding

(¢) Distances in (A) during ceftriaxone binding (CEF is only bound to subunits B and D).

The structure of the BlaC-SUB

Subunit 5 Subunit D complex was probed at At, = 66 ms.

0 ms Sms 10ms S50ms Oms Sms 10ms 50 ms Strong positive DED... shows SUB
Ser70 OG to H,0 31(h) 28(h) 33(w) 28(h) 35(w) 241(s) 3.1() 32(h)  binding to all four subunits of BlaC,
Ser;g 83 to I():iE?:4O 3~6i(W) gi EK)) ;-3 EE’)) gg E;)) 2.7 () ;; g)) gg E\;’)) ;; EE; which is in stark contrast to CEF, which

er to na . . . na . . . . .

Ser128 OG to CEF OAD  na 24(s) 24(s) 25() nma 23(s) 24() 26( ©only binds to subunits B and D. The
Asn172 ND2 to CEF OAR na 27(h) 31(h) 32(h) na 28(h) 30(h) 3.1(h)  absence of negative DED;, at the P;
Thr237 OG1 to CEF OAl  na 27 (h) 3.1 (h) 3.0(h) na 27 (h) 2.6 (h) 3.1 (h) position [Figs. 7(a) and 7(b)] shows that
Thr239 OG2 to CEF OAl  na 33(w) 30(h) 30(h) na 34W) 34w 31(M) 1P does not move and stavs in the
Asp241 OD1 to CEF NAC  na 47 43 32(h) na 44 42 3.6 () i y

T Weak OMIT difference electron density. i Not applicable.

2003; Kostov & Moffat, 2011). The high X-ray pulse-repetition
rate of the EuXFEL may make this possible since it allows the
fast collection of data sets at tightly spaced delays. Given the
resolution of our X-ray data (Table 1), it is challenging to
make a distinction between ligand binding being supported by
conformational disorder (Tzeng & Kalodimos, 2012) or by
adaptation of the structure to a changing energy landscape,
which would resemble an ‘induced fit’ (Changeux & Edelstein,
2011). Both scenarios (Vogt & Di Cera, 2012) would most
likely result in the same (or a very similar) crystallographic
signal. We hypothesize that both mechanisms are involved to
some degree, which might be unraveled by single-particle
experiments, as recently demonstrated for an unrelated
biological system (Dashti et al., 2020). However, the structures
of BlaC as well as of CEF change [Table 4(c), Supplementary
Movie S1], which might be interpreted as the signature of an
induced fit after the initial binding event.

Formation of the ES complex is most important since it
triggers the enzymatic cycle. Hence, it determines the time
resolution of the MISC method. The ES complex consists of
CEF noncovalently bound in the active site of BlaC (Fig. 4).
CEF is delivered by diffusion into the crystals. The crystals
must be small enough to enable short enough diffusion times
so that the binding kinetics can be observed. However, MISC

active site. At the time delay of 66 ms
sulbactam binding to BlaC is hetero-
geneous. In subunits B and D the
DED,, is elongated and stretches outwards from Ser70
[Fig. 7(b)]. In subunits A and C the DED, is pillow-like and is
more distant from Ser70 [Fig. 7(a)]. The elongated DEDj, in
subunits B and D [Fig. 7(b)] can be explained by a covalently
bound trans-EN as a result of the reaction of the sulbactam
with the catalytic Ser70. The diffusion time is fast enough that
66 ms after mixing all B and D subunits contain trans-EN, the
position of which is stabilized by a network of BlaC residues
[Fig. 7 and Table 4(b)]. This is quite unexpected, as it was
suggested that it would take minutes for the enamine to form
after binding of SUB to BlaC (Totir et al., 2007; Cheng et al.,
2020; Tassoni et al., 2019). In subunits B and D Argl73 displays
a stretched, open conformation, allowing the SUB to orient
correctly towards Ser70 and to react swiftly to the trans-EN,
which then irreversibly inhibits BlaC (Tassoni et al., 2019). The
nearby P;, which is displaced when the much larger ligand CEF
is present, stays in place in all subunits and is likely to add to
the stability of both complexes.

The pillow-like DEDj,, in a region more distant from Ser70
in subunits A and C [Fig. 7(a)] can be explained by an intact
sulbactam molecule that is noncovalently bound to the active
site. The SUB is oriented so that the ring sulfur dioxide points
towards Ser70, with the B-lactam ring pointing away from
Ser70. We hypothesize that this ‘upside-down’ orientation is
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enforced by Argl73 and GInl112 [Fig. 7(a) and Table 4(a)],
where GInl12 protrudes deep into the active sites from the
adjacent, noncrystallographically related subunits [Fig. 7(a)].
As the noncovalently bound SUB is oriented incorrectly,
Ser70 cannot attack and open the B-lactam ring within the At
of 66 ms. However, the static (cryo) X-ray structure of this
complex [Fig. 5(c)] shows that SUB indeed also reacts to the
trans-EN in subunits A and C. Accordingly, the BlaC-SUB
structure is an interesting intermediate on the catalytic
pathway from SUB to trans-EN. The detection of this inter-
mediate would be difficult if not impossible without the MISC
experiment.

3.3. Diffusion of substrate in BlaC microcrystals

With D =2.3 x 10~° em? s™' for CEF in water [Table 5(b)],
the diffusion time into the center of a 10 x 10 x 2 pm crystal
volume consisting of water is 1.6 ms. This means that at 5 ms
the concentration of CEF molecules would be 96% of the
outside concentration (about 144 mM), which is about 20
times higher than the stoichiometric concentration
[Table 5(a)]. After integration of the rate equation, the

\GInD112 Argl73 Y
subunit C

\
GIny109 17,
e
S i
Thr239 Argl73

subunit B S{
é

trans-enamine £

. (b)

Figure 7

BlaC-SUB complexes at At,, = 66 ms. (a) Active site in subunit C with
noncovalently bound intact sulbactam; left side, DED;, map (contour:
30); right side, 2mF, — DF, map (contour: 1.70) after refinement. Close-
by amino acids and the phosphate (P;) are marked. (b) Active site in
subunit B with trans-enamine bound to Ser70; left side, DED;, map
(contour: 30); right side, 2mF, — DF, map (contour: 1.7¢) after
refinement. Red and blue dots show important differences between the
subunits. GIn112 from the adjacent subunit is not located close by and
Argl73 is extended in subunit B, leaving subunit B more accessible to
ligands and substrate.

Table 5
Characterization of BlaC—CEF complex formation in crystals.

(a) Parameters for the binding of CEF to BlaC [see also Fig. 3 and equation
(4)]. The concentration E, of all subunits in the BlaC platelet crystal form is
15.5 mM. Only subunits B and D bind substrate. Cycgr is the mixed-in
substrate concentration [see equation (3)].

Ey (mM) Co,cer (mM) Kon (Mi] 571)

7.8 150 32

(b) Parameters in equations (1)—(5) that were fitted to the respective refined
occupancy values of CEF and P;. The comparison of observed and calculated
occupancies allows the determination of a diffusion coefficient D

BlaC-CEF in the
crystal center, (5)

BlaC-CEF P; decrease,
increase, (1) )

D (cm?s™) for CEF,

Observedf Observedf  Sigmoidal increased (3) and (4)
Cscer Tip (ms) Ty (ms) k(ms™) f(ms) Water D8
88% 4.6 6.7 0.3 13.1 23x107° 2x 1077

(c) Calculated occupancies which could be determined with the help of D.g.
The free CEF, free BlaC ([Ege]) and BlaC-CEF complex ([ES]) concentra-
tions were averaged (angle brackets) over all voxels in the crystal. [EScencer] is
the BlaC-CEF complex concentration in the center of the microcrystal
platelets. Values in parentheses either denote the inside CEF concentration in
terms of the percentage of the outside CEF concentration or represent the
occupancy values of the relevant species.

Aty (ms)  ([CEF]) (mM) ([Egee]) (mM) ([ES]) (mM) [EScenie:] (mM)
5 79.4 (53%) 3.9 (50%) 39 (50%) 02 (2.7%)

10 98.4 (66%) 1.7 (21%) 6.1(79%) 2.4 (30%)

30 1333 (89%) 0.0 (0.1%) 78(99.9%) 7.7 (99%)

50 1444 (96%) 0.0 (0%) 78 (100%) 7.8 (100%)

+ From fitting saturation curves to refined occupancy values. Cscgr is the saturation
concentration of CEF; 7,,, are characteristic times where 50% of the final concentrations
of CEF and phosphate are reached, respectively. $ Parameters of the logistics function
(5) fitted to occupancies determined in the centers of the BlaC platelets. § Dy was
obtained by matching the calculated and observed CEF binding kinetics.

average occupancy would be 99%, which is essentially
saturation. This result does not reflect the crystallographically
observed occupancy at 5 ms. When decreasing the diffusion
coefficient to 2.0 x 1077 em? s, the diffusion time into the
crystal center increases to 19 ms [see Fig. 6(b) and Table 5(b)].
From this, the decrease of the free BlaC enzyme concentra-
tion, the increase of the free CEF concentration and the
increase of the BlaC-CEF complex concentration were
calculated as explained in Section 2.5. The results are shown in
Fig. 6(b). The BlaC-CEF concentration in the center of the
crystal lags behind [blue diamonds in Fig. 6(b)] since CEF
requires additional time to reach the center and to bind to
BlaC. The resulting sigmoidal-shaped response was fitted by a
logistic function,

100
1+ expl—k(t — )]’

[ESenier = ©)
where t, = 13.1 ms denotes the characteristic time when the
binding reaction accelerates in the crystal center. With k =
0.3 ms™! a reasonable steepness of (5) was achieved [Fig. 6(b),
blue dashed line]. The #, roughly coincides with the diffusion
time. Averaged over the entire crystal volume, ~50% BlaC-
CEF occupancy is reached at 5 ms, which is equal to the
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Supplementary Movie S2). As also

Thickness (um)

5ms 10 ms
0 0

o

30 ms

discussed earlier, the variation of occu-
pancy across microcrystals at faster mix-
and-inject delays does not affect the
enzyme Kkinetics, as the nucleophilic
6 attack of Ser70 of BlaC on the f-lactam
ring happens long after the crystals
establish full CEF occupancy. It needs to
be pointed out here that the simple
5 model of CEF diffusion into BlaC
microcrystals and the binding of CEF to
BlaC molecules can be augmented by
taking into account, for example, the
exclusion volume occupied by reacting

BlaC—CEF concentration (mM)
N

0 1.0 2.0 3.0 40 50 0 1.0 2.0 3.0 40 5.0
Width (pum)

Figure 8

Concentrations of the BlaC-CEF complex in 10 x 10 x 2 um platelet-shaped crystals (a) 5 ms, (b)
10 ms and (c¢) 30 ms after mixing with 200 mM ceftriaxone (150 mM final concentration assumed).
The concentrations are shown in different colors (see the scale bar on the right) in central cross
sections through half the width of the crystals. The drawings are not to scale, since the sections
displayed are 5 pum horizontally (width) and 2 pm vertically (thickness). The enlargement along the
short 2 pm axis allows the display of the nuanced occupancy differences.

occupancy determined experimentally at At,, =5 ms [compare
the green dashed line in Fig. 6(b) with Fig. 6(a)]. Fig. 8 shows a
heatmap that plots BlaC-CEF occupancies through the center
of half a BlaC crystal (see also Fig. 9 for a 3D representation).
The concentrations of the BlaC-CEF complex are depicted
with various colors (see the scale bar on the right). At the edge
of the crystal, almost all active BlaC subunits (B and D) are
already bound to CEF at 5 ms. In the center the BlaC-CEF
complex concentration is 021 mM (2.7% of the total
concentration of B and D subunits in the crystal), although the
CEF concentration delivered by diffusion is already 35 mM
(which is the mentioned 23% of the outside CEF concentra-
tion but is 5.5 times the stoichiometric concentration). The
situation changes completely at 30 ms, where almost 100%
occupancy is reached everywhere in the crystal, which is in
accordance with earlier results (Olmos et al, 2018) and with
the occupancy at Af, = 50ms reported here (see also

10 ms

, Zum
10 um 10 ym

3

5ms

| e—

(@) (b)

Figure 9

3D representation of CEF occupancy values in the BlaC catalytic cleft
5 ms (a) and 10 ms (b) after mixing in a typical BlaC microcrystal platelet.
Dark blue colors denote low occupancies and lighter hues denote high
occupancies.

0 1.0 2.0 3.0 4.0 5.0 and

nonreacting  BlaC  subunits
(Geremia et al., 2006), by the mentioned
pointwise depletion of the free CEF
concentration in each voxel by binding
to BlaC active centers, or the diffusion
of substrate directly through protein
molecules facilitated by protein
dynamics. Since the exact mechanism of
diffusion through protein crystals
(Geremia et al., 2006) is difficult to
determine, the unknown parameters are tied up in the effec-
tive diffusion coefficient (D.g) determined here.

3.4. Reaction initiation by diffusion

CEF diffusion is about a factor of 12 slower in the BlaC
crystals than in water, with a D of about ~2 x 1077 cm?s™!
[Table 5(b)]. This slowdown is in agreement with findings that
were previously obtained from simulations on substrate
diffusion in enzyme crystals (Geremia et al., 2006). Estimates
of enzyme-ligand occupancies can now be directly deduced
from time-resolved X-ray crystallography everywhere in a
crystal after mixing. Not surprisingly, at 5 ms the occupancy is
high (>90%) only near the crystal surface [Fig. 8(a)], where
sufficient substrate is present to promote ES formation at a
high rate. In the center of the crystals the ES complex
concentration is initially small [Table 5(c), Figs. 8(a) and 9(a)].
The binding rate is not sufficiently high to generate significant
occupancy. After At,, = 10 ms the binding rate increases, until
at 30 ms full occupancy of the BlaC—CEF complex is reached
everywhere (Olmos et al., 2018) [Fig. 6(b), green dashed line,
Table 5(c)]. With the rapid diffusion of CEF into small BlaC
crystals, we are now able to quantify variations of substrate,
enzyme and ES concentrations across the enzyme crystal
volume at any time [Table 5(c), Figs. 8 and 9]. The remarkable
speed of ES accumulation shows that the mix-and-inject
technique can be used to characterize enzymes with turnover
times much faster than that of BlaC. The direct observation of
the important initial ligand- and substrate-binding phase in
biomedically relevant enzymes is possible at the EuXFEL.

Since the ES complex (here the BlaC-CEF complex) trig-
gers the enzymatic cycle, accurate kinetics can be extracted to
the point where the time required to accumulate sufficient ES
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complex approaches the lifetime of the next intermediate in
the catalytic cycle (Schmidt, 2013). This finding holds for any
other technique (§rajer & Schmidt, 2017) which aims to
trigger enzymatic reactions, even in noncrystalline samples.
Not only is it required to bring sufficient substrate into the
vicinity of the enzyme, but the binding kinetics also need to be
taken into account. With microcrystals below a certain crystal
size, the binding of substrate, and not the diffusion of substrate
into the crystal volume, may become rate-limiting. As a
consequence, for BlaC crystals of a size of about 1 pm the
speed of ES complex formation is not substantially different
from that in solution. The D,y determined here suggests that
accurate measurements of the substrate-binding Kkinetics
would not be possible with significantly larger crystals.
Enzymes with turnover times faster than that of BlaC will
usually also display faster substrate-binding kinetics with
larger k,, rate coefficients. In such cases, the crystal sizes (and
their size distributions) or perhaps the temperature must be
adjusted appropriately to ensure that the diffusion times can
catch up with the substrate-binding rates.

Diffusion is an effective way to initiate reactions. Given a
sufficient substrate concentration, and appropriately small
crystals, all of the crystal volume is already infused with a
multiple of the stoichiometric substrate concentration after a
few milliseconds [Table 5(c)]. This is very important for fast
reaction initiation since the rate (speed) of enzyme-substrate
complex formation, and therefore the time resolution of the
method, depends decisively, and primarily, on the concentra-
tion of the substrate, and of course also on the free enzyme
concentration and the kinetic rate coefficients. Others
(Mehrabi, Schulz, Dsouza et al., 2019) have reported signifi-
cant substrate occupancy in the active site only 30 ms after the
activation of a caged substrate that is even located close by.
This slow occupancy increase may be a result of (sub-)stoi-
chiometric substrate concentrations in the unit cell, which
strengthens our point of view. BlaC is not a fast enzyme. Apart
from the possibility of investigating the initial substrate-

Hit rate (%)
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Figure 10

binding phase(s) potentially on submillisecond timescales, the
benefits of XFEL-based mix-and-inject approaches may come
to light once faster enzymes with turnover times of <50 ms are
investigated. These experiments require small crystals.
Exploration of how to investigate these small crystals using
either XFELs or synchrotrons, perhaps after upgrade to an
advanced accelerator lattice (Eriksson, 2016; Wanzenberg et
al., 2019), remains to be performed.

4. Outlook

In order to further investigate CEF and SUB binding and their
reactions with Ser70, a time series should be collected that
consists of data sets at multiple Az, values that span from a
few milliseconds to seconds. To achieve this, the EuXFEL
pulse structure must be exploited most efficiently. Every X-ray
pulse in all pulse trains provides observations of the same time
delay, and our experiments took maximum advantage of the
high pulse rate (Fig. 2, inset). This is in contrast to optical
pump-X-ray probe experiments, which require appropriate
waiting times between laser excitations to guarantee that the
laser-excited volume exits the X-ray interaction region, so that
multiple laser activations can be avoided (Pandey et al., 2020).
We showed that diffraction data sufficient for good-quality
structure determination can be collected in about half an hour,
as demonstrated for the 50 ms CEF time point. This time can
be reduced substantially by limiting the number of diffraction
patterns per data set (around 25 000 is appropriate for this
space group; Olmos et al., 2018) and by optimizing the crystal
density that flows through the mixing device. High crystal
density will lead to higher hit rates, but might also cause
frequent interruptions caused by injector clogging. In our
experiments, a fine balance between crystal size and crystal
density was found so that the mix-and-inject experiments with
CEF and SUB could be completed successfully with accep-
table hit rates (Table 1) given the high X-ray pulse-repetition
rate at the EuXFEL. Previous experiments have shown that
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Crystals, hit and indexing rates. (a) Microscopic image of the platelet crystal form of BlaC and (b) exemplary hit (red squares) and indexing (black
spheres) rates from BlaC/CEF mixing as a function of the pulse ID in the train. Both rates are stable across the entire pulse train.
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the collection of sufficient patterns for structure determination
should be possible in less than 20 min at the detector-limited
repetition rate of the EuXFEL (Yefanov et al., 2019; Pandey et
al., 2020). This provides the tantalizing possibility of directly
characterizing kinetic processes in biomolecules from single-
digit millisecond to longer timescales within relatively short
experimental times. The kinetics can rapidly change when
environmental conditions are varied. It may be possible, for
example, to control the temperature in the mixing injector
delay line to determine barriers of activation from the
resulting X-ray data (Schmidt et al., 2013). The full analysis of
such a multidimensional data set requires the development
and deployment of user-friendly classification algorithms to
separate mixtures into their pure components (Schmidt et al.,
2003) and to derive kinetics and energetics (Schmidt et al.,
2013) consistent with the electron-density maps and the
structures of intermediate states along the reaction pathway.

5. Summary

Our experiments permitted a real-time view into the active
sites of an enzyme during substrate binding. They facilitate
more mix-and-inject experiments at the EuXFEL with
unprecedented data-collection rates, allowing more structures
to be determined per allocated experimental time. This
capability will become an important tool for biomedically
relevant research in years to come.

.: ;‘h a’ju: o,

Figure 11 @

APPENDIX A
Microcrystals and data collection

Fig. 10(a) shows a microscopic image of the BlaC platelets
used for the experiments. They appear to be uniform in size
and shape. In Fig. 10(b) the hit and indexing rates achieved
with these crystals in our MISC experiments are displayed
across all of the pulses in the pulse train of the EuXFEL. A
decay in the hit rate following pulse 1 is not observed. This is
an indication that the jet is fast enough that a fresh jet volume
is intercepted by the following X-ray pulses (Wiedorn, Ober-
thiir et al., 2018; Yefanov et al, 2019; Pandey et al., 2020).

APPENDIX B
Diffraction patterns and masks

The ability to mask out detector pixels and other parts of the
diffraction pattern (Fig. 11) is important for the successful
identification of DP-containing Bragg reflections (hits) from
the stream of detector images (Wiedorn, Oberthiir et al., 2018;
Carrillo et al., 2021). Only peaks [blue squares in Figs. 11(a)
and 11(b)] outside the mask are found. In the hit-finder
Cheetah (Barty et al, 2014) a convenient masking tool is
available that facilitates the exclusion of any part of the
detector image. The central ‘hole’ and the gaps (except for the
tile edges) do not need to be masked since the detector
geometry is known.
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(a) Example of a diffraction pattern collected by the AGIPD. In (b) a mask (in red) is superposed that covers the strong rings at low resolution and

inactive detector areas.
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3D diffractive imaging of nanoparticle ensembles
using an x-ray laser
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Single particle imaging at x-ray free electron lasers (XFELSs) has the potential to determine the structure and dynam-
ics of single biomolecules at room temperature. Two major hurdles have prevented this potential from being reached,
namely, the collection of sufficient high-quality diffraction patterns and robust computational purification to overcome
structural heterogeneity. We report the breaking of both of these barriers using gold nanoparticle test samples, recording
around 10 million diffraction patterns at the European XFEL and structurally and orientationally sorting the patterns
to obtain better than 3-nm-resolution 3D reconstructions for each of four samples. With these new developments, inte-
grating advancements in x-ray sources, fast-framing detectors, efficient sample delivery, and data analysis algorithms, we
illuminate the path towards sub-nanometer biomolecular imaging. The methods developed here can also be extended to
characterize ensembles that are inherently diverse to obtain their full structural landscape.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work must
maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

https://doi.org/10.1364/OPTICA.410851

1. INTRODUCTION observation [1]. All approaches to structure determination are
The determination of the structures of biomolecules at atomic dedicated primarily to overcoming, or working around, the effects
resolution requires bright sources of radiation, which are unfor- of this radiation damage. In x-ray crystallography, large numbers
tunately also energetic enough to degrade the object under of aligned molecules amplify the diffraction signal that can be

2334-2536/21/010015-09 Journal © 2021 Optical Society of America
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obtained within the exposure that the sample can tolerate. The
tolerable dose can be increased somewhat by cooling the crystals
to cryogenic temperatures. Such cooling also allows electron
microscopy—where the ratio of the image-forming to damage-
causing radiation is more favorable—to record faint and noisy
images of many uncrystallized molecules, which can then be used
to build up a three-dimensional image. The extreme intensity and
ultrashort pulses of x-ray free electron lasers (XFELs) potentially
offer another way to obtain structural information from single
macromolecules, but without the need for cooling [2]. Pulses of
femtosecond duration can outrun radiation damage and essentially
freeze the molecule in time [3,4].

Single particle imaging (SPI) at XFELs consists of collecting
coherent diffraction patterns from individual particles intersect-
ing bright XFEL pulses. Theoretical work predicts that currently
available XFEL sources generate enough scattered photons from
single macromolecules to solve for their unknown orientations
and reconstruct 3D structures of large reproducible biomolecules
[5-7]. Proof-of-principle SPI experiments on biological particles
[8—14] have highlighted the challenges of the approach, i.e., the
recording of a large number of patterns, all with sufficiently low
background, and from structurally homogeneous samples.

Here, we present experimental results that address these
challenges and show the path towards single-particle imaging
of macromolecules. We overcame the first challenge by aerosol
injection of gold nanoparticles (AuNPs) and collected millions
of patterns by using the megahertz-rate European XFEL [15]
and a relatively large illumination area of the XFEL beam. The
particles were chosen for two reasons, the first being the high
scattering power of gold, which balances the reduced intensity
from the large beam size to provide scattering signals at the levels
expected from biological materials once tight focusing is achieved.
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The other reason is that their inherent heterogeneity from the
synthesis reflects what is expected with biomolecules, especially at
higher resolutions.

To recover a high-resolution 3D structure, a structurally
homogeneous dataset must be generated. This challenge was per-
formed computationally using an extension of the well-known
Expand-Maximize-Compress (EMC) algorithm [16]. Even
though individual diffraction patterns contained as few as 0.0012
photons per pixel on average, we show that this is sufficient not
only to extract the orientations of particles, but also to disentangle
structural variations. We obtain a 3D structure approaching 2 nm
resolution, which is significantly improved compared to what
could be achieved without structural sorting.

With further improvements in aerosol sample delivery to
increase the particle density in the x-ray focus [17-19], more
highly focused x-ray beams can be used to obtain similar data from
biomolecules. The computational techniques developed here
also open the way to experiments that can reveal thermodynami-
cally rare states in an ensemble and characterize heterogeneous
ensembles with statistical rigor. The short exposure times set by
the femtosecond pulse duration will also offer unprecedented
opportunities for capturing the dynamics of macromolecules in
real time.

In Section 2, we describe the experimental setup and data col-
lection process, including observation of beam-induced melting
of some samples for 1 MHz repetition rate. This is followed in
Section 3 by the classification of diffraction patterns using 2D
averaging and per-pattern size and incident fluence determination.
Finally, 3D reconstructions are performed on subsets of the data in
Section 4, showing an improvement in structure quality when the
appropriate selection is performed and demonstrating the power of
the serial data collection method.

AGIPD
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Gold nano-particles

oct40 oct30 cubl7 cub42

¢ = 0

EUXFEL x-ray pulse structure
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Fig. 1.

Experimental setup. XFEL pulses were focused by a series of Kirkpatrick—Baez mirrors into a 3 X 3 wm? spot and scattered off particles in the

aerosol stream to produce diffraction patterns on the AGIPD. The lower inset shows the timing structure of the XFEL pulses at the instrument, while the
top inset shows representative SEM images of the cub42 and oct30 samples; scale bars are 100 nm. The low-resolution part of the detector used for the struc-

tural sorting is highlighted in green.
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Table 1. Data Collection Statistics for the Four Nanocrystal Samplesa

Parameter oct30 cub42 cub17
No. frames 15,805,472 29,309,832 34,197,950 36,966,286
No. hits 2,117,732 2,133,041 2,451,068 3,307,723
Hit ratio 13.40% 7.28% 7.17% 8.95%
Hits/hour 376,947 233,553 228,633 402,954
Hits/trainb 5.2/10.4/15.6 2.8/6.4/8.4 2.4/5.6/9.1 NA/7.2/12.1
No. “good” hits 1,430,086 1,249,328 433,259 564121
Sphere fraction (%)b 3.4/4.0/19.2 2.717.2133.5 2.4/10.4/29.1 NA*

3.50 (2.10-4.54)

Resolution (nm)d

5.32(1.89-7.17)

4.89(1.98-6.56) 2.11(1.81-3.31)

“Sample names refer to their nominal shape (octahedron or cube) and edge length in nanometers.
“The three numbers correspond to values for 0.28 MHz, 0.55 MHz, and 1.1 MHz intra-train repetition rates, respectively.

“There was no clear sign of spherical particles for the cub17 sample.

“The first number is the azimuthal average resolution, while numbers in parentheses show minimum and maximum values, respectively.

2. MILLION-PATTERN DATA COLLECTION

Data was collected at the SPB/SEX (single particles, biomolecules,
and clusters/serial femtosecond crystallography) instrument
[20] of the European XFEL using 6 keV photons focused into a
3 x 3 um? spot, as measured by a 20 pm thick YAG screen in the
focal plane. Individual x-ray pulses were generated with 2.5 m] of
energy on average (2.6 x 10'2 photons). The pulses were delivered
in 150-pulse trains with an intra-train repetition rate of 1.1 MHz
and trains arriving every 0.1 s, leading to a maximum data collec-
tion rate of 1500 frames/second. A detector built specifically for
this burst mode operation, the Adaptive Gain Integrating Pixel
Detector (AGIPD) [21], was placed 705 mm downstream of the
interaction region to collect the diffraction patterns for each pulse
individually up to a scattering angle of 8.3° at the center-edge of
the detector (Fig. 1).

Gold octahedra and cubes, each of two different sizes, were
sequentially injected into the x-ray beam using an electrospray-
ionization aerodynamic-lens-stack sample delivery system. The
nominal sizes of the particles measured using scanning electron
microscopy were 30 and 40 nm for the octahedraand 42 and 17 nm
for the cubes. In the rest of the paper, these samples are described
using the codes oct30, oct40, cub42, and cubl?, respectively.
The octahedra and cubes were prepared using different protocols,
generating different heterogeneity profiles, as will be seen later.

Diffraction patterns were observed in around 10% of the col-
lected frames. This relatively high hit ratio compared to those
achieved with biological particles in similar conditions was due
to a combination of the relatively large x-ray focal spot size, high
particle concentration and high mass and density of the larger
AuNPs, leading to lower speeds after acceleration by the gas flow in
the aerodynamic lens stack [17,22,23]. Lower speeds lead to higher
spatial densities, and thus higher hit ratios for the same particle
beam size. Table 1 shows the statistics of the number of frames
collected for each sample as well as the various filtration steps after
the analyses described below.

When using the peak repetition rate of 1.1 MHz and 150 pulses
per train, diffraction patterns corresponding to the shapes of cubes
and octahedra could be observed, but a high fraction of the diffrac-
tion patterns appeared to originate from spherical particles (see
Table 1 and third column of Fig. 2). This was found to be caused
by the melting of particles in the wings of the previous XFEL pulse
in the train, as the particles approached the focus. To reduce this
occurrence, we therefore reduced the intra-train repetition rate

from 1.1 MHz to 550 kHz, providing only half the available pulses;
further reduction of the repetition rate was tested but not found to
be necessary. This reduced-rate mode was used to collect most of
the data for the three larger samples (but not the cub17 sample).

3. SINGLE-HIT SELECTION BY 2D
CLASSIFICATION

Frames with diffraction from particles were detected by setting
a threshold on the number of pixels in the AGIPD detector that
recorded at least one photon. Unfortunately, notall the particles are
of interest, even accounting for the heterogeneity. The extraneous
patterns include those from spheres formed after melting, multi-
particle aggregates, and other possible contaminants. In previous
work, either manual selection [10,13] or manifold learning meth-
ods [12,24] have been used to classify patterns and reject outliers.
We adopt an alternative approach, similar to one commonly used
in cryo-EM [25], but implemented in diffraction space. Two-
dimensional orientation determination into multiple models was
performed in the detector plane using the EMC algorithm [16,26]
implemented in Dragonfly [27]. The in-plane rotation angle (0)
and relative incident fluence (¢) of each diffraction pattern were
determined collectively, and multiple independent 2D intensity
models were reconstructed. Each of these intensities represents an
average of aligned copies of a subset of the patterns from the whole
set. In addition to the EMC algorithm being highly noise tolerant
[7,28,29], one can also use it to examine the average models to
understand what type of particles are in the dataset.

In this experiment, 50 random white noise 2D intensity models
were used as initial guesses to perform the classification for each
sample, using only the low resolution part of the detector high-
lighted at this stage (Fig. 1). Some of the reconstructed intensities
are shown in Fig. 2. The first two columns of the figure show rep-
resentative examples of “good” models of each sample, chosen
manually to be those with high contrast and strong streaks for fur-
ther processing. The third column shows an average of diffraction
from rounded particles (except in the cub17 case where a dimer
average is highlighted). These models were used to determine the
sphere fraction shown in Table 1. Finally, the last column shows
low-contrast models where a diverse set of particles was averaged.
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Fig.2. 2D classification. Representative examples of reconstructed 2D models shown on a logarithmic scale, with each row representing a different sam-
ple. The numbers indicate how many patterns had that model as the most likely one. The first two columns show models selected for further processing.
The third column shows diffraction from rounded/spherical particles, except in the cub17 case where there were no spherical particles and the model shows
diffraction from a dimer instead. The fourth column shows some of the low-contrast models generated by averaging patterns from a diverse set of particles.

The resolution at the edge of the circle is 3.3 nm.

A. Single-Shot Characterization

The 2D classification also enabled the analysis of size heterogeneity
from those models where the faces of the nanoparticles were paral-
lel to the x-ray beam. In these cases, one observes strong streaks on
the detector, and the fringe spacing indicates the distance between
these parallel faces. The size distributions of the samples inferred
this way are shown in Fig. 3(a). The octahedral samples had a
much broader size distribution than the cubic ones. While some
of the breadth of the peaks is due to apparent size variations when
the faces are not perfectly parallel to the beam, the much broader
size distributions of the octahedra suggest that they had more
heterogeneity.

In addition, the octahedra were also noticeably asymmetric, as
seen in Figs. 3(c) and 3(d). These histograms were made by iden-
tifying patterns that belonged to models with two strong streaks
(e.g., top left model in Fig. 2). Another run of 2D classification
with just these two-streak patterns showed no variation in the angle

between the streaks, but only in the fringe spacing. This is to be
expected since the angle is fixed by the (111) growth direction,
while the size is not restricted by symmetry. The equivalent figures
for the cubic samples showed no asymmetry.

Due to the low polydispersity of the cubes, they were used to
determine the incident fluence distribution of the x-ray beam.
Since the Fourier transform of a cube is the product of three
orthogonal sinc functions, the size fitting procedure also gener-
ated a predicted incident fluence. The distribution from 102,480
patterns is shown in Fig. 3(b), yielding a maximum fluence of
around 60 pJ/um?, which leads to a lower bound estimate of
around 540 pJ in the focal spot from the measured spot size. The
actual fluence was likely higher, as the particles were not ideal
cubes and the scattering efficiency is reduced at high fluences [30].
One can also see that most diffraction patterns were obtained
with lower incident fluences, because the particles interacted with
the outer regions of the x-ray focus. The expected behavior of a
Gaussian focal spot is shown as a red dashed line and shows a much



Research Article

Vol. 8, No. 1 / January 2021 / Optica 19

0.4
cubl7 cub42
42 0.3
3
o
(9]
o
_g 0.21 oct30
©
€
£
2
0.1
0.0 v v u
10 20 30 40
Interfacial distance (nm)
(a)
50 35
30
25
E 401 20
£
] 15
v}
5
b4 10
0
£ 301
©
e 5
h=
[
€20
10 T T T 0
10 20 30 40 50

Interfacial distance (nm)
(©
Fig. 3.

Fraction of patterns

T T T T T T T

0 10 20 30 40 50 60
Incident fluence (u)/um?)

(b)

50 25
20
T 40 15
£
3 10
c
8
4 301
o 5
©
S
©
£
[
£ 201
10 . : ‘ 0
10 20 30 40 50

Interfacial distance (nm)

(d)

Size and incident fluence distributions from 2D classification. (a) Size distribution for the four samples. The sizes are represented by the distance

between opposing parallel faces. The cubes have narrow distributions, while the octahedral distributions are broader. (b) Distribution of incident fluence on
the particle calculated from the cub42 sample assuming they are ideal cubes. The red dashed line represents the expected behavior from an ideal Gaussian
focus weighted by the measured pulse energy distribution. (c), (d) 2D histogram of size distributions from two-streak patterns for the oct 30 and oct 40
samples, respectively. High density in the off-diagonal regions suggests the particles are asymmetric. The horizontal axis represents the brighter of the two

streaks.

lower fraction of weak hits [31]. This difference can be accounted
for by the stronger wings of the x-ray focus than for a Gaussian
spot, which are also responsible for the melting observed at high
repetition rates.

4. 3D RECONSTRUCTION WITH STRUCTURAL
SORTING

The fraction of good hits used for 3D structure reconstruction
varied from 17% for the cube samples to around 60% for the
octahedra (Table 1). The 3D intensity distribution was obtained
using these patterns before recovering the structures by performing
phase retrieval using a combination of the difference map and error
reduction algorithms [7]. For computational efficiency, the 3D
orientations were first determined using the low-resolution part of
the detector where the corner resolution was 3.3 nm. A refinement
procedure similar to that developed for serial crystallography with
the EMC algorithm [32] was used with the whole detector to get
the full-resolution 3D intensities. In this procedure, only orienta-
tions in the neighborhood of the most likely orientation of a given
pattern from the low-resolution run were searched.

A. Octahedral Samples oct30 and oct40

For the octahedra, the results from this conventional single-model
approach are shown in Fig. 4(a). The intensities have noticeably
lower contrast than the equivalent slices in the 2D models. From
the size distributions seen in Fig. 3, this could be attributed to
structural heterogeneity. To counter this, the patterns were prob-
abilistically partitioned into five intensity volumes in a manner
equivalent to the 2D classification procedure. However, the initial
guesses were not random white noise, but rather isotropically
stretched/scaled versions of the single model reconstructed above.
Five models, with stretch factors ranging from 0.9 to 1.1 were used
as these initial seeds. The rest of the reconstruction proceeded
without any restraints between these models or any symmetry
constraints.

Once again, this structural sorting was performed at low reso-
lution before refining the orientations of a subset of patterns from
a single model to get full-resolution intensities. Slices through the
3D intensity for the oct30 sample are shown in Fig. 4(a). The left
column, showing the single-model reconstruction with 1.4 million
patterns has noticeably worse fringe contrast and background than
the equivalent slices in the right column or in the first two columns
of the 2D classification output shown in Fig. 2. The homogeneous
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Fig.4. Effect of structural sorting. Comparison of 3D intensity reconstructions for the octahedra before and after structural sorting. (a) Low-resolution
logarithmic intensities of the oct30 sample comparing the standard single-model reconstruction with one of the sorted models. The two rows represent
slices normal to an edge and vertex of the octahedron. (b) Likelihood gain distribution for the patterns shared with the sorted model shown in (a). The blue
and red curves show distributions for weak and strong patterns, as identified by the relative fluence factor ¢, respectively. (c) Same gain plot for the oct40

sample. (d) Two-streak size histograms [Fig. 3(c)] for the oct30 sample separated into the five reconstructed models.

set had 0.53 million patterns selected using the multi-model
EMC reconstruction. The visual improvement is accompanied
by an increase in likelihood of the model intensities outside the
central speckle for the common patterns in both sets, as shown
in Fig. 4(b). The filled histogram shows the distribution of the
per-pattern increase in likelihood, which we refer to as likelihood
gain (see Supplement 1, Section 6), while the two traces show the
distributions for weak (relative scale 0.5 &= 0.1) and strong (relative
scale 2.0 = 0.1) patterns. The latter shows how brighter patterns
are more selective towards an improved model. Figure 4(c) shows
the same information for the oct40 sample, where the gain ratio is
smaller, but still greater than one. The 2D size distributions shown
in Fig. 3(c) were re-calculated for each subset of patterns belonging
to the five models and plotted in Fig. 4(d), confirming the different

sizes for each model, but also exhibiting a simpler structure than

that of the full dataset.

B. Cubic Samples cub42 and cub17

For the cubic particles, a single-model 3D reconstruction was
deemed sufficient, due to the relative monodispersity of the
sample. The selection of good hits from the 2D classification was
more stringent, including only high-contrast cube-like patterns.
The incident fluence factors were estimated in the first few itera-
tions where the calculated probability distributions were broad and

then later kept fixed (see Supplement 1).
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Phase retrieval. (a) Isosurface plots of electron densities recovered after phase retrieval (scale bar is 40 nm). The asymmetric structures of the octa-

hedra are clearly evident (see Visualization 2 and Fig. S7). (b) Smoothed phase retrieval transfer function (PRTF) measuring reproducibility of phases as a
function of g. The solid lines represent the azimuthal average PRTF conventionally used to determine the resolution of the structure. The shaded region
around each line indicates the range of values at each ¢. The typical 1 /e cutoffis shown in black.

C. Phase Retrieval

The electron densities were reconstructed by performing 3D
iterative phase retrieval on the full-resolution intensity volumes
(see Visualization 1 for details and Fig. S6 for intensity slices).
Figure 5(a) shows the reconstructed electron densities as isosurface
plots. The contour levels were chosen where the gradient of the
density was highest. Other views of the particles are shown in Fig.
S7. The phase retrieval transfer function (PRTF) metric as a func-
tion of wave-vector ¢ is shown in Fig. 5(b). This metric is a measure
of the reproducibility of recovered phases when starting from 128
random models. The 3D PRTF distribution was smoothed using
a Gaussian kernel with a width equal to one-third of the fringe
width. The shaded region around each line shows the range of
values in each g shell, highlighting the strong anisotropy of the
metric due to the faceted nature of the objects. The intersection
with the common 1/e threshold determining the resolution is
shown in Table 1. The resolution normal to the flat faces is 2 nm
or better for all samples, while the resolution is relatively low, far
from any strong streaks in Fourier space. This angle-dependent
resolution is a property of the diffractive-domain averaging before
phase retrieval, but also due to the strongly faceted shape and
lack of internal structure of these objects, both of which are not
representative of biological objects.

5. CONCLUSION

We have demonstrated an order-of-magnitude increase in data
collection efficiency along with much higher imaging resolution
than previously achieved for x-ray single particle diffractive imag-
ing, setting a template for future SPI experiments at the European
XFEL and elsewhere. We have also shown that with these large data
sets, one can structurally sort the particles and average a narrow
size and shape range to obtain higher resolution. A similar problem
is expected to be faced when imaging biological particles, and
the method developed here shows the way towards overcoming
conformational variability in the Fourier domain.

Although we benefited from the strong scattering cross section
of gold compared to organic materials, with the commission-
ing of a sub-micrometer focus at the SPB/SFX instrument, we
can expect comparable signal strengths from organic materials.
Unfortunately, smaller x-ray foci would also mean lower hit ratios
with the current sample delivery setup. Improvements could be
made through optimized focusing for the targeted size distribution
[17] or cryogenic injection systems [19] that additionally allow
conformational selection [33]. Another approach is to keep using
the larger focus and conjugate the particles with AuNPs to assist
hitfinding and orientation determination [34]. The effective hit
rate can also be increased by using more pulses in each train from
the European XFEL (max. 2700) than the AGIPD detector can
save (max. 352) and vetoing in real time those frames that do not
contain diffraction signal.

The class of experiments exemplified here can also be applied
to study rare events such as transient states in a spontaneous phase
transition or high-free-energy states. Since each image is collected
serially, one can identify relevant subsets corresponding to interest-
ing states without averaging over all patterns. In this work, we have
taken the approach of treating the objects as general 3D contrast
functions with no « priori information. One can also envision a
parameterized refinementapproach that should enable a finer char-
acterization of the structural landscape of the ensemble. Another
direction for future development is the automatic classification
of 2D intensity models to find the ones that correspond to single,
non-spherical particles. In addition to improving the efficiency of
the applications mentioned above, this would also enable the study
of highly heterogeneous samples where the motifs themselves vary

[35,36].
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The European X-ray Free-Electron Laser (FEL) became the first operational
high-repetition-rate hard X-ray FEL with first lasing in May 2017. Biological

Synchrotron, Notkestrae 85, 22607 Hamburg, structure determination has already benefitted from the unique properties and
Germany. capabilities of X-ray FELs, predominantly through the development and

application of serial crystallography. The possibility of now performing such
Keywords: XFEL; serial crystallography; experiments at data rates more than an order of magnitude greater than

instrumentation.

previous X-ray FELs enables not only a higher rate of discovery but also new
classes of experiments previously not feasible at lower data rates. One example
is time-resolved experiments requiring a higher number of time steps for
interpretation, or structure determination from samples with low hit rates in
conventional X-ray FEL serial crystallography. Following first lasing at the
European XFEL, initial commissioning and operation occurred at two scientific
instruments, one of which is the Single Particles, Clusters and Biomolecules and
Serial Femtosecond Crystallography (SPB/SFX) instrument. This instrument
provides a photon energy range, focal spot sizes and diagnostic tools necessary
for structure determination of biological specimens. The instrumentation
explicitly addresses serial crystallography and the developing single particle
imaging method as well as other forward-scattering and diffraction techniques.
This paper describes the major science cases of SPB/SFX and its initial
instrumentation — in particular its optical systems, available sample delivery
methods, 2D detectors, supporting optical laser systems and key diagnostic
components. The present capabilities of the instrument will be reviewed and a
brief outlook of its future capabilities is also described.

1. Introduction

The recently operational European X-ray Free-Electron Laser
(EuXFEL) is the first high-repetition-rate hard X-ray FEL in
the world (Abela et al., 2006). The initial suite of six scientific
instruments is designed to pursue a wide range of science
applications exploiting both the ultrafast and ultrabright
pulses of X-ray FEL radiation produced, as well as uniquely
utilizing the megahertz (MHz) peak repetition rate of this

R e X unprecedented facility (Tschentscher et al., 2017). The Single
Particles, Clusters and Biomolecules and Serial Femtosecond
OPEN a ACCESS Crystallography (SPB/SFX) instrument is one of the first two

J. Synchrotron Rad. (2019). 26 https://doi.org/10.1107/51600577519003308 1 of 17
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instruments to come online and perform experiments with the
EuXFEL beam and has produced first results less than a year
after first experiments (Griinbein et al., 2018; Wiedorn et al.,
2018).

The SPB/SFX instrument is primarily concerned with 3D
structure determination of both crystalline and non-crystalline
micrometre-scale and smaller objects. A particular emphasis is
placed on biological objects, including viruses, biomolecules
and protein crystals. Nevertheless, the instrument will also be
capable of investigating non-biological samples using similar
techniques. The instrument exploits the unique high peak
repetition rate of the facility and brings benefit to these
structural biology applications. The major benefits are the
reduction in the experimental time required to measure a
complete dataset for structure determination, particularly in
time-resolved experiments and potential reduction in sample
consumption in some methods.

The goal of this paper is to describe the capabilities of the
SPB/SFX instrument in its early operational phase. Future
capabilities, such as additional interaction regions for further
experiments (such as in-atmosphere experiments) are also
briefly outlined. The instrument relies on a variety of complex
systems, many of which are described in more detail in this
journal. These systems include the accelerator (Decking et al.,
2019), the photon transport systems (Sinn et al., 2019) from
EuXFEL’s undulator source (Abeghyan et al., 2019) to the
instrument and the detector systems (Henrich et al., 2011); in
addition, the optical laser systems (Palmer et al., 2019) that
provide optical pulses at the same repetition rate as the
EuXFEL for so-called pump-probe experiments that excite
(‘pump’) a system with an optical pulse and investigate
(‘probe’) it with the X-ray FEL pulses (or vice versa). All of
this activity is supported by the controls system (Heisen et al.,
2013; Hauf et al, 2019) while the extreme data rate due to
the high repetition rate is managed by a state-of-the-art data
acquisition and storage system (Boukhelef et al, 2013). An
essential part of fully utilizing the instrument is the data
analysis tools to make sense of the so-called ‘data deluge’
which, while essential to the successful realization of experi-
ments, is beyond the scope of this paper. EuXFEL data
analysis tools are discussed in general by Fangohr et al. (2018).

This paper primarily documents the initial configuration of
the instrument as commissioned for early user experiments in
late 2017 and 2018. Some outlook is given towards the addi-
tional instrumentation to be installed in 2019, in particular
brief descriptions of the additional interaction regions
contributed by the SFX user consortium (SFX User Consor-
tium, 2013), which will both broaden the instrument capability
and increase its capacity in the near future.

2. Science targets for the instrument

The SPB/SFX instrument predominantly caters to structure
determination of biological systems, both crystalline samples
and single particles. Potentially, any sample that can be
investigated by forward-scattering methods may be probed at
SPB/SFX, with the major use cases outlined below. These use

cases are very similar to those of the Coherent X-ray Imaging
(CXI) instrument at LCLS (Boutet & Williams, 2010), which
has pioneered this science at 120 Hz repetition rate.

2.1. Serial crystallography

The relatively recent advent of structure determination
from micrometre- and sub-micrometre-sized crystals of
biomolecules using X-ray FEL sources (Chapman et al., 2011;
Aquila et al., 2012; Boutet et al., 2012; Redecke et al., 2013; Liu
et al., 2013; Barends et al, 2014) represents a significant
broadening of the scope of crystallography for biological
structure determination (Standfuss & Spence, 2017). Impor-
tantly, serial crystallography at FELs addresses three major
classes of sample: (i) those that do not form large enough
crystals to provide an adequate signal-to-noise ratio for
analysis of their diffraction using a synchrotron source
(Redecke et al., 2013), (ii) those containing metal atoms that
may be easily altered chemically by longer duration synchro-
tron radiation (and hence not reflect the native structure of
the sample) (Suga et al., 2014), and (iii) time-resolved systems,
where either femtosecond time resolution is needed or, for
example, irreversible reactions such as mixing which requires
small crystals to minimize the mixing time and define a clear #,
as the start of the reaction (Schmidt, 2013).

2.2. Single particle imaging

Arguably one of the most exciting classes of samples for
structure determination at an X-ray FEL facility encompasses
those samples where each individual sample exhibits the same,
or markedly similar, structure as the others. A so-called
‘reproducible’ sample allows for the collection of data from
many copies of such samples. Naively, each individual sample
illuminated with the X-ray FEL beam scatters 2D data into a
2D detector at the instrument. Reproducible samples allow
the aggregation of that data from many randomly oriented
copies of the sample into a single piece of 3D information
about the sample (Neutze et al., 2000; Ekeberg et al., 2015).
This method is referred to as single particle imaging (SPI). The
method is presently under development (Aquila et al., 2015a;
Daurer et al., 2017; Hantke et al., 2018) and typically requires a
large amount of diffraction data for successful three-dimen-
sional reconstruction (Rose et al., 2018; Lundholm ez al., 2018).
The SPB/SFX instrument has the potential to collect SPI data
almost 30 times faster than the X-ray FEL with the next
highest repetition rate, potentially a significant step in this
method’s development to application.

2.3. Time-resolved experiments

One of the key advantages of X-ray FELs is in the ability to
access the time domain on femtosecond timescales. This can
be done either by exploiting the femtosecond pulse duration
of an X-ray FEL to probe femtoscond timescale science, such
as in the switching of magnetic structures (Beaurepaire et al.,
2004; Higley et al, 2016), or by using an X-ray FEL’s extra-
ordinary pulse intensities to allow the probing of irrepro-
ducible processes that require sufficient information to be
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acquired at each time point from a single measurement, such
as mixing a protein with an antibiotic, or other mixing
processes (Stagno et al., 2016). The EuXFEL’s vastly greater
repetition rate than other X-ray FEL sources is particularly
attractive for time-resolved studies, as it allows for the
collection of sufficient data from multiple time points within
a realistic and manageable experiment duration. This then
allows for a far greater number of time points to be explored,
which is useful when changes in a sample occur over a variety
of timescales or when one simply does not know the ideal
timescale to make observations a priori and a survey in time is
needed to establish the appropriate measurement parameters.

In addition to mixing experiments (Schmidt, 2013; Stagno et
al.,2016), reactions in bio-systems started by optical pulses are
the other most common type of time-resolved experiment
considered here. Pump-probe experiments excite a sample
by an optical ‘pump’, causing changes to its structure. The
subsequent X-ray FEL ‘probe’ is used to observe its structure
some defined time after the excitation. Doing so for a number
of different delay times between pump and probe allows for a
so-called ‘molecular movie’ of the structural changes to be
made (Tenboer et al., 2014; Barends et al., 2015; Levantino et
al.,2015a; Pande et al., 2016; Nango et al., 2016), giving insights
into the dynamics of such light-activated systems.

2.4. Further science goals

Additional science cases include those supported by other
classes of forward-scattering experiments, such as time-
resolved small-angle X-ray scattering (Graceffa et al., 2013;
Levantino et al., 2015b; Bruetzel et al., 2018; Roéllen et al., 2018)
and X-ray photon correlation spectroscopy (XPCS) (Carnis et
al., 2014; Lehmkiihler ez al., 2015).

3. Science requirements

The science requirements of the instrument are derived
directly from the science cases above and have not changed
markedly since their publication in the SPB Technical Design
Report (TDR) (Mancuso et al, 2013). Importantly, the
sample—detector distance must be compatible with the reso-
lution and sampling requirements of samples of the order of
less than 100 nm to approximately 1 pm in size [typical protein
and/or protein (micro-/nano-)crystal sizes] (The AGIPD
Consortium, 2012; Giewekemeyer et al, 2013). The 2D
detector used must have a very high dynamic range to
accommodate not only the brightest signals from crystal Bragg
peaks but also low signal on a single photon level, e.g. from the
continuous diffraction between Bragg peaks (Ayyer et al.,
2016), which may fall into adjacent pixels in any practical
detector. Single-photon sensitivity is also essential for SPI
applications where a weakly scattering non-crystalline sample
is envisaged and only a few photons per frame may be
collected by the 2D detector (Loh & Elser, 2009; Ayyer et al.,
2014).

The X-ray focal spot size must also match these size ranges
to optimally illuminate these smaller and larger samples. In

Table 1
Summary of basic parameters of the the SPB/SFX instrument.
Parameter Value/range Units
Photon energy 3-16 keV
Pulse energy (maximum) ~1-5 mJ
Photons per pulse (maximum)  ~1-8 10" photons
Focal spot size ~100s, 1 nm, pm
Repetition rate 10 x 1350 (maximum at st

highest pulse energy)

10 x 2700 (maximum at

lower pulse energies)
Pulse duration (range) A few 100 fs
Detector pixel size (AGIPD) 200 x 200 pm
Upstream detector AGIPD, four independent ~ NA

quadrants (4 x 512

x 512 pixels)
Downstream detectors AGIPD and Jungfrau, NA

(to be installed in future) both 4 megapixel

Single-photon sensitivity Yes NA
Detector dynamic range >10* photons

at 12 keV
Detector frame rate 4.5 MHz
AGIPD (burst)

Sample—detector distances 0.12 to ~6 m

Sample delivery options Liquid jet, aerosol jet, NA
fixed targets

Miscellanea Pump-probe laser NA

practice, a variation of focal spot sizes at the sample position
differing by an order of magnitude in lateral extent is desir-
able, realized at SPB/SFX by two independent focusing mirror
systems.

Updated instrument parameters are shown in Table 1.
While there have been a great deal of developments in serial
crystallography and single particle imaging since the TDR
(Mancuso et al., 2013) was written, only relatively minor
updates to the target parameters have been necessary.

4. Instrumentation

The SPB/SFX instrument layout and instrumentation have
been designed to accommodate experiments that lie within
the main science goals while maintaining flexibility for future
upgrades and alternative experiment types (Mancuso et al.,
2013). SPB/SFX is a forward-scattering instrument, with
multiple optical systems to focus the FEL beam, a flexible
sample—X-ray beam interaction environment with integrated
sample-pump laser system, and an X-ray detector that is
designed to collect scattering around the incident beam axis.
These principal components are complemented by an array of
X-ray beam conditioning and diagnostic devices. An icono-
graphic overview of the instrument with the currently installed
instrumentation is shown in Fig. 1.

The SPB/SFX instrument is designed to operate at photon
energies from 3 to 16 keV, with peak performance expected
between about 6 and 15 keV. The SPB/SFX instrument is
located behind the SASEl undulator, with X-ray beam
delivered via a dedicated branch in the XTD9 photon tunnel
(Sinn et al., 2019). Instrumentation is installed in the XTD9
tunnel, an instrument optics hutch and an experiment hutch.
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Figure 1

Iconographic layout of components of the SPB/SFX instrument.
Approximate distances of components in the SASE1 XTD9 tunnel,
SPB/SFX optics hutch and SPB/SFX experiment hutch are given relative
to the common focal plane of the upstream interaction region. X-ray
beam direction is indicated by the grey arrows.

The geographical layout of SPB/SFX, including the relevant
tunnel and hutches, is shown in Fig. 2.

The most upstream components of the SPB/SFX instrument
— train picker, attenuator array and incoming beam diagnostic
screen — are housed in the last metres of the SPB/SFX photon
branch line in the XTD9 tunnel, upstream of the instrument
shutter. A compound refractive lens system, used to provide
focusing prior to the commissioning of the mirror-based
focusing systems, was also installed at this location.

Directly following the tunnel downstream wall, the optics
hutch houses a reference laser system (also sometimes called
an alignment laser system), an aperture-defining B,C blade slit
system, two vacuum chambers containing mirror optics of the
micrometre-scale KB focusing system, clean-up slits to remove
scatter around the beam, and a shutter to control transmission
of the X-ray beam to the experiment hutch. Three diagnostic

screens are located at the upstream, centre and downstream
ends of the mirror chambers to aid mirror alignment.

Following ~12 m of beam transport, the most upstream
component in the SPB/SFX experiment hutch is a second
reference laser system followed by a diagnostic screen and a
second aperture-defining B,C blade slit system. Two sets of
beam clean-up slits and a beam diagnostic screen immediately
precede a vacuum chamber containing mirror optics of the
100 nm-scale focusing system.

Downstream of the 100 nm-scale optical chamber, a
differential pumping system is installed to support sample-
injection compatible vacuum conditions in the X-ray beam—
sample interaction region. The interaction region comprises a
large vacuum chamber ~600 mm x 600 mm x 800 mm (w X
h x 1), with infrastructure for several sample delivery methods,
pump-laser in-coupling, imaging and diagnostics. The 100 nm-
scale optical system and interaction chamber breadboard
share a common granite support, which is designed to mini-
mize any effect of vibration on the X-ray optical alignment of
the 100 nm-scale beam.

The centralized SASE1 pump-laser system (Palmer et al.,
2019) is installed in an adjacent hutch and supplies the SPB/
SFX instrument laser hutch with optical laser light at a repe-
tition rate matched to that of the EuXFEL. Additional
frequency conversion, beam conditioning and delay adjust-
ment are implemented in the instrument laser hutch prior to
delivery into the experiment hutch and interaction region.

The principal X-ray detector for the SPB/SFX instrument,
the AGIPD 1 megapixel, is mounted into a carriage mated
directly to the downstream flange of the interaction region
chamber. The interaction region chamber and downstream
devices including AGIPD are mounted onto a common rail
system — the component support structure (CSS) — designed
to move in order to track the X-ray beam trajectory, while
preserving the alignment of downstream components. The
detector carriage can be moved longitudinally along the rail,
supporting sample—-detector distances between 120 mm and
6000 mm.

A diagnostics screen and instrument beamstop occupy the
downstream end of the CSS and are currently the final
components of the SPB/SFX instrument, pending installation
and commissioning of a second interaction region.

4.1. Optics and beam conditioning

4.1.1. Compound refractive lenses: initial focusing optics.
For the initial operation of the instrument during early user
experiments (September 2017 to June 2018), focusing optics
based on beryllium compound refractive lenses (CRLs) were
installed to focus the beam to the X-ray—-sample interaction
point. The lenses are housed in a dedicated transfocator
containing ten arms, each capable of holding up to ten lenses
(JJ X-ray AS, Denmark). An image of the transfocator is
shown in Fig. 3. The installation position at the end of the
XTD?9 tunnel and the long source-to-transfocator (~ 888 m)
and transfocator-to-focus (~32 m) distances set the para-
meters of the lenses required.
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Figure 2

Overview of SASE1 hutches. X-ray beam direction is left to right, top to bottom. SPB/SFX X-ray
radiation hutches are depicted in dark blue with SPB/SFX laser hutches, laboratory, control rooms
and service rooms depicted in light blue. The vertical column in grey is the so-called ‘sample
elevator’ used to transport material from the upstairs biological laboratory to the preparation
laboratory adjacent to the SPB/SFX experiment hutch. A 2D overhead engineering view of the

instrumentation is placed into the hutch model for context.

Figure 3
CAD-model of the JJ X-ray transfocator unit (left) and photograph of the
lens cassettes inside the chamber installed in the XTD9 tunnel (right).

To be able to focus over such long
distances, lenses with large radii of
curvature are required. Given the initial
incoming X-ray beam parameters and
minimal required energy range, 30
lenses with radii of curvature 5.8 mm
and aperture 3 mm with beryllium grade
IS50 (purchased from RXOPTICS
GmbH & Co. KG, Germany) were
installed, the largest radius of curvature
available at the time of purchase.

Lenses were mounted into the lens
cassettes in a binary configuration to
enable a minimum increment of one
lens for any lens configuration, as shown
in Fig. 4. With the limitations on radius
of curvature, the addition or removal of
one lens adjusts the focus position by
more than 1 m, larger than the long-
itudinal movement range of the trans-
focator. Fine tuning of the focus
position to match the sample interaction
point was successfully achieved by
adjustment of the undulator gap and
hence shifting the photon energy.

An image of the CRL-focused beam interaction with a
20 pm-thick cerium-doped yttrium aluminium garnet crystal
(YAG:Ce) (Crytur, Turnov, Czech Republic) produced an
upper bound on the focus size of ~16 pm. This is larger than
modelling would suggest and could be due to a number of
reasons. Possibilities include (i) the chromaticity of the beam
being greater than expected, (ii) the XFEL source being
different from that expected, or even (iii) non-optimal align-
ment of the lens units. In practice, this limitation has been
addressed by the replacement of the CRLs as the temporary,
primary focusing optic by a super-polished mirror focusing
system described in the next section.

4.1.2. Super-polished mirror focusing systems. The SPB/
SFX instrument has two independent KB super-polished
elliptical-mirror-based systems, focusing to the micrometre
scale and 100 nm scale, to meet the variable X-ray beam size
requirements of the science targets discussed in the preceding

Arm Number 10 9 8 7 6 5 4 3 2 1
1
2
3
4
Position in lens casette :
7
8
9
10
Total number of lenses in casette 0 0 0 1 2 4 5 8 10 0

Figure 4

Arrangement of the beryllium lenses in the tranfocator unit, where green colour indicates in which position within the lens cassette the lens is placed. The
arrangement is such that differing numbers of lenses can be placed into the beam by moving arms in or out, allowing for the focusing of different photon

energies to the same plane in the interaction region.
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section. KB mirror systems were chosen as they are highly
transmissive, achromatic and expected to survive the pulse
train structure of the EuXFEL and largely preserve the
wavefront properties of the FEL beam, critical for coherent
imaging-type experiments. Both systems are designed to focus
the X-ray beam to a common focal plane at the upstream
interaction region of the instrument (see Fig. 1). At the time of
writing, the micrometre-scale system has recently been
commissioned and used in a small number of experiments. The
focused beam from these optics was initially imaged at 5 pm,
and recently improved to better than 3 um as imaged with a
3.7 um-thick LYSO:Ce (Lu,5Y,SiOs:Ce) scintillator at the
interaction point. Continued commissioning and optimization
of this focal spot is ongoing.

The optics of the 100 nm-scale system have recently been
installed, with commissioning and first experimental use
expected for mid-2019. Details of the performance of both
mirror optical systems will be the subject of future publica-
tions.

The SPB/SFX instrument occupies the central branch of the
SASE1 undulator beamline, minimizing the number of optical
elements between the source and instrument focusing optics.
The source point, estimated to be in
the second-to-last undulator cell, is

ating conditions at the SPB/SFX instrument (Aquila et al.,
2015b). Further details on the polishing and control specifi-
cations of the mirrors are given by Bean et al. (2016).

The micrometre-scale system is located in the optics hutch,
centred 23.2 m from the upstream interaction region common
focal plane and 894.8 m from the predicted SASE1 source
point. The two KB ellipses are incorporated into a four-
bounce mirror system, with two additional flat mirrors of the
same polishing and coating specifications, resulting in a
focused beam with parallel trajectory and small offset from the
direct beam. The depth of focus of the micrometre-scale
system is calculated to be ~10 mm.

The 100 nm-scale system is located directly upstream of the
interaction region, centred 2.75 m upstream of the common
focal plane. The 100 nm system uses a traditional two-bounce
KB mirror scheme resulting in a 7 mrad angular deviation of
the 100 nm-scale focused beam with respect to the direct
beam. The depth of focus of the 100 nm-scale system is
~0.15 mm.

Representation of the horizontal and vertical optical paths
of the direct, micrometre-scale and 100 nm-scale beams
through the SPB/SFX instrument are shown in Figs. 5 and 6.

Horizontal Optical Path

common
focal ; /

918 &+ 2 m from the instrument common 357
focal plane (Bean et al., 2016). The first g 30
optical elements in the SASE1 beamline = 25_5 micron

. 5} 1 deflection
are two B,C-coated flat offset mirrors £ 00 mirror
installed for radiation protection. The & 3 micron
second mirror includes a bender to g 155 f;fr:;ng
allow flatness correction or to produce T 10 /
an intermediate focus between the S 5] /l
offset mirrors and instrument optics s 0 ,/
(Sinn et al., 2012; Tschentscher et al., E :

2017). The position of the KB optic 25
systems between the undulator source
and instrument focus is determined
by geometrical optics arguments,
accounting for the predicted source size,
desired focal size and source-to-focus
distance. Given the large source—focus

Figure 5

— T
-20 -15 -10
longitudinal distance (m)

Representation of the horizontal optical layout of the SPB/SFX instrument. The incident beam
from XTD?9 is shown in red, with the 1 pm-scale system in green and the 100 nm-scale system in
blue. The 0 m mark in the longitudinal distance denotes the common focal plane of the two systems.
Figure adapted from Bean e al. (2016).

distance and expected beam divergence, 351 Vertical Optical Path _
1000 mm silicon substrate mirrors (with & 305 focal | /
950 mm super-polished length) are £ ] plane;
installed. To maximize the available § & :
aperture, the mirror optics are designed 5 204 micron nanometer |
. . o . 1] ] i i h
for relatively high incidence angles of 8 454 deflection fugusing
. . g 157 mirror mirror ;
4 mrad in the micrometre-scale case and B 40 ) /'
3.5 mrad in the 100 nm-scale case, with 8 gggi{;g Y/
resulting apertures of 3.8 mm and § 5_ mirror y
3.3 mm, respectively (Bean et al., 2016). 0 1 7/ //
H : . | LA T T T T [ T T T T [ T T T T [ T T T T { T T T T ]
All mirrors are <.:oated with two strlPes, 25 50 5 20 5 0 5
B4C and ruthenium, each 50 nm thick, ) longitudinal distance (m)
for good transmission across the 3- Figure 6

16 keV working energy range of the
instrument. Test measurements suggest
that the coatings will survive the oper-

Representation of the vertical optical layout of the SPB/SFX instrument. The incident beam from
XTD9 is shown in red, with the 1 pm-scale system in green and the 100 nm-scale system in blue. The
0 m mark in the longitudinal distance denotes the common focal plane of the two systems. Figure
adapted from Bean et al. (2016).
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4.1.3. Train picker. A train-picker device is installed as the
most upstream component of the SPB/SFX instrumentation
in the XTD9 photon tunnel. This device is designed to pass
individual (10 Hz) trains from the accelerator to the experi-
ment either ‘on demand’ or synchronized with sample envir-
onment hardware. The key component is a notched disc which
rotates to alternately block the beam or allow it to pass. The
disc is composed of 2 mm B,C and 0.5 mm alloy of 98.5%
tungsten with Ni and Fe. The train picker is intended for use
only in low-power beam modes of 30 pulses per train or fewer.

4.1.4. Beam conditioning. To define the shape of the X-ray
beam incident on the focusing optics, both the micrometre-
scale and nano-scale focusing optics are accompanied by a slit
system optimized for high incident beam power (JJ X-ray AS,
Denmark). These so-called ‘power’ slits are equipped with
four mechanically independent B,C ‘blades’ with a thickness
of 75 mm along the beam direction. While B,C is among the
materials with the lowest single-shot damage threshold
for FEL radiation, it has a relatively long absorption length,
especially at high X-ray energies. To more fully suppress
radiation at higher energies, the B,C blocks are equipped with
a 5 mm-thick sheet of tungsten on the downstream side. While
the power slits are capable of blocking the unfocused incident
beam at 10 Hz operation, they are not designed to withstand
full pulse trains at 4.5 MHz with full beam power under all
possible experimental conditions. In order to avoid over-
heating of the aperture-defining blocks under UHV condi-
tions, each block is actively water-cooled.

A second set of slit systems is used to suppress scattering
from the power slits and other sources of scattering such as
the edges of the focusing mirrors. Permanent ‘cleanup’ slit
installations (JJ X-ray AS, Denmark) are located between
the micrometre-scale and the 100 nm-scale KB systems (see
Fig. 1). Blade edges are composed of polished cylinders,
fabricated in silicon nitride (low-Z option; JJ X-ray AS,
Denmark) or wedge-shaped tantalum/tungsten (high-Z
option; Xenocs SAS, France). Additional slit sets (customized
development) can be installed inside the interaction region
chamber to block remaining scatter close to the focus position.
Polished cylinder-based blade edges of silicon nitride,
tantalum/tungsten or germanium are available.

A solid attenuator array is installed to attenuate beam
intensity in beam modes of up to tens of pulses per train. This
compact device (JJ X-ray AS, Denmark) has four water-
cooled arms, each equipped with six filters. Filters are
primarily single crystal silicon, with thicknesses between
25 pm and 6.4 mm and polycrystalline synthetic diamond with
thicknesses between 100 pum and 3.2 mm. Each arm can be
inserted independently, giving a large range of possible
attenuation options, roughly at least one combination in every
magnitude interval of the transmission factors between 1 and
<1072 over the 3-16 keV operating energy range of the SPB/
SFX instrument.

4.1.5. Beam diagnostics. To ensure an efficient alignment
process of the complex X-ray optical focusing system and to
maintain a high focus quality in the interaction region, 2D
beam diagnostic devices are essential, especially for an FEL

instrument (Tono et al., 2011, 2013; Juranic et al., 2018). For the
first operation phase (before completion of the downstream
interaction region), seven such devices are available at the
SPB/SFX instrument, monitoring the beam at locations
starting in the photon tunnel, before interaction with any
focusing optics, down to the end of the instrument, immedi-
ately upstream of the instrument beam stop. To accommodate
various beam sizes and positions at different locations within
the instrument and also for different focusing schemes, two
variations of the screen devices have been devised with
different scintillator sizes (Type I and Type II, see below).
Both screen types are non-transmissive. The series of screens
allow monitoring of the beam position, trajectory, shape and
internal structure.

The diagnostic screens, designed and built in-house, are
based on flat scintillating screens with a standard thickness of
100 pm, made of single-crystal cerium-doped yttrium alumi-
nium garnet (YAG:Ce) (Crytur, Turnov, Czech Republic).
Scintillators are placed at 90° with respect to the X-ray optical
axis, and an optically flat, A/10, Al-coated fused silica mirror
at 45° incidence angle is used to reflect the scintillation light
through a high-grade anti-reflection-coated optical viewport,
with flatness specification in the central region of A/8, into
an objective outside the vacuum chamber. Scintillators and
mirrors are mounted to an aluminium frame inserted into the
beam using a linear manipulator. Each Type I aluminium
frame has four possible positions for scintillators, and each
Type II has two, minimizing maintenance time in case a scin-
tillator is damaged by the FEL beam. The additional mounting
positions also allow the installation of additional diagnostic
probes, such as area diodes.

The main purpose of the diagnostic screens is to locate the
beam centroid position in a relatively large field of view and
are hence not optimized for high spatial resolution. While for
Type I devices the resolution is limited by the pixel pitch of the
sensor (effective pixel pitch ~13.1 pum), for Type II devices it
is limited by the objective’s object-side Rayleigh resolution (at
maximum zoom around 9.5 pm, with an effective pixel pitch of
about 3.0 pm). Installing higher-resolution optics for special
applications is possible without opening up vacuum connec-
tions and only limited by the minimum working distance set by
the distance between the scintillating screen and the viewport
(~93 mm for Type I devices and ~119 mm for Type II
devices). An image of a diagnostic screen and scintillator
carriage is shown in Fig. 7 alongside a demonstration image.

4.1.6. Instrument beam stop. The instrument beam stop
(IBS) is the most downstream component of the SPB/SFX
instrument. Its main purpose is to attenuate and stop the FEL
beam. The attenuating components are made from low-Z
materials — diamond, B,C, and aluminium — with a large single-
shot damage threshold.

The main attenuating components are three B,C blocks that
are arranged in an asymmetric V-shape, so that the X-ray
incidence angle is about 10° with respect to the surface (see
Fig. 8). Each B,C block has a heat sink terminal brazed to it,
which is clamped in a water-cooled copper baseplate. All heat-
sink terminals are electrically isolated from the B,C using
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Figure 7

Overview of a beam diagnostic device at the SPB/SFX instrument. (a)
UHV-compatible mounting block for four scintillators (S) and optical
mirrors (M). (b) Overview of a Type I diagnostic device with a standard
DNG63CF cube as its basic building block (B). The three-point mount (M)
for camera (C) and optics (O) can be removed without breaking the
vacuum inside the cube for maintenance and baking. The scintillators are
inserted into the beam via a motorized translation (T). An optical filter
(F) is used to block transmission of the blue light from the reference laser
which causes fluorescence emission from the scintillator just like the
X-ray beam and thus can be visualized in the same way. (c) Illustrative
example output from a Type I diagnostic device: diffraction from an
instrument slit system closed to a gap of a few tens of micrometres in the
horizontal and vertical direction, as imaged in a plane more than 22 m
downstream at a photon energy of 9.3 keV. Only a very small fraction
from the much larger incident beam was selected here. The image is a
background-corrected average of 647 single-FEL-pulse images.

sapphire discs, which makes it possible to read out an X-ray-
induced photocurrent from each absorber as a diagnostic of
beam intensity.

B,C is known to be among the most robust low-Z materials
commonly used for the protection of X-ray components.
Nevertheless, in-house front-end module (FEM) simulations
indicate that even B,C would not withstand the full pulse train
of the EuXFEL with the expected minimal beam size at the
IBS position. The reason is high mechanical stress resulting
from the thermal expansion of the B,C, following illumination.
Therefore, the first component in the IBS that faces the direct
X-ray beam is a diamond disc (diameter: 800 mm; thickness:
500 pm), which is composed of alternating layers of micro-
crystalline (thickness: 50 pm) and nanocrystalline (thickness:
5um) diamond (Diamond Materials GmbH, Freiburg,
Germany). This composition was chosen to mitigate the risk of
strong Bragg reflections from larger crystal grains, while
maintaining the good thermal conduction properties of
microcrystalline diamond. An incidence angle of about 2°
further enhances heat distribution so that the disc can with-
stand the full pulse train, even in the worst case scenario. The
diamond disc is clamped in a water-cooled copper arm. To
monitor the X-ray beam during an experiment, fluorescence
from this boron-doped diamond can be imaged using an out-
of-vacuum camera setup (see Fig. 8).

(a) B4C blocks
(b) diamond disc

scintillator

screen
XFEL beam

direction

camera set-up

Figure 8

Schematic of the core components in the instrument beam stop (IBS).
While a large fraction of the beam is attenuated by B4C blocks (a)
arranged in a V-shaped layout, the initial material to attenuate the X-ray
beam is a diamond disc at an incidence angle of about 2°. A camera setup
is used to monitor the fluorescence signal caused by the X-ray beam
incident on the diamond.

4.2. Vacuum scheme

The vacuum scheme of the SPB/SFX instrument is designed
to provide appropriate conditions for instrumentation with
differing vacuum requirements based on their position. Due
to the potential power of the pulse train from the SASE1
undulators, and the desire to minimize background scattering
from gas or windows, SPB/SFX is a windowless instrument
from accelerator to undulator to sample injection to beamstop.
Primary beam conditioning components and the KB mirror
optical systems require UHV conditions (better than
1 x 107® mbar), while a higher pressure must be tolerated in
the sample—X-ray interaction regions due to liquid- and gas-
based sample injection. The upstream sections containing the
conditioning and optical components are pumped using ion
pumps and the downstream sections of the sample interaction
regions and detectors are pumped with high-throughput
turbomolecular pumps.

In order to maintain the UHV vacuum of the 100 nm-scale
KB optics, a differential pumping system is installed between
the optics vacuum tank and the interaction region chamber.
The system is a three-stage differential pump design based on
a series of pre-aligned straws with internal diameters of 3 mm
mounted between sealed chambers, which are individually
pumped using turbomolecular pumps. The narrow internal
diameter of the connecting straws maintains a differential of
approximately five decades between the interaction region
chamber and the 100 nm-scale optics chamber. The differ-
ential system is mounted onto a four-axis stage — providing
vertical, horizontal, pitch and yaw movements — to accom-
modate the differing trajectories of the 1 pm-scale, 100 nm-
scale and direct X-ray beams.
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Pumping of the X-ray-sample interaction region is provided
by turbomolecular pumps attached to the chamber. The
primary chamber pump is a 2300 L s~ ' magnetically levitated
pump, chosen to reduce vibrations transmitted to the chamber
and, due to the continuous rotation axis adjustment, an
anticipated improved performance under variable gas loads
and potential particle contamination. An additional turbo-
molecular pump is connected to a port directly underneath the
sample delivery mechanism ‘catcher’. This catcher provides a
seal between the sample delivery and pump, establishing a
differential vacuum, which allows the safe operation of the 2D
X-ray detector (with high voltage and cooling systems inter-
locked to a pressure better than 1 x 10~* mbar).

The turbomolecular pumps of the differential pumping
system, interaction chamber and downstream sections of the
instrument are supported with a distributed rough vacuum
system. The outputs of the turbomolecular pumps are
connected, via DN100 ISO-K standard aluminium tubing, to
Ebara EV-S200P multi-stage dry roots pumps located in a
pump room well separated from the experiment hutch to
reduce noise and vibration. The ‘dirty’ rough vacuum of the
interaction region and the ‘clean’ rough vacuum of the
differential pump, detector and other downstream compo-
nents are separated to avoid contamination, each having
dedicated tubing and roots pump. A rough vacuum level of
~5 x 1072 mbar is maintained at the exhaust of the interac-
tion chamber turbo pumps during sample injection.

4.3. Sample environment

The SPB/SFX instrument deploys three main classes of
sample delivery: (i) liquid jets for delivering (primarily) small
crystals to the X-ray FEL beam for serial crystallography,
(ii) focused aerosol beams for delivering (primarily) non-
crystalline particles to the X-ray FEL beam for single particle
imaging, and (iii) samples arranged on fixed targets, which
may be crystalline or non-crystalline. All three sample
delivery methods are supported in the upstream interaction
region (IRU) of the SPB/SFX instrument. Additional, down-
stream interaction regions (IRD) are planned as extensions of
the baseline instrumentation and are outlined in Section 4.6.

4.3.1. Liquid jet sample delivery. Liquid jets are the prin-
cipal sample delivery method for serial femtosecond crystal-
lography experiments. The liquid jet delivery system at the
SPB/SFX instrument is designed to maintain compatibility
with established jet delivery systems developed at other FEL
facilities while allowing flexibility in nozzle design. More
details are given by Schulz ef al. (2019).

Sample delivery nozzles are mounted at the end of a hollow
rod, inserted via a load lock to position the nozzle above the
X-ray focus position. Currently, two configurations are avail-
able: a 1/2-inch outer-diameter rod and a 25 mm version
suitable for more complicated nozzle designs.

The nozzle rod mates to a catcher centred around the
interaction region. The catcher includes apertures for the FEL
beam, a 100° solid angle diffraction exit cone, as well as

windows for microscopes and optical laser coupling. The
catcher restricts the majority of sample residue to a small easy-
to-clean volume and provides differential pumping of the
liquid and gas loads. Both nozzle rod and catcher assembly are
modular in design for easy upgrade.

The most frequently used liquid jet devices are gas dynamic
virtual nozzles (GDVNs) (DePonte et al, 2008). GDVNs
compress a liquid sample jet from a 50-100 pm capillary to a
few micrometres diameter using a surrounding gas stream.
These nozzles can provide fast jets with velocities over
80 ms ! (Griinbein et al., 2018b), recently shown to success-
fully deliver sample jets compatible with the current opera-
tional pulse train structure of the FEL beam at SPB/SFX
(Griinbein et al., 2018a; Wiedorn et al., 2018).

While not ideally suited to the pulse train structure of
the EuXFEL, high-viscosity extrusion jet sample delivery
(Weierstall et al., 2014) can be installed into the nozzle rod and
catcher infrastructure. Initial experiments with this delivery
method have been limited to a single pulse per train, at a train
rate of 10 Hz.

4.3.2. Aerosol sample delivery. Aerosol sample delivery is
expected to be the primary method for delivering single
particles into the X-ray beam for imaging experiments at the
SPB/SFX instrument. The small scattering cross section and
non-crystalline nature of single particles require that the
scattering background is reduced to a minimum. In aerosol-
based sample delivery, the aim is to isolate the sample from
any surrounding liquid, removing scattering from the delivery
medium that would otherwise overwhelm the weak sample
scattering signal.

An aerosol of (sub-)micrometre-sized droplets, each
containing ideally one sample particle, is generated from a
nozzle in a chamber at the entrance to an aerodynamic lens
stack. The droplets in this aerosol mist evaporate, in principle
leaving behind isolated sample particles that are funnelled
into an aerodynamic lens (Hantke et al, 2018). Within the
aerodynamic lens, the particle flow is focused into a narrow
beam that intersects the X-ray beam at the exit of the lens
stack.

With the aerodynamic lens stack available at SPB/SFX
(see Fig. 9), efficient delivery of particles ranging from 30
to 3000 nm in diameter is possible. The nozzle-to-interaction
particle transmission varies with both particle size and gas
flow, and can reach >70% (Hantke et al., 2014) for particles of
a few hundred nanometres in diameter. The exit velocity also
depends on particle diameter and gas flow, with sub-100 nm
particles reaching 200 m s™*, while micrometre-sized particles
travel slower at approximately 20 m s~ (Hantke et al., 2018).

Potential complications of limited liquid jet speeds in the
high peak repetition rate FEL beam, such as sample repla-
cement and jet disruption (Stan et al., 2016), can be alleviated
with aerosol sample delivery, where no surrounding liquid
is present.

The lack of surrounding liquid also enables the use of ion
time-of-flight spectroscopy as a potential means to provide
detector veto signals within a single pulse train (Andreasson
et al., 2014; Pietrini et al., 2018). These features make aerosol
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Figure 9

Schematic of an aerosol injector. The droplets are formed inside the
aerosolization chamber from the Rayleigh instability in a thin liquid jet
originating from a flow focusing nozzle. The gas necessary for the flow
focusing is further used both to create an atmosphere where the droplets
are able to evaporate and to provide the stream-lines inside the
aerodynamic lens used to focus the particles into a narrow beam.
Between the aerosolization chamber and the lens stack, a nozzle-skimmer
stage is inserted to limit the gas load inside the lens stack. Adapted from
Hantke et al. (2018).

sample delivery an intriguing possibility for delivering crys-
talline samples into the X-ray beam (Awel et al., 2018).

4.4. Detectors: overview and present installation

Crystallographic and single-particle experiments rely on
high-performance 2D X-ray photon detectors. Suitable
detectors must be capable of measuring fully integrated 2D
diffraction patterns from single tens of femtosecond X-ray
exposures. They must have a high dynamic range to capture
intense Bragg peaks as well as low scattering signals from non-
crystalline samples, all at the maximum 4.5 MHz pulse rate of
the EuXFEL (Giewekemeyer et al., 2013).

One of the area detectors developed specifically to capture
diffraction patterns at the unique time structure of X-ray
pulses produced by the EuXFEL is the Adaptive Gain Inte-
grating Pixel Detector (AGIPD) (Allahgholi et al, 2016;
Mezza et al., 2016; Allahgholi ef al., 2019). Two instances of
AGIPD will ultimately be deployed at SPB/SFX, a 1 mega-
pixel (1Mpx) version, already in use at the upstream interac-
tion region since September 2017, and a 4 megapixel (4Mpx)
version planned for the downstream interaction region. A
Jungfrau 4Mpx detector (Jungmann-Smith et al., 2016) will be
available for use as a secondary detector at experiments at the
downstream interaction region of SPB/SFX.

The specifications of the AGIPD 1Mpx are described below,
and the AGIPD 4Mpx and Jungfrau are outlined later in the

description of the future downstream interaction region. The
mechanical setups of each AGIPD implementation and the
Jungfrau detector feature motorized longitudinal motion in
order to vary the sample—detector distance.

4.4.1. The Adaptive Gain Integrating Pixel Detector.
AGIPD is a hybrid pixel array, silicon sensor-based detector
with 200 pm x 200 pm pixels (Allahgholi et al., 2016). It is an
integrating detector (rather than counting) and hence able to
acquire full diffraction patterns from single EuXFEL shots,
which is essential for the diffraction-before-destruction
approach of serial femtosecond crystallography.

The smallest unit of AGIPD is a single FEM, consisting
of 128 x 512 pixels, an active area of ~26 mm x 103 mm.
Multiple FEMs can be assembled to form a large 2D area
detector. Each FEM is constructed from a 500 um-thick silicon
sensor, giving a high absorption efficiency over the 3-16 keV
photon energy operation range at SPB/SFX. The sensor
surface facing the interaction region is coated with a 500 nm
layer of aluminium to prevent the absorption of optical light
photons, especially important for maintaining a low back-
ground level in optical-pump-type experiments. The sensor is
bump-bonded to an application-specific integrated circuit
(ASIC) for detection of the absorbed X-ray photons.

The ASIC is optimized for the high dynamic range, high
peak repetition rate demands of experiments at SPB/SFX. It
features a radiation-hard electronic design to ensure several
years of operation. High dynamic range is achieved via
‘adaptive gain’ switching of individual pixels between three
gain levels in adaptation to the incident signal. At a photon
energy of ~12keV, signal levels of 10°-10° photons pixel ™
pulse ™" (i.e. 10* at 12 keV, more at lower energies) can be
recorded in low gain mode, alongside single-photon sensitivity
in high gain mode.

Data acquisition at up to 4.5 MHz is achieved by storing
signal values in on-pixel analogue memory for the duration
of the pulse-train, and read out and subsequently digitized
during the idle time (99.4 ms) in between pulse trains. Up
to 352 values per pulse train can be stored in the on-pixel
memory, resulting in a maximum data rate from AGIPD of
3520 recorded images per second (Allahgholi et al., 2016).

4.4.2. AGIPD 1Mpx. The first produced AGIPD 1Mpx
detector is installed at the upstream interaction of the SPB/
SFX instrument and has been used for both crystallography
and single-particle imaging-type experiments. Fig. 10 shows
some examples of serial crystallography data taken to date.
AGIPD 1Mpx comprises 16 FEMs, grouped into four quad-
rants centred around the X-ray beam, to form a 1024 x 1024
pixel, 1Mpx detector. Each quadrant is designed to be indi-
vidually positioned around the X-ray beam such that the
position, size and shape of the central aperture can be
adjusted.

AGIPD 1Mpx is installed in a vacuum chamber mounted in
a detector carriage with large-diameter bellows between the
upstream and downstream flanges of the cage. An engineering
model of AGIPD 1Mpx in its vacuum chamber is shown in
Fig. 11. This construction provides up to 200 mm longitudinal
movement of AGIPD without breaking vacuum and supports
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Figure 10

Example serial crystallography data taken using the AGIPD 1Mpx during
early user experiments at SPB/SFX. Note the well defined Bragg peaks
that span a large fraction of the detector’s dynamic range. This figure was
originally published in (@) Griinbein et al. (2018a) and (b) Wiedorn et al.
(2018) and is licenced under a Creative Commons Attribution 4.0
International Licence.

a minimum sample—sensor distance of 120 mm (26 angle of
~45° at the upper/lower edges). The carriage can either be
mounted directly to the exit flange of the interaction region
chamber or behind a modular flight tube for sample-sensor
distances of up to 6 m.

4.5. Optical laser systems

There are three optical laser systems relevant to operation
of experiments at the SPB/SFX instrument. The first are the
reference lasers, a simple setup for allowing alignment of
components when the FEL beam is not present. The second

Figure 11

(a) Mechanical design of the AGIPD 1Mpx detector inside its vacuum
tank. The detector consists of four movable quadrants, which are
predominantly moved in an iris fashion to adjust the central hole size.
Each quadrant in turn consists of four AGIPD FEMs. (b) CAD-model of
the AGIPD in its most upstream position (sample-to-detector distance
~120 mm). The compressed bellows can also be seen between the sample
chamber and the AGIPD vacuum chamber. The sample chamber is
deliberately shown empty so one can see the AGIPD sensors (in green)
that detect the X-ray photons.

are a collection of commercial nanosecond lasers, used for
pump-probe timing where the dynamics of the sample are
longer than nanoseconds. The third is a EuXFEL-developed
central laser system (Palmer et al., 2019) that offers femto-
second and picosecond pulses at the repetition rate of the
accelerator, suitable for pump—probe experiments on sample
systems with nano-, pico- or femtosecond timescale dynamics.

4.5.1. Reference lasers. A preliminary alignment of the
instrument requires a reference laser, collinear with the X-ray
beam. A reference laser can be used to align components and
apertures without the X-ray beam, minimizing installation
effort when changing experimental environments and redu-
cing the risk to X-ray sensitive components.

The specific needs of the SPB/SFX instrument require
45 mm horizontal and vertical positioning to match the 1 pm-
scale focused beam and 100 nm-scale focused beam trajec-
tories, variable longitudinal focus position along the instru-
ment, microradian-order angular precision, and remote
control of in-coupling.
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Table 2
Description of basic laser parameters.

The 800 nm source is tunable from 750 to 850 nm (longer than 15 fs).

Wavelength A 800 nm 1030 nm
Pulse duration 15-300 fs (nearly <1 ps or 400 ps
(FWHM) Fourier-transform-limited) (chirped)

The reference lasers (Wavespectrum WSLS-445-001m-4)
are installed in locations at the upstream ends of the optics
and experiment hutches, upstream of the respective mirror
focusing systems (see Figs. 1 and 2). Each reference-laser
beam can be introduced into the X-ray vacuum beam path by
an in-coupling optical mirror that may be remotely driven into
a fixed kinematic mount to guarantee positional reproduci-
bility.

The 445 nm wavelength laser excites the Ce:YAG scintil-
lators of the beam diagnostic screens, and the resulting
fluorescence can be viewed with the screen cameras to
establish target positions for the X-ray beam on each screen
and ensure a clear path through the interaction region
equipment and detectors.

4.5.2. Commercial nanosecond lasers for pump—probe
experiments. Three nanosecond optical parametric oscillators
(OPOs), Opolette HE 355 LD UV from Opotek (Carlsbad,
CA, USA), are available at SPB/SFX. These OPOs can
provide 4-7 ns pulses of mJ order, continuously tunable in
the range 210-2400 nm, relevant for a number of biological
systems with microsecond or even millisecond response times.
These lasers are, however, limited to 10 Hz operation. Up to
three OPOs can be used concurrently for experiments that
require multi-step excitation sequences.

4.5.3. Optical femtosecond and picosecond lasers and
their conditioning. Optical pump-X-ray probe experiments
require a synchronized optical laser as
a pump source. The EuXFEL Optical

Table 3

Laser set points.

Set Repetition E1030 nm E800 nm
point rate (MHz) (mJ) (mJ)

1 4.5 1 0.05

2 1.13 4 0.3

3 0.188 21 1.5

4 0.1 40 25

to compensate for dispersion introduced by the windows of
the beam transport pipes and the sample chamber as well as
the air path, ensuring optimal pulse duration at the sample
position.

Harmonic generation — up to the third harmonic for the
800 nm system and fourth harmonic for the 1030 nm system —
is provided in the experiment hutch to enable alternative
pump wavelengths. An optical parametric amplifier, TOPAS
Prime with NirUVis and NDFG units (Light Conversion,
Vilnius, Lithuania), will be installed to provide continuous
tunability of the femtosecond laser system, covering the
wavelength range 240-15000 nm. Specific transport optics can
then be installed to support a given subset of that wavelength
range for any given experiment.

Fig. 12 shows the optical layout in the SPB/SFX instrument
laser hutch. The optical laser paths (800 nm, 1030 nm) have
delay lines to control the pump-pulse time of arrival with
respect to the X-ray pulse. All beam paths have a consistent
15 m length in the ILH.

All reflective mirrors are equipped with very low dispersion
coatings appropriate for the respective wavelength operation
regime. The mirrors and other optics require sufficient damage
thresholds and low group delay dispersion (GDD) to maintain
performance for high peak power and high intensities at high-

Lasers group provides 800 nm, 15-

300 fs near-transform-limited pulses,

with central wavelength tuneable across
a 750-850 nm range and 1030 nm, 1,
400 ps (compressed, stretched, respec-
tively) pulses to the SPB/SFX instru- y

800 nm

ment laser hutch (ILH) (Palmer et al.,
2019), see Table 2.
Parameters of the two laser systems

A1

1030 nm
TOPAS

r—

[

at various set points are summarized in
Table 3, and detailed information has
been given by Pergament et al. (2016).
The ILH contains beam diagnostics, l

SvdOL

ey

N

N

B NM

NN

beam conditioning and delay stages to

"1 spibER

G

Zl

prepare an appropriate pump beam for
biological samples. Additional optical
components in the experiment hutch
and chamber guide the laser beam to
the X-ray—sample interaction point. The
800 nm femtosecond laser pulses are
delivered negatively chirped to the ILH

Figure 12

Laser optics layout in the SPB/SFX instrument laser hutch (ILH) for the upstream interaction
region (IRU). The optics table size is
3600 mm x 1500 mm (h x w) (right area). Beam from the SASE1 common pump laser installed
in the central laser hutch (CLH) enters from the left. The optical path to IRU exits top left, and
transport of the common pump laser to the optical table for the downstream interaction region
(IRD) is shown at the top.

1500 mm x 3000 mm (h x w) (left area) and

12 of 17

Adrian P. Mancuso et al.

+ The SPB/SFX instrument of the European XFEL

J. Synchrotron Rad. (2019). 26



research papers

repetition-rate conditions. For the shortest 15 fs pulses, high
specification coated mirrors are in use [e.g. Ag + multilayer
HRs (45°, 680-940 nm) > 99.5% |GDD| <10 fs* and HR 45°
Rp > 99.97% Tp < 0.02% for 1030 nm high-power ps-pulses
from Layertec (Mellingen, Germany)].

Different wavelengths require different mirror solutions.
Mirrors with silver-based coatings can be used in a wavelength
range from 440 nm to the near-infrared. For other cases, which
require high-power damage threshold or low GDD in the UV
region, customized dielectric coatings are used.

Air humidity and temperature stability are key for consis-
tent delivery of ultrashort pulses. For example, a 10% relative
humidity change will alter the refractive index of air by
0.07 p.p.m. (Telada, 2009), introducing a 5 fs timing jitter for a
path length of 20 m (approximate total path length to the
sample). A 1 K temperature change can induce a 660 fs arrival
time offset for the same 20 m path length (thermal expansion
coefficient of type SUS410 stainless steel 9.9 x 107° K™1).
To minimize these effects, a high-precision air-conditioning
system is installed in the central laser hutch and ILH, specified
to a 21 + 0.1 K temperature range and 50 + 1% humidity.
Recently, very first measurements of the arrival time jitter
between X-ray and optical pulses have been made (Kirkwood
et al., 2019). The measured jitter is expected to improve
significantly in the near future.

4.6. Downstream interaction region: overview

As the popularity of serial crystallography increases, the
opportunity for an additional experimental region is advan-
tageous to improve the efficiency and throughput of the SPB/
SFX instrument as a whole. The downstream interaction
region (IRD) aims to maximize the use of the X-ray pulses of
the EuXFEL by refocusing and reusing the direct beam after it
has passed through the upstream interaction region (IRU) to a
second experimental setup (Boutet et al., 2015; Hunter et al.,
2016). Refocusing the used beam with CRLs mounted on the
CSS, it is intended to enable two experiments to be performed
simultaneously — one upstream and one downstream. This
additional instrumentation has been contributed by the SFX
user consortium (SFX User Consortium, 2013).

The downstream interaction region, in practice, comprises
two separate (and mutually exclusive) interaction regions.
One will be operable in atmosphere or a helium environment
(IRDa), while the other will operate in vacuum (IRDD).

IRDa gives users increased flexibility in their choice of
sample delivery; for example, allowing studies for thermal-
and pressure-sensitive samples. Additional scope for devel-
opments of novel concepts for sample delivery are also
possible (without the complication of vacuum compatibility)
as well as accessing longer timescales where the sample may
freeze in vacuum and for more complex multi-stage optical
pumping to access intermediate states in multi-stage reaction
cycles.

As reliable and reproducible data collection is a prerequi-
site, standardized sample environments will be available, such
as the Roadrunner system (Roedig et al., 2017) (version III, in

atmosphere) with an option for nozzle mounting, which will
allow for crystal injection in liquids of viscous media and fixed
target data collection. Crystallography data is planned to be
collected at atmospheric pressure using Jungfrau detector
modules. To enable experiments at atmospheric pressure, safe
outcoupling of the beam downstream of the CRL refocusing
optics will use an in-house-designed sonic delay line to protect
the upstream components in case of failure of the outcoupling
diamond window. Commissioning of IRDa is planned for 2019
with more regular operation expected from early 2020.

IRDD consists of an in-vacuum sample environment and a
4 megapixel AGIPD for detection and is presently planned for
an early 2020 installation.

4.6.1. AGIPD 4Mpx. The in-vacuum downstream interac-
tion region of SPB/SFX will be equipped with a 4 megapixel
AGIPD. The mechanical design is optimized for crystal-
lographic experiments to match the primary scientific scope of
the downstream interaction region. In addition to the primary
use as the principal detector of the downstream interaction
region, AGIPD 4Mpx can serve as a second detection plane
for upstream interaction region experiments requiring
recording of very small angle signal. The AGIPD 4Mpx sensor
plane is located ~10 m downstream of the IRU focus position.

AGIPD 4Mpx consists of 56 AGIPD FEMs (3.7 megapixel)
of the same type as AGIPD 1Mpx, arranged in two halves of
28 FEMs each. The detector halves are vertically offset by
half of the FEM pitch to ensure continuous reciprocal space
coverage for samples with a delivery orientation preference
(Redecke et al., 2013). The total detection plane area is larger
than 400 mm x 400 mm, requiring an 800 mm-diameter
entrance flange.

The detector halves can be independently positioned, both
transversely and longitudinally. Each half can move horizon-
tally up to 50 mm to control the position and size of the central
slot, with a maximum separation of 100 mm. Sample-sensor
distances in the range of ~150 mm (20 angle of ~60° at the
upper/lower edges) to 550 mm will be achievable. In contrast
to AGIPD 1Mpx, most of the electronics of AGIPD 4Mpx,
including digitizers and FPGAs, will be installed in-vacuum,
directly attached to the output of each FEM.

The AGIPD 4Mpx detector of the IRD is also planned to be
used as a second detection plane for samples injected in the
upstream interaction region (IRU) with the two regions
connected by a long evacuated flight tube to facilitate single
particle imaging, solution scattering measurements, and other
experiments requiring very low angle (scattering/diffraction)
data to be collected.

4.6.2. Jungfrau. In the in-atmosphere downstream interac-
tion region, SPB/SFX will integrate a Jungfrau 4Mpx detector
(Jungmann-Smith et al, 2016). The Jungfrau detector has
many similarities with AGIPD. Jungfrau is an integrating
hybrid-pixel array detector, based on 512 x 1024 pixel FEMs
using a 320 pm-thick silicon sensor. The interaction-region
facing surface of the sensor is coated in aluminium to prevent
the absorption of optical light. High dynamic range is realized
with gain switching. At a photon energy of 12 keV, signal
levels of 10! photons pixel™ pulse™ at 12keV can be
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recorded in low gain mode with single-photon sensitivity in
high gain mode in an adjacent pixel.

Data acquisition at possibly up to megahertz rates is
achieved by storing signal values in on-pixel analogue memory
for the duration of the pulse train, and read out and subse-
quently digitized during the idle time (99.4 ms) in between
pulse trains. Sixteen values per pulse train can be stored in
the on-pixel memory, resulting in a maximum data rate from
Jungfrau of 160 recorded images per second (Jungmann-Smith
et al., 2016).

In comparison with AGIPD, Jungfrau has a smaller pixel
size of 75 pum x 75 pm and reduced electronic noise, leading to
enhanced single-photon sensitivity at the low end of the SPB/
SFX photon-energy operation range. Prior to full integration
and commissioning of the SPB/SFX downstream interaction
region, a preliminary implementation of Jungfrau at SPB/SFX
will consist of four FEMs (2 megapixel), arranged in two
independently movable halves. An upgrade to 4 megapixel
will be completed upon receipt of additional modules. This
detector will initially be housed in a manner compatible with
a helium sample environment (see Section 4.6 with later
upgrades to a vacuum housing possible).

5. Conclusions

The SPB/SFX instrument has been described, including
its early operation optical system, sample delivery systems,
detection systems and basic diagnostics. Importantly, the first
scientific results from user experiments at the EuXFEL
(Griinbein et al, 2018a; Wiedorn et al, 2018) have been
published demonstrating that serial crystallography is indeed
possible at MHz rates. This, in turn, allows for unprecedented
data rates, which supports high-throughput experiments, finer
time steps in time-resolved work, or both. The possibilities of
more than an order of magnitude faster data collection than
any other similar source are just being explored.

Beyond this advantage of higher repetition rate, at present,
a whole suite of additional instrumentation is being installed
that will provide further capabilities to EuXFEL users in the
not-too-distant future. The capabilities include detectors with
more pixels, alternate sample delivery mechanisms, additional
diagnostics, and more. With both MHz repetition rates and
a suite of instrumentation tailored to the needs of structural
studies, the future promises to hold a number of exciting
possibilities at the SPB/SFX instrument of the EuXFEL.
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Modern emerging technologies, such as additive manufactur-
ing, bioprinting, and new material production, require novel
metrology tools to probe fundamental high-speed dynamics
happening in such systems. Here we demonstrate the appli-
cation of the megahertz (MHz) European X-ray Free-Electron
Laser (EuXFEL) to image the fast stochastic processes induced
by a laser on water-filled capillaries with micrometer-scale
spatial resolution. The EuXFEL provides superior contrast
and spatial resolution compared to equivalent state-of-the-
art synchrotron experiments. This work opens up new pos-
sibilities for the characterization of MHz stochastic processes
on the nanosecond to microsecond time scales with object
velocities up to a few kilometers per second using XFEL
sources. © 2019 Optical Society of America under the terms of
the OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.6.001106

Hard x-ray beams are well suited for microscopic two-
dimensional (2D) and three-dimensional (3D) imaging of sam-
ples not transparent to visible light due to their high penetration
power. Over the last two decades, the field of x-ray imaging has
developed considerably, mainly due to the availability of modern
third-generation synchrotrons producing x rays of high brilliance
[1]. These sources have provided access to the structural determi-
nation of specimens down to nanometer-scale resolutions.
Exploiting the (partial) spatial coherence of synchrotron x-ray

2334-2536/19/091106-04 Journal © 2019 Optical Society of America

probes, several phase-sensitive techniques have been developed
providing access to the electron density of specimens either via
x-ray optical analyzers [2—4] or sophisticated algorithms [5,6].
While much attention has been paid to improving the spatial res-
olution of x-ray imaging to its limits, fewer resources have been
used to explore the boundaries of the temporal domain. With the
progress in the development of detectors over the last decade [7],
fast radiography and tomography with kilohertz frame rates are
available, allowing, for example, ~100 tomograms per second
[8,9]. Only relatively recently has the stroboscopic nature of syn-
chrotrons been exploited. For example, imaging with synchron-
ized or individual x-ray pulses applied to fast stochastic transient
processes has been demonstrated [10-12]. Further advancement
of ultrafast x-ray imaging could be introduced by megahertz
(MHz) x-ray free-electron laser (XFEL) sources, where the high
flux per pulse can reveal dynamics of stochastic processes with
velocities up to the scale of several kilometers per second with
submicron-scale resolutions with high sensitivity to projected
densities. In this work, we exploit the unique properties of the
first operational hard x-ray MHz XFEL source European XFEL
(EuXFEL) and explore its possibilities for ultrafast x-ray micros-
copy with MHz sampling. The laser-induced dynamic processes
in an open-ended glass capillary filled with water was used as a
dynamic sample. We use this simple model system to show the
advantages of microsecond temporal resolution, micrometer
spatial resolution, and the improved signal-to-noise in the images
all brought about by using a MHz repetition rate XFEL. We
compare the results obtained at EuXFEL to that at European
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Fig. 1. Schematics of the time-resolved MHz x-ray microscopy of laser-induced dynamics in a water-filled glass capillary.

Synchrotron Radiation Facility (ESRF) ID19 beamline with the
setup depicted in Fig. 1. The first results obtained at EuXFEL are
already comparable to the state-of-the-art synchrotron perfor-
mance [12] and are still subject to improvement. Further develop-
ments will allow for improving the spatial resolution beyond the
reach of most brilliant synchrotron sources with potential acquis-
ition of 3D MHz movies by employing x-ray multiprojection
imaging [13].

It has been reported that liquid jets with velocities as high as
850 m/s can be generated by focusing a visible light laser into a
capillary filled with water [14]. A jet based on this principle
may be considered for needle-free drug-delivery injection or for
sample delivery applications at MHz XFEL sources as a jet on de-
mand, which can significantly minimize the sample usage. The
characterization of the laser-induced jets and fluidics on the nano-
second to microsecond time scales is typically done by visible light
microscopy. However, details on the microstructure are difficult or
impossible to access with light microscopy due to the large refrac-
tion angle and strong multiple light scattering at the interfaces
caused, for example, by microcavitations [15]. To explore the dy-
namics induced by the focused frequency-doubled Nd:YAG laser
(Minilite IT, Continuum) in the glass capillaries filled with water, we
constructed conceptually similar time-resolved microscopy setups
at the ID19 beamline at ESRF and at the Single Particles, Clusters
and Biomolecules and Serial Femtosecond Crystallography
(SPB/SFX) instrument of the EuXFEL using an indirect scintilla-
tor-based detector coupled to the MHz frame transfer CMOS
camera SHIMADZU HPV-X2 schematically depicted in Fig. 1.

For the experiment at EuXFEL, we used the SPB/SFX instru-
ment [16]. For the x-ray microscopy measurements, we reused
the spent beam from the upstream interaction region and was
outcoupled into air via a 180 pm thick diamond window. A
photon energy of 9.3 keV was used, and the pulse train was filled
with 128 x-ray pulses with a repetition rate of 1.128 MHz.
The effective pixel size of the imaging system was 3.2 pm (see
Supplement 1).

For the experiment at the ESRF synchrotron, we used the 16-
bunch filling mode, providing a bunch separation of 176 ns; the
MHz camera was recording every third frame with an interframe
time of 530 ns. The harmonics of the undulator with central
photon energy 32 keV were conditioned by a set of 1D com-
pound refractive lenses to enhance the flux density at the detector.
The effective pixel size of the imaging system was 8 pm (see
Supplement 1).

Stable jetting conditions were achieved at ESRF, with an
incident laser pulse energy of 2 mJ and approximately 0.05 total
absorbency of the laser power in water mixed with Nile blue dye,
resulting in approximately 100 pJ absorbed energy per pulse. This
was enough to form the repeatable jet [Fig. 3(a)]. This result is
consistent with previous reported results [14]. The measured
water jet speed is 184 m/s, and the wall velocity of the laser cavity
expanding wall reaches 272 m/s. The transformation of the me-
niscus into the jet during first frames is also clearly visible with
clear detail. Due to limited time during the EuXFEL experiment,
jetting conditions were not achieved. However, due to the high
contrast achieved and high spatial resolution, the microstructure
of the laser interaction with the sample is revealed with great detail
(Fig. 2), which is not possible by visible light microscopy. To
compare quantitatively the imaging performance for both experi-
ments, we used a signal-to-noise ratio (SNR) analysis and power
spectrum analysis. Detailed description about applied analysis is
described in the supplementary document. As a result, the SNR
analyzed for both ESRF and EuXFEL sequences show almost 2
times higher values for the maximum SNR from each analyzed
sequence for EuXFEL with SNR = 10.69 and for ESRF with
SNR = 6.19 [Figs. 3(b) and 3(d)]. A more objective comparison
using spectral power [Fig. 3(c)] clearly indicates the superior per-
formance of EuXFEL microscopy over ESRF. However, stronger
fluctuation in the mean values and SNR are observed for XFEL
darta. This is a natural behavior of XFEL beams and is related to
the origin of x-ray pulse generation using the self-amplified spon-
taneous emission (SASE) process. Such fluctuations are the reason
for the lack of a procedure for correct data normalization, as every
sequence and pulse has a different intensity distribution. Simple
normalization of such data leads to image flickering and the in-
crease of the standard deviation of the signal. Another contribu-
tion responsible for the increase of the standard deviation for the
actual EuXFEL data is attributed to the high-frequency noise
caused by the focusing kilobyte optics. To remove normalization
artifacts and high-frequency noise for the EuXFEL data, we pet-
formed an adaptive high-pass filtering by subtracting a low-pass
filtered (Gaussian convolution with the standard deviation 6 = 5
pixels) image from its original version. This procedure signifi-
cantly suppressed spatiotemporal image flickering. Using such im-
age processing, we visualized the velocities of breaking glass
reaching 35 m/s using flow analysis based on variational optical
flow methods [17]. The computed velocities provide quantitative
information about complex kinematics of the burst process



Vol. 6, No. 9 ptember 2019 / Optica 1108

Fig. 2. Image sequence of laser-driven explosion of a capillary filled with water imaged at EuXFEL. Sequence (a) is the result of high-pass adaptive
filtering to remove the high-frequency noise and image flickering; sequences (b) and (c) are the result of optical flow analysis [17] shown as a directional
vector for the movement of debris (b) and the velocity maps (c) (see Visualization 1). The phase retrieval of the corresponding sequence (d) is performed
using an ADMM-CTF algorithm [18].
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Fig. 3. (a) Image sequence of a water jet generated by absorbed power (~2 m] pulse energy) of a focused visible-light laser inside the glass capillary (see
Visualization 2) imaged at the ESRF synchrotron. The circle on the second frame shows the laser-induced cavitation with radius of 144 pm indicating an
initial velocity of 272 m/s of the expanding wall. The arrows on the third and fourth frame indicate the tip of the water jet reaching a velocity of 184 m/s.
The signal to noise analysis for (b) ESRF and (c) EuXFEL and (d) power spectrum curves shows superior image performance of EuXFEL data. For detailed
description of SNR (b) and (c) and power spectrum analysis (d), see Supplement 1 for supporting content.
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(see Supplement 1 for supporting content). The high spatial
coherence of XFEL data allowed us to apply a contrast-transfer
function (CTF)-based phase-retrieval method utilizing the
alternating direction method of multipliers (ADMM) [18].
The high spatial coherence of XFEL data allowed us to apply
a contrast-transfer function (CTF)-based phase-retrieval method
utilizing the alternating direction method of muldpliers
(ADMM) [18], shown in Fig. 2(d). Here the data were first nor-
malized using a set of empty beam sequences; then the ADMM-
CTF phase-retrieval algorithm was applied. High-frequency noise
introduced by this process was removed by nonlocal-means
denoising [19]. ADMM-CTF phase retrieval of the synchrotron
data failed to provide meaningful phase reconstruction, which is
attributed to the weak signal.

In conclusion, we have successfully demonstrated x-ray micros-
copy sampled at greater than 1 MHz at EuXFEL, and with the full
performance of EuXFEL, maximum frame-rate of 4.5 MHz will
be achievable. Our model system shows a significant improvement
in the contrast of the data obtained at EuXFEL compared to data
obtained at ESRF. This is due to the much higher photon flux per
pulse as well as the much higher spatial coherence at EuXFEL.
Such performance at EuXFEL additionally allowed for a 2.5-fold
increase in the spatial resolution and a significant improvement in
power spectrum over the entire range of frequencies, which en-
abled us to apply a single-distance phase-retrieval algorithm.
This study opens up new perspectives for imaging, especially of
irreversible stochastic processes not accessible via visible light im-
aging or with less intense x-ray sources. At hard x-ray MHz rate
XFEL facilities, this method enables the observation of stochastic
object motions at high velocities on the order of meters per second
to several kilometers per second. High flux per pulse at EuXFEL
will enable 3D MHz rate microscopy by employing beam splitters,
which is the scope of our future development.

Funding. Bundesministerium fiir Bildung und Forschung
(BMBF) (05K18XXA); Vetenskapsridet (VR) (2017-06719).

Acknowledgment. We acknowledge Klaus Giewekemeyer,
Luis Morillo Lopez, Cedric Michel Signe Takem, Alexis Legrand,
Bradley Manning, and Nadja Reimers for technical support during
preparation of the EuXFEL experiment. Beamtime was granted at
ESRF beamline ID19 in the frame of proposal MI-1267.

Vol. 6, No. 9 / September 2019 / Optica 1109

See Supplement 1 for supporting content.

REFERENCES

wWnN =

10.
11.

12.

13.

14,

15.
16.

17.

18.

19.

. C. Kunz, J. Phys. Condens. Matter 13, 7499 (2001).

. U. Bonse and M. Hart, Appl. Phys. Lett. 6, 155 (1965).

. D. Chapman, W. Thomlinson, R. E. Johnston, D. Washburn, E. Pisano,
N. Gmur, Z. Zhong, R. Menk, F. Arfelli, and D. Sayers, Phys. Med. Biol.
42, 2015 (1997).

. C. David, B. Néhammer, H. H. Solak, and E. Ziegler, Appl. Phys. Lett. 81,
3287 (2002).

. D. Paganin, S. C. Mayo, T. E. Gureyev, P. R. Miller, and S. W. Wilkins,
J. Microsc. 206, 33 (2002).

. J. M. Rodenburg and H. M. L. Faulkner, Appl. Phys. Lett. 85, 4795
(2004).

. T. Hatsui and H. Graafsma, IUCrJ 2, 371 (2015).

. R. Mokso, C. M. Schlepiitz, G. Theidel, H. Billich, E. Schmid, T. Celcer,
G. Mikuljan, L. Sala, F. Marone, N. Schlumpf, and M. Stampanoni,
J. Synchrotron Radiat. 24, 1250 (2017).

. W. Yashiro, D. Noda, and K. Kajiwara, Appl. Phys. Express 10, 052501

(2017).

K. Fezzaa and Y. Wang, Phys. Rev. Lett. 100, 104501 (2008).

M. P. Olbinado, X. Just, J.-L. Gelet, P. Lhuissier, M. Scheel, P. Vagovic,

T. Sato, R. Graceffa, J. Schulz, A. Mancuso, J. Morse, and A. Rack, Opt.

Express 25, 13857 (2017).

N. D. Parab, C. Zhao, R. Cunningham, L. I. Escano, K. Fezzaa, W.

Everhart, A. D. Rollett, L. Chen, and T. Sun, J. Synchrotron Radiat.

25, 1467 (2018).

P. Villanueva-Perez, B. Pedrini, R. Mokso, P. Vagovic, V. A. Guzenko,

S. J. Leake, P. R. Willmott, P. Oberta, C. David, H. N. Chapman, and M.

Stampanoni, Optica 5, 1521 (2018).

Y. Tagawa, N. Oudalov, C. W. Visser, |. R. Peters, D. van der Meer,

C. Sun, A. Prosperetti, and D. Lohse, Phys. Rev. X 2, 031002

(2012).

D. Hudgins and R. S. Abhari, Phys. Rev. E 99, 031102 (2019).

A. P. Mancuso, A. Aquila, L. Batchelor, R. J. Bean, J. Bielecki, G.

Borchers, K. Doerner, K. Giewekemeyer, R. Graceffa, O. D. Kelsey,

Y. Kim, H. J. Kirkwood, A. Legrand, R. Letrun, B. Manning, L. L.

Morillo, M. Messerschmidt, G. Mills, S. Raabe, N. Reimers, A. Round,

T. Sato, J. Schulz, C. S. Takem, M. Sikorski, S. Stern, P. Thute, P.

Vagovi¢, B. Weinhausen, and T. Tschentscher, J. Synchrotron

Radiat. 26, 660 (2019).

A. Myagotin, A. Ershov, L. Helfen, R. Verdejo, A. Belyaev, and T.

Baumbach, J. Synchrotron Radiat. 19, 483 (2012).

P. Villanueva-Perez, F. Arcadu, P. Cloetens, and M. Stampanoni, Opt.

Lett. 42, 1133 (2017).

A. Buades, B. Coll, and J.-M. Morel, Image Processing On Line 1, 208

(2011).



Vol. 7, No. 6 / June 2020 / Optica

Memorandum

| 716

‘ Check for
updates

Femtosecond timing synchronization at megahertz

repetition rates for an x-ray free-electron laser

TokusHI SaTo,%"* ® RoMAIN LETRUN,?"

HEeNRY J. KIRKwoob,?'

JiA Ly, 287

PATRIK VAGOVIC,"'%® GRANT MiLLs,? YOONHEE Kim,2 CEDRIC M. S. TAKEM,2 MARC PLANAS,?
MoRiTz EMONS,? ToMAsz JEZYNSKI,?> GuiIDO PALMER,2 MAX LEDERER,? SEBASTIAN SCcHULZ,*
JosT MUELLER,* HOLGER SCHLARB,* ALESSANDRO SILENZI,2 GABRIELE GIOVANETTI,?

ANDREA PARENTI,> MARTIN BERGEMANN,> THOMAS MICHELAT,?> JANUSZ SzuBA,? JAN GRUNERT,?

HeENRY N. CHAPMAN,'5®

AND ADRIAN P. MANCUSO?”

"Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany

2European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany

3Institute of Physics, Academy of Sciences of the Czech Republic v.v.i., Na Slovance 2, 182 21, Praha 8, Czech Republic

“Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany

SDepartment of Physics, Universitat Hamburg, Luruper Chaussee 149, Hamburg, Germany

5The Hamburg Center for Ultrafast Imaging, Universitdt Hamburg, Luruper Chaussee 149, Hamburg, Germany

"Department of Chemistry and Physics, La Trobe Institute for Molecular Science, La Trobe University, Melbourne, Victoria 3086, Australia

8e-mail: jia.liu@xfel.eu
*Corresponding author: tokushi.sato@xfel.eu

Received 5 May 2020; accepted 7 May 2020 (Doc. ID 396728); published 17 June 2020

A critical challenge of pump-probe experiments with x-ray
free-electron lasers (XFELs) is accurate synchronization of
x-ray and optical pulses. At the European XFEL we observed
megahertz rate timing jitter 0of 24.0 £ 12.4 fs.

Published by The Optical Society under the terms of the Creative
Commons Attribution 4.0 License. Further distribution of this work must
maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.
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The emergence of x-ray free-electron lasers (XFELs) operating
at photon energies of around 10 keV (hard x-rays) over the past
decade has opened up new possibilities for the physical, chemical,
and biological sciences due to their high brightness and femtosec-
ond (fs) pulses [1]. These intense and ultrashort x-ray pulses are
used to record so-called molecular movies on fs time scales using
a pump-probe (PP) measurement to achieve both high temporal
and spatial resolution—a necessary step to truly understand the
dynamics of matter. One of the greatest difficulties to achieve
fs time resolution in PP experiments is the shot-to-shot timing
jitter, which can be hundreds of fs in XFELs [2]. Therefore, the
temporal resolution of an experiment may be severely limited by
the timing jitter if the relative PP delay time is not monitored on a
single-shot basis, prohibiting studies of fs dynamics. Unlike other
hard x-ray FELs so far, which have been operating at <120 Hz,
the European XFEL (EuXFEL) has been designed to deliver up to
27,000 pulses per second at megahertz (MHz) repetition rates with
burst operation [1]. In order to fully benefit from the increased

2334-2536/20/060716-02 Journal © 2020 Optical Society of America

number of x-ray pulses that the EuXFEL can provide for PP exper-
iments, a unique optical PP laser system was developed to deliver
pulses as short as 15 fs with a burst structure matching that of the
x-rays while maintaining minimal jitter between the XFEL and the
optical laser using an optical synchronization system [3].

Characterization of the PP jitter at MHz repetition rate in
the hard x-ray regime, which is presented here, was made pos-
sible with the installation of the photon arrival time monitor
(PAM) at the Single Particles, Clusters, and Biomolecules and
Serial Femtosecond Crystallography (SPB/SFX) instrument [4].
The PAM uses the spectral encoding technique that has already
been successfully applied at other hard x-ray FELs [5] at up to
120 Hz. A 100 pm thick Ce:YAG was utilized as a target sample.
Two GOTTHARD (Gain Optimizing microsTrip sysTem witH
Analog ReaDout) detectors [6] operating at 564 kHz recorded
alternating optical pulses in each MHz pulse train. Using radiofre-
quency (RF) pre-lock synchronization [7], the inter-train RMS
jitter was measured to be 279 &£ 32 fs. Figure 1 shows the relative
time of arrival of x-ray and optical pulses using the RF and optical
synchronization (OS) systems. An extremely low inter-train RMS
jitter of 24.0 fs with an uncertainty of 12.4 fs was observed over a
period of 10 min using OS [Fig. 1]. Additionally, measurements
over a period of 2 h show no significant slow drift while using OS.
These results demonstrate a significant advance towards fs PP
experiments at MHz repetition rates.

In conclusion, the spectral encoding technique was developed
for operation in the hard x-ray regime at a MHz repetition rate.
The PP inter- and intra-train timing jitter was characterized at
the EuXFEL with optical synchronization. Since the previous
report [7], the inter-train RMS jitter has been reduced by 1 order
of magnitude, down to 24.0 fs with 12.4 fs uncertainty, which
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Fig. 1. The black line shows the rolling mean over a 5 s window. The
inset shows a histogram of the relative arrival times using 100 x-ray pulses
per train (10 Hz inter-train and 1.128 MHz intra-train repetition rates)
with RF synchronization (blue, 854,430 pulses) measured using a 3.1 ps
temporal window and optical synchronization (red, 431,300 x-ray pulses)
measured usinga 1.2 ps temporal window.
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Fig. 2.  Arrival time for each pulse with respect to the first pulse in

its train when averaging over 5000 x-ray trains. The error bars show the
standard deviation for each pulse in the train over a period of about 500 s.

can be attributed to the OS system and improved optical laser
beam transport. Furthermore, the intra-train jitter was measured
at 1.128 MHz repetition rate using a device that is available for
users of the SPB/SFX instrument [Fig. 2]. Our work highlights the
importance of the OS for future PP studies at high repetition rate
and ultrashort x-ray sources. Owing to the excellent synchroniza-
tion between the XFEL and the PP laser at EuXFEL, experiments
requiring a temporal resolution above 100 fs will not require
the conventional “measure and sort” approach and can thus be
performed much more readily.
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