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Structural biology possibilities for 
tunnels 4 and 5

Anton Barty
Center for Free Electron Laser Science

(overview talk presenting results on behalf of many, many people)



What can not be done anywhere else in the world

Users travel!  A lot. 
They will go wherever is best for their experiment.   Worldwide. 

What can not possibly be done anywhere other than EuXFEL?

Need to think about the competition - what is already possible elsewhere?

- 17.5 GeV linac is unique
- MHz pulse trains are unique
- 27,000 pulses per second is unique
- Capability for mJ peak power is world class



A range of X-ray free electron lasers are available worldwide
2The European XFEL – An overview Thomas Tschentscher, 04 February 2019

World map of x-ray FEL facilities

SACLA

SHINE

Source: Thomas Tschentscher

What options for tunnels 4 and 5 can not be done elsewhere?

Where is the real gap in capability, or capacity?



Future potential in the experiment hall



Tunnel 4 could host both a super-hard X-ray branch and  
dedicated SFX instrument for routine structure determination

Deflection mirror

Hard X-ray branch
(8-20 keV)
dedicated to routine SFX

Super-hard X-ray branch
(25-100 keV)
for new experiments

17.5 GeV

Switchable undulator

FEL 

Kirkpatrick-Baez 
mirrors 

(choice of 
1 micron or 
0.1 micron

upstream 
interaction

1M detector

Refocusing optics

downstream 
interaction

4M detector

Stopper, pulse 
picker, and 
diagnostics

diagnostics

The SFX instrument is already being integrated at SPB
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Figure 3

hRIXS allows a novel look at the dynamics in chemistry 

and materials reaching the physical transform limit in 

energy and time. Being element specific, i.e. ultrafast 

metal to ligand charge transfer at an active metal  

atom can be directly followed. (Image adapted from 

[Kunnus et al., New J. Phys 18, 103011 (2016)],  

published under CC-BY-3.0)

Figure 2

The image shows the planned DAC setup at the HED instrument of the  

European XFEL. The DAC with sample stack is located in a vacuum chamber  

(centre). A fully motorised detector bank (left) will be positioned downstream  

from the chamber while the beam of the DiPOLE laser is coupled in by  

periscopes from the right side.  

(Image: H.-P. Liermann, DESY)

Figure 1

A conceptual design showing the AGIPD 4M detector to be used at  

the second end-station of the SPB/SFX instrument. One particular  

experiment configuration on the experimental table is shown in turquoise. 

The detector is over 400 mm wide and will be retractable from the  

in-vacuum experiment region through a gate valve. The vacuum envelope 

for the experiment is not shown. (Image: DESY)

DESY within User Consortia  
at the European XFELª
Approaching new frontiers in photon science with strong teams

In 2016 the European XFEL has started its commissioning 
phase. Besides being responsible for the construction and 
the operation of the European XFEL linear accelerator, DESY 
will also play an important role as user of the European XFEL. 
DESY is partner in several user consortia, which have been 
formed to prepare for the European XFEL’s user operation in 
an optimal way. 

The Helmholtz International Beamlines (HIB) at the European 
XFEL include three major instrumentations (SFX, HIBEF and 
hRIXS), which were substantially funded by the Helmholtz 
Association. In 2016, major steps have been taken regarding 
the design and preparation of these experiments.

SFX
The SFX consortium contributes experimental instrumentation 
to the European XFEL to carry out serial femtosecond crystal-
lography and solution scattering for high-throughput  
determination of macromolecular structures. It aims to 
achieve this by enabling two experimental end-stations to be 
run simultaneously, by utilising the spent beam from one  
diffraction experiment to be used downstream in a second 
experiment. The consortium’s contribution of the second end- 

Scientific coordinators:
SFX: Henry Chapman, CFEL/DESY, henry.chapman@desy.de 
HIBEF: Thomas Cowan, HZDR, t.cowan@hzdr.de
hRIXS: Alexander Föhlisch, Potsdam University and HZB, 
alexander.foehlisch@helmholtz-berlin.de
DataXpress: Anton Barty, CFEL/DESY, anton.barty@desy.de
COMO: Jochen Küpper, CFEL/DESY and Univ. Hamburg, 
jochen.kuepper@desy.de 

station is part of the integrated Single Particles, Clusters, and 
Biomolecules and Serial Femtosecond Crystallography (SPB/
SFX) instrument. An automated sample delivery apparatus and 
a large (4 million pixel) detector will make full use of the expan- 
ded capabilities of the SPB/SFX instrument (Fig. 1). The beam-
line is currently under construction, led by the SPB/SFX project 
leader, Adrian Mancuso, with contributions from over 15  
consortium-funded scientists and engineers and many in-kind 
contributions from the consortium partners, comprising members 
of the scientific communities in Germany, United Kingdom, 
Sweden, Slovakia, Switzerland, United States, and Australia. 

HIBEF
The Helmholtz International Beamline for Extreme Fields 
HIBEF is an international user consortium, contributing  
several experimental setups and optical laser systems to the 
High Energy Density (HED) beamline of the European XFEL. 
DESY works in close collaboration with the Helmholtz- 
Zentrum Dresden-Rossendorf (HZDR), which leads the  
consortium, the UK HIBEF consortium led by the University of 
Oxford, and other partners. For planetary physics research at 
simultaneous high pressures and high temperatures a  
‘Diamond Anvil Cell’ (DAC) setup (Fig. 2) and a Shock/Ramp 

compression setup are envisaged. The corresponding  
Conceptual Design Reports (CDR) were composed and  
discussed during two workshops with the international user 
community. The workshop dedicated to the DAC CDR took 
place in January 2016 at DESY. In September the HED team 
organised a workshop at the European XFEL headquarter in 
Schenefeld to discuss the Shock/Ramp compression CDR.  
This CDR includes the use of the ‘Diode Pumped Optical Laser 
for Experiments’ (DiPOLE), which is contributed by the UK 
HIBEF consortium. Both CDRs were approved by the HIBEF 
management board and the different teams now enter the 
technical design phase that will last through 2017. 

Furthermore the procurement of a Short-Pulse Laser system 
for the generation of strong fields has started. HIBEF will  
also organise workshops in 2017 for the other scientific areas 
of the user consortium, i.e. for physics of high energy density 
created by a short pulse laser and X-ray diffraction and  
spectroscopy experiments at high magnetic fields using 
pulsed power techniques.

hRIXS
The Heisenberg RIXS consortium will bring resonant inelastic 
soft X-ray scattering (RIXS) to the transform limit in energy 
and time at the European XFEL. Unique insights to chemical 
dynamics, driven phases as well as fundamental X-ray matter 
interaction opens up new science directions (Fig. 3). 

The optical design of the spectrometer has recently been  
completed and approved, and optics have been purchased. 
It is based on spherical variable line-spacing gratings with the 
ability to achieve resolving powers ≥ 20.000 over an energy 
range of 250-1600 eV. hRIXS will be the world leading instru-
ment to detect static properties and transient excitations in 
structure, charge, spin and orbital polarization for chemical 
processes as well as a wide range of energy- and bio-relevant 
materials. After the current mechanical construction phase 
the installation is planned for 2017/2018. Funding is provided 
by the Helmholtz Association via strategic investment in the 
Helmholtz-International Users consortium hRIXS.  The project 
is partially supported by the ERC Advanced Grant ‘EDAX’ at 
Potsdam University. The hRIXS consortium includes partners 
from Germany, Switzerland, Finland, France, Sweden, Italy, 
and the UK. The project is coordinated by Potsdam University 
in close collaboration with DESY and European XFEL.

Two additional user consortia are led by DESY: 

DataXpress
The DataXpress consortium is providing software for data 
analysis and real time experiment feedback for serial  
crystallography and single particle coherent diffraction  
experiments at European XFEL meeting the requirements of 
the high data acquisition rate of European XFEL. The data 
analysis pipeline provided by DataXpress will enable users to 
focus immediately on scientific output without having to  
handle the data processing and reduction challenges in each 
group individually. The consortium builds on research  
performed within CFEL/DESY, and includes partners from 
Germany, Sweden, and the USA. The software will be open 
source and available for all users. In 2016 parts of the  
software were tested at LCLS, PETRA III, and SACLA.

COMO
The COMO consortium is also run by DESY and will provide 
molecular-beam-injector setups for European XFEL  
instruments to enable the delivery of state-, size-, and  
isomer-selected samples of polar molecules and clusters.  
In 2016 the next scientific and technical steps were discussed 
and prepared, which included the definition of interfaces with 
the European XFEL instrumentation.

Attraction:
• Stable configuration
• Demonstrated and unmet user demand
• Useable whenever the other branch is not used



Why?

2
Scientific Background 

Photosynthesis transformed our planet 2.5B years ago producing oxygen, capturing solar 
energy and CO2, that slowly converted to fossil fuels.

Source: Petra Fromme, ASU
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Kern et.al.
Nature Communications, 2014

from shot to shot. Therefore, we expect a distribution of
diffraction images with different maximum resolution. To avoid
adding noise into the diffraction data, an individual resolution
cutoff was computed for each diffraction image based on the
signal strength (see Methods). The observed distribution of
the resolution for PS II as well as for thermolysin explains why

the multiplicity in both cases (Supplementary Tables 2–6)
decreases steadily in the higher resolution shells.

Recently, the first observation of an anomalous signal from
femtosecond diffraction experiments with microcrystals at an
XFEL38 and the first successful de novo phasing of lysozyme at
2.1 Å resolution using the anomalous signal of gadolinium

Table 1 | Statistics for processed data and refined structures.

Dark (S1) 2-flash (2F) 3-flashþ 250 ms (3F’) 3-flashþ 500 ms (3F) Thermolysin

Wavelength (Å) 1.77 1.27
Resolution range (Å) 72.93–4.9 (5.08–4.9) 72.97–4.5 (4.66–4.5) 68.41–5.2 (5.39–5.2) 72.96–4.6 (4.76–4.6) 34.27–1.80 (1.86–1.80)
Space group P 212121 P 212121 P 212121 P 212121 P 6122
Unit cell dimensions (Å) 132.9

229.0
307.7

132.3
228.7
308.0

132.6
229.3
306.8

132.4
228.8
307.9

93.0
93.0
130.4

Unique reflections 41,292 (4,013) 52,965 (5,008) 34,679 (3,378) 49,771 (4,812) 31,458 (3,075)
Completeness (%) 99.7 (98.6) 99.5 (95.8) 99.7 (98.1) 99.7 (98.2) 100.0 (100.0)
Wilson B-factor 172 153 176 159 16.4
R-work 0.281 (0.363) 0.276 (0.367) 0.271 (0.347) 0.278 (0.371) 0.208 (0.349)
R-free 0.292 (0.337) 0.284 (0.393) 0.289 (0.378) 0.284 (0.346) 0.232 (0.368)
Number of non-hydrogen atoms 50,244 2,740

Macromolecules 41,052 2,415
Ligands 9,192 5
Waters 0 324

Protein residues 5,214 315
RMS (bonds) (Å) 0.005 0.005 0.005 0.005 0.005
RMS (angles) (!) 0.75 0.75 0.77 0.75 0.92
Ramachandran favoured (%) 91 91 91 91 95
Ramachandran outliers (%) 1.2 1.2 1.1 1.2 0
Clashscore 9.43 9.45 9.50 9.34 1.72
Average B-factor (Å2) 207 174 208 180 19.6

Statistics for the highest-resolution shell are shown in parentheses. All unit cell angles are 90! for photosystem II structures, and a¼ b¼ 90!, g¼ 120! for thermolysin.
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Figure 4 | Electron density maps obtained for PS II. (a) 2mFo#DFc maps for the dark and (b) the 2F data of PS II are shown in grey contoured at
1.0s, mFo#DFc maps after omitting the OEC are shown in green and red, contoured at ±5.0s. (c) mFo#mFo isomorphous difference maps for the 2F–dark
data and (d) the 3F–2F data are shown for both monomers and are contoured at þ 3s (bright green, monomer I; pale green, monomer II) and # 3s
(red, monomer I; salmon, monomer II) together with the model for the 2F data (Mn shown as magenta spheres, Ca as white sphere).
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The majority of biochemical dynamics are initiated by chemical 
triggers, such as the RNA riboswitch measured at LCLS
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J. Stagno et al Nature 541, 242 (2017).  
Y. Wang, NIH-NCI; ASU; Johns Hopkins U.; CFEL DESY; HHWI; SLAC



Phytochrome
5MG0, 5MG1, 5L8M

SNARE complex
5CCG

PAS-GAF
5L8M

XFELs are used to solve difficult to crystallise and radiation 
sensitive proteins, and for time resolved structural dynamics

Lysozyme
4ZIX, 5C6I, 5C6J, 5C6L,

4RW1, 4RW2, 4N5R

Photosystem 1+II (x16)
3PCQ, 4FBY, 4IXR, 4IXQ, 

4TNK, 4TNJ, 4TNI, 4TNH, 4PBU,
4RVY, 5E7C, 5TIS, 5KAI, 5KAF,

Myoglobin (x15)
4PNJ, 5CNG, 5CNF, 

5CNE, 5CND, 5CNC
5CNB, 5CN9, 5CN8, 
5CN7, 5CN6, 5CN5, 
5CN4, 5CMV,  5JOM

Reaction centre
4AC5, 4CAS, 
5M7K, 5M7J

5-HT2B
4NC3

Smoothened
4O9R

Thermolysin
4OW3, 

4TNL, 5DLH

Cry toxin
4QX3, 4QX2, 
4QX1, 4QX0

PYP
4WLA, 4WL9, 

5HD3, 5HDS, 5HDD, 
5HDC, 5HD5, 

d-opioid
4RWD

Angiotensin
4YAY

Phycocyanin
4Q70, 4Z8K, 4ZIZ

CPV17 
4ZQX

ATPase
4XOU

Rhodopsin-arrestin
4ZWJ

DgkA
4UYO

30s ribosome
5BR8

A2a
5K2D, 5K2C, 
5K2B, 5K2A

Riboswitch
5SWE, 5SWD, 5E54

BinAB
5FOY, 5FOZ, 5G37, 

Bacteriorhodopsin
5J7A

From LCLS: >90  From SACLA: >42

CathepsinB
4HWY

Granulovirus
5GOZ



Serial crystallography data is merged from thousands of separate 
crystals each exposed only once



First user experiments at the European XFEL 
started on 14 September 2017

1 or 4 MHz 10Hz

te

High data rate needs pulse trains
10Hz not competitive with other FELs



The first EuXFEL experiment at SFX/SPB was an open collaboration 
with over 100 participants
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SFX at the European XFEL



Liquid jets explode in the X-ray beam and need to recover before the 
next pulse

ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS3779
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Figure 4 | Jet explosions induced by XFEL pulses. a, Images of explosions
induced by 0.75 ± 0.08 mJ, 8.2 keV XFEL pulses in a 20-µm-diameter water
jet. A gap forms after a jet section near the X-ray spot vaporizes explosively.
Liquid from the jet ends is then pushed into thin conical films of water,
which later collapse onto the jet. b, The gap dynamics. The graph shows the
evolution of the gap size in 20-µm water jets, including the ones shown in a.
The gap has a logarithmic growth stage (I), followed by two stages of linear
growth (II and III). The growth rate depends on the pulse energy only during
stage I. The error bars represent the uncertainty of measurements.

pressure and the rate at which the liquid acquires linear momentum
when it becomes part of the film. The velocity of the gap growth
decays in stage I because the vapour cloud expands and its pressure
drops rapidly.

The stage I gap growth mechanism described above can be
modelled with a logarithmic growth of the gap, starting from a gap
length equal to the jet diameter (see the Supplementary Information
for derivation):

Xretraction =Rj +CRj ln(1+ t/⌧ ) (2)

where Xretraction is half of the gap size, C is a numerical constant
close to unity, and t is the delay time. The gap growth has a
characteristic length scale given by Rj, and a characteristic timescale
⌧ =Rj/vgas.

Limitations imposed by jet gaps in XFEL experiments
XFEL explosions in jets remove the jetting liquid, including any
samples carried by it, from the interaction region with X-rays. This
condition is temporary, because the gap moves with the jet, and the
upstream end of the jet will eventually reach the interaction region.
The jets we investigated recovered after delays in the microsecond
range (see Supplementary Information), and would not allow full
use of X-ray pulses at future MHz repetition rate facilities such as
the European XFEL and LCLS-II40,41.

To evaluate the impact of gap formation in XFEL experiments,
we derived detailed analytical formulae for the gap dynamics during
stage I and its size at the end of stage I, as a function of the properties
of the jet and of the XFEL pulse (see Supplementary Information
for derivation). These formulae are based on two approximations
of the empirical relation36 PSr = ⇢L(c0 + 2uP)uP, where c0 is the
speed of sound in water. One is a low-pressure regime in which
uP /PSr (PSr <1GPa), and the other a high-pressure regime inwhich
uP /p

PSr (PSr >10GPa).
The dynamics of the gap in the low-pressure (l) andhigh-pressure

(h) regimes is estimated using linear momentum arguments with an
assumption of cylindrical symmetry and is given by:

Xretraction,l (t)=Rj +Rj
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where �L is the cohesive energy density of water (2.3GPa). We
determined, by fitting the measurements, the numerical constants
KE,l =0.08, Kv,l =0.21, KE,h =0.06, and Kv,h =0.12. These constants
account empirically for the fact that some of the deposited energy
was used to drive shock waves that travelled along the jets; they
would be equal to unity if all the energy deposited by X-rays were
available to drive the gap growth.

Equations (3)–(6) predict quantitatively the gap expansion
dynamics during stage I (see Fig. 5b and the Supplementary
Information), and also the di�erent scaling of the gap size with the
jet size and pulse energy in the two pressure regimes. The di�erent
scaling arises owing to the di�erent dependence of uP on PSr, and
to a partial conversion of the exploded liquid to vapour in the low-
pressure regime.

The size of the gap at the end of stage I is a useful measure of
the damage induced by X-rays in the jet, because the gap growth
rate is much slower afterwards. Stage I ends when the retraction
rate caused by the jet’s surface energy becomes greater than the
retraction rate caused by the decaying gas pressure of the cloud.
Thus, we find that the (half) gap sizes at the end of stage I, XI, are
given by:

XI,l =Rj +Rj
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The gap size at the end of the stage I depends logarithmically
on the pulse energy, increasing in size by a length close to the
jet diameter when the pulse energy is doubled (see Fig. 4b and
the Supplementary Information). Figure 5c shows the comparison
between measurements and equations (7) and (8).

The formulae listed in this section should be applicable to
aqueous jets carrying samples that do not lead to a large change in
the density, viscosity, or X-ray absorption of the liquid. For example,
we found that jets of aqueous suspensions (up to 10% v/v) of protein
crystals had the same gap dynamics as jets of pure water (see the
Supplementary Information).
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Figure 5 | A model for the vapour-driven growth of the gap. a, Mechanism of gap growth during stage I. The pressure inside the expanding cloud of
vaporized material pushes liquid from the intact regions of the jet into thin films; the intact jet sections are consumed at a velocity that depends on the
pressure inside the cloud. b, Model of gap growth during stage I (equations (5) and (6), blue line) and experimental data on a 3.5-µm-diameter jet (orange
circles). c, The size of the gap at the end of stage I can be modelled in two regimes of PSr pressures. The graph compares the model (equations (7) and (8))
with the experimental data, for all jets. The error bars represent the uncertainty of experimental data.

XFEL-induced trains of shock waves in jets
We observed well-defined shock waves travelling along 20-µm-
diameter jets after explosions induced by 0.75mJ X-ray pulses
(Fig. 6). Close to the explosion site, the shock velocity was
supersonic at ⇠2,500m s�1. Later during propagation, the shock
waves sloweddown to a value indistinguishable experimentally from
the speed of sound in water (⇠1,500m s�1). During the supersonic
propagation of the shock, the shock velocity corresponds35 to
a shock pressure of 1.2GPa, close to the value of PSr in this
experiment (1.6GPa).

After propagating for tens of nanoseconds, the initial shock split
to formup to six distinct fronts separated by distances of the order of
10 µm (Fig. 6b). This splitting indicates the presence of nanosecond
pressure and density oscillations in the liquid after the passage
of the first shock. Because the pressure in the jets (equal to the
Laplace pressure) is negligible relative to the peak positive pressures
generated by the shocks, pressure oscillations can reach negative
values (or tension) at which liquid water is stretched and provides a
driving force for the next oscillation. The images of shocks provide
evidence for such oscillations. The thickness of the dark edge of the
jet increases with the refractive index of the liquid, and thus with
its density. Figure 6c shows both positive and negative variations in
this thickness, corresponding to densities both above and below the
density of water inside the undisturbed jet.

Three-dimensional shocks produced by focused acoustic waves
in liquid water can also be followed by an oscillation to negative
pressures, but the negative swing is damped by cavitation on a
microsecond timescale, and further oscillations are suppressed42.
In our case the pressure oscillations occurred on a nanosecond
timescale, which should minimize the role of cavitation and allow
several positive-to-negative pressure oscillations.

Outlook
The dynamics of XFEL explosions in drops and jets is related to
that encountered in laser ablation, but without the complications of
light refraction and nonlinear absorption. Here we have shown that
the slowest class of explosion e�ects—the hydrodynamic flows—can
be rationalized and predicted quantitatively using analysis based on
conservation laws.

Further experimental and modelling work is needed to fully un-
derstand the dynamics of XFEL explosions, especially on timescales
shorter than a few nanoseconds. Given the reproducibility and sym-
metry of the hydrodynamic phenomena, it is reasonable to expect
that phenomena occurring earlier, such as the vaporization of the
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Figure 6 | The propagation of XFEL-induced shock waves in jets.
a, Pressure front position versus time, showing that shock waves launched
in a 20-µm-diameter jet initially propagate at supersonic velocities and
then slow down to the speed of sound. b, Image showing that multiple
shock waves split from the first one during propagation. The data shown in
a are for the propagation of the first shock. c, Image showing regions where
the density of liquid water is higher or lower than in the undisturbed jet,
visible as changes in the thickness of the dark edge of the jet. Thicker edges
indicate higher densities and positive pressures; thinner edges indicate
lower densities and negative pressures.

liquid, are also reproducible and controllable. More generally, XFEL
explosions might provide methods to control the states of matter
not only at the high energy densities produced shortly after the
absorption of X-rays20, but also at lower energy scales that are at
present inaccessible experimentally.

For example, the train of shocks observed in jets show that
XFEL explosions can apply large transient pressures in liquids
on nanosecond timescales. These transient pressures are both a
problem and an opportunity, because they can rapidly change the
environment (such as pH43) or the structure44 of samples probed at
XFEL facilities. We believe that the most promising application of
XFEL explosions is to trigger processes that depend on pressure, and
then probe these processes with a second XFEL pulse, using recently
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Figure 4 | Jet explosions induced by XFEL pulses. a, Images of explosions
induced by 0.75 ± 0.08 mJ, 8.2 keV XFEL pulses in a 20-µm-diameter water
jet. A gap forms after a jet section near the X-ray spot vaporizes explosively.
Liquid from the jet ends is then pushed into thin conical films of water,
which later collapse onto the jet. b, The gap dynamics. The graph shows the
evolution of the gap size in 20-µm water jets, including the ones shown in a.
The gap has a logarithmic growth stage (I), followed by two stages of linear
growth (II and III). The growth rate depends on the pulse energy only during
stage I. The error bars represent the uncertainty of measurements.

pressure and the rate at which the liquid acquires linear momentum
when it becomes part of the film. The velocity of the gap growth
decays in stage I because the vapour cloud expands and its pressure
drops rapidly.

The stage I gap growth mechanism described above can be
modelled with a logarithmic growth of the gap, starting from a gap
length equal to the jet diameter (see the Supplementary Information
for derivation):

Xretraction =Rj +CRj ln(1+ t/⌧ ) (2)

where Xretraction is half of the gap size, C is a numerical constant
close to unity, and t is the delay time. The gap growth has a
characteristic length scale given by Rj, and a characteristic timescale
⌧ =Rj/vgas.

Limitations imposed by jet gaps in XFEL experiments
XFEL explosions in jets remove the jetting liquid, including any
samples carried by it, from the interaction region with X-rays. This
condition is temporary, because the gap moves with the jet, and the
upstream end of the jet will eventually reach the interaction region.
The jets we investigated recovered after delays in the microsecond
range (see Supplementary Information), and would not allow full
use of X-ray pulses at future MHz repetition rate facilities such as
the European XFEL and LCLS-II40,41.

To evaluate the impact of gap formation in XFEL experiments,
we derived detailed analytical formulae for the gap dynamics during
stage I and its size at the end of stage I, as a function of the properties
of the jet and of the XFEL pulse (see Supplementary Information
for derivation). These formulae are based on two approximations
of the empirical relation36 PSr = ⇢L(c0 + 2uP)uP, where c0 is the
speed of sound in water. One is a low-pressure regime in which
uP /PSr (PSr <1GPa), and the other a high-pressure regime inwhich
uP /p

PSr (PSr >10GPa).
The dynamics of the gap in the low-pressure (l) andhigh-pressure

(h) regimes is estimated using linear momentum arguments with an
assumption of cylindrical symmetry and is given by:

Xretraction,l (t)=Rj +Rj
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where �L is the cohesive energy density of water (2.3GPa). We
determined, by fitting the measurements, the numerical constants
KE,l =0.08, Kv,l =0.21, KE,h =0.06, and Kv,h =0.12. These constants
account empirically for the fact that some of the deposited energy
was used to drive shock waves that travelled along the jets; they
would be equal to unity if all the energy deposited by X-rays were
available to drive the gap growth.

Equations (3)–(6) predict quantitatively the gap expansion
dynamics during stage I (see Fig. 5b and the Supplementary
Information), and also the di�erent scaling of the gap size with the
jet size and pulse energy in the two pressure regimes. The di�erent
scaling arises owing to the di�erent dependence of uP on PSr, and
to a partial conversion of the exploded liquid to vapour in the low-
pressure regime.

The size of the gap at the end of stage I is a useful measure of
the damage induced by X-rays in the jet, because the gap growth
rate is much slower afterwards. Stage I ends when the retraction
rate caused by the jet’s surface energy becomes greater than the
retraction rate caused by the decaying gas pressure of the cloud.
Thus, we find that the (half) gap sizes at the end of stage I, XI, are
given by:

XI,l =Rj +Rj
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The gap size at the end of the stage I depends logarithmically
on the pulse energy, increasing in size by a length close to the
jet diameter when the pulse energy is doubled (see Fig. 4b and
the Supplementary Information). Figure 5c shows the comparison
between measurements and equations (7) and (8).

The formulae listed in this section should be applicable to
aqueous jets carrying samples that do not lead to a large change in
the density, viscosity, or X-ray absorption of the liquid. For example,
we found that jets of aqueous suspensions (up to 10% v/v) of protein
crystals had the same gap dynamics as jets of pure water (see the
Supplementary Information).
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WRITING RESULTS 

Fast jets recover in time for the next pulse at 1.1 MHz repetition 
rate

100 m/s

9.3 keV
580 mJ XFEL pulses 
10 µm FWHM focus (or smaller)
1.1 MHz repetition rate

Max Wierdorn, Claudio Stan

3D printed nozzle:
Juraj Knoska, Sasa Bajt, Michael Heymann



Fast jets recover in time for the next pulse at 1.1 MHz repetition 
rate

100 m/s

75 m/s

Max Wierdorn, Claudio Stan



Fast jets recover in time for the next pulse at 1.1 MHz repetition 
rate

100 m/s

50 m/s

Max Wierdorn, Claudio Stan



CFEL-designed fast jets recover in time for the next pulse at  
1.1 MHz repetition rate

100 m/s

~25 m/s

Max Wierdorn, Claudio Stan



Burst mode means 99.4% of sample is wasted

100 m/s

99.4% of sample is wasted between bursts
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The Adaptive Gain Integrating Pixel Detector (AGIPD) can read out 
3520 frames per second with MHz pulse spacing

Energy range 3keV-18keV
Frame rate > 4.5MHz (burst)
Memory depth 352 frames
Dynamic range 1 to 104 photons/pixel/frame at 12.4 keV
Pixel size (200µm)²

Operating principle Charge integrating
Dynamic gain switching Yes (3 gains)

Single Photon sensitivity Yes

1 M Pixels 
4.5 MHz pulse rate 
3520 frames per second 
7 GB per second 
25 TB per hour

Pixel circuit overview

Adaptive gain readout

AGIPD consortium, Heinz Graafsma, DESY



The AGIPD detector measures diffraction patterns with low noise 
and high dynamic range thanks to dynamic gain switching

0

2600

Full dynamic range extends to 109,000 counts 
Image clipped at 2600 counts to show content 

Wiedorn et.al. “Megahertz serial crystallography” Nat Commun. 9, 4025 (2018).



The distribution of peak intensities shows higher dynamic range 
than the CSPAD thanks to dynamic gain switching

Anton Barty, Helen Ginn: AGIPD corrections + Cheetah integration
10 Nov 2017

AGIPD CSPAD



Crystal hits are evenly distributed through the pulse train

Distribution of crystal hits through the pulse train
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Wiedorn et.al. “Megahertz serial crystallography” Nat Commun. 9, 4025 (2018).

September 2017:
15 pulses per train
150 pulses per second



Lysozyme data confirms an accurate structure can be measured to 
1.76Å resolution using MHz pulse trains

PDB: 6FTR

Number of lattices: 25,531
Resolution: 1.76Å
Rwork/Rfree: 0.157 / 0.173
Average BISO: 30 Å
RMSD bonds (Å): 0.007
RMSD angles (°): 0.99
CXIDB: ID-80

2mFo-DFc map (1.5σ) 
and mFo-DFc map (3σ) 

over residues 33-55

There are over 1800 Lysozyme PDB depositions for comparison

Wiedorn et.al. “Megahertz serial crystallography” Nat Commun. 9, 4025 (2018).



We solved the unknown structure of Beta-lactamase CTX-M-14  
to 1.7 Å using data from 12,500 indexed lattices

2Fo-Fc map (at 1.5 σ) over the corresponding 
part of the model of ß-lactamase CTX-M14 
from multidrug resistant Klebsiella pneumoniae.

Detailed view of the binding of the ß-lactamase inhibitor 
avibactam to Ser70. The inhibitor is bound covalently to 
the protein (hemiacetal).

PDB: 6GTH

Number of lattices: 12,474
Resolution: 1.69Å
Rwork/Rfree: 0.176 / 0.21
Average B: 27.6
RMSD bonds (Å): 0.008
RMSD angles (°): 1.22
CXIDB: ID-83

Sample: Christian Betzel, UHH

P3221 Unit Cell: 41.8 41.8 233.3 90 90 120

Wiedorn et.al. “Megahertz serial crystallography” Nat Commun. 9, 4025 (2018).



The majority of biochemical dynamics are initiated by chemical 
triggers, such as the RNA riboswitch measured at LCLS

X-ray detector

X-ray beam
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Crystal flow

Substrate

J. Stagno et al Nature 541, 242 (2017).  
Y. Wang, NIH-NCI; ASU; Johns Hopkins U.; CFEL DESY; HHWI; SLAC



Tunnel 4 could host both a super-hard X-ray branch and  
dedicated SFX instrument for routine structure determination

Deflection mirror

Hard X-ray branch
(8-20 keV)
dedicated to routine SFX

Super-hard X-ray branch
(25-100 keV)
for new experiments

17.5 GeV

Switchable undulator

Super-hard
New horizons not available anywhere else
• Penetrating single-shot imaging
• Phase contrast dynamic imaging
• Compton imaging
• Optimise elastic scattering to photoelectric 
absorption

Routine SFX
• Stable instrumentation for routine measurements 
• Static structure screening
• Mixing experiments
• Mail in structure determination

Could relocate existing SFX instrument from SPB



The first EuXFEL experiment at SFX/SPB was an open collaboration 
with over 100 participants

Anton Barty coordination
Richard Bean XFEL contact
Max Weidorn Jets
Dominik Oberthuer Samples
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And the FS-CFEL-1 group at DESY



A fly through the European XFEL tunnels



The end
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