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The European XFEL in Hamburg is 3 kilometres long



Why?
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Scientific Background 

Photosynthesis transformed our planet 2.5B years ago producing oxygen, capturing solar 
energy and CO2, that slowly converted to fossil fuels.
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Rhodopsin-Arrestin complex solved at LCLS

Y. Kang, … E. Xu et.al.
“Crystal structure of rhodopsin bound to arrestin by femtosecond X-ray laser.,” 
Nature, vol. 523, no. 7562, pp. 561–567, Jul. 2015.

Unit cell:  a=b=109.2 Å, c=452.6 Å 
Resolution: 3.8 Å (a*/b*) and 3.3 Å (c*)
physically twinned, pseudo-merohedrally twinned
diagonal pseudo-translation in a/b plane
two fold rotational pseudo-symmetry parallel to a 



δ-opioid receptor crystals delivered in LCP showed superior 
diffraction at room temperature compared to synchrotron data

G. Fenalti, … V. Cherezov et al. (2015). 
Structural basis for bifunctional peptide recognition at human delta-opioid receptor
Nature Structural & Molecular Biology, 22(3), 265–268. 

Crystal size: 1 to 10 μm (average size of 5 × 2 × 2 μm)
Dose: 46 MGy/crystal (room temperature) 

Flow rate: 0.17 μL/min
Resolution (synchrotron): 3.3 Å (cryo) 

Resolution (LCLS): 2.7 Å (room temperature)



Data is merged from thousands of separate crystals



X-ray radiation destroys protein crystals during exposure

Before 
exposure

1st 
0.5 sec exposure

2nd 
0.5 sec exposure

3rd 
0.5 sec exposure

Axford et.al. 
Acta Cryst (2012). D68, 592-60, pp. 1–9, Apr. 2012. 

Crystal of Bovine enterovirus 2 (BEV2) 
after subsequent exposures of 0.5 s, at 6x108 ph/µm2

300 kGy dose, room temperature

Cryogenic cooling extends dose limit to 30 MGy

1 Gy = 1 J/kg

1MGy ≈1eV/Da absorbed
≈ 0.16 eV / atom!
≈2⨉109 ph/μm2

(about one ionisation per 10 amino-acid residues)



The gain in peak brightenss at an FEL is several orders of magnitude
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operational 2009
0.8-8 keV
100 fs
1012 photons/pulse

Linac Coherent Light Source, 
SLAC, Stanford

operational 2006
50-400 eV (7-50 nm)
25 fs
1012 photons/pulse

FLASH
DESY, Hamburg

X-ray free electron lasers are a unique class of X-ray source

FLASH

LCLS

APS=Advanced Photon Source (ANL)
ALS=Advanced Light Source (LBNL)

10-2 100 102

1018

1020

1022

1024

1026

1028

1030

1032

1034

Energy (keV)

ALS undulator

APS undulator

SPPS (80 fs)

 FLASH  
(25-100 fs)

XFEL
(<100fs)

LCLS  
(8keV, 200 fs)

Pe
ak

 B
rig

ht
ne

ss
(p

ho
to

ns
 / 

(s
 m

ra
d2

 m
m

2  0
.1

%
BW

)

X-rays

EuXFEL operational 2013
1-12 keV
20-50 fs
1013 photons/pulse

European X-ray FEL, 
DESY, Hamburg

2017



The number of X-ray free electron lasers worldwide is growing

2The European XFEL – An overview Thomas Tschentscher, 04 February 2019

World map of x-ray FEL facilities

SACLA

SHINE

Source: Thomas Tschentscher



The European XFEL free electron laser facility in Hamburg opened 
for users in 2017

17.5 GeV
27,000 pulses per second

58% 27%



A brief overview of the EuXFEL accelerator

42The European XFEL – An overview Thomas Tschentscher, 04 February 2019

Schematic accelerator overview
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800 Nb cavities, 100 cryo modules, ~1000m long accelerator, 17.5 GeV,

44The European XFEL – An overview Thomas Tschentscher, 04 February 2019

Main accelerator

Started cool-down in Dec 2016
First operation at reduced parameters 

14 GeV, 1.1 MHz, 300 µs, 18 kW

Reached 17.5 GeV full energy in Jul 2018
Develop energy overhead

Redundancy of one RF station for stable 
operation

Full performance expected for end 2018
17.5 GeV, 4.5 MHz, 600 µs, 500 kW

Plot: 22/06/17

2.4 GeV 15.1             17.9      19.5

1 CS2 CS3 CS4 CS5 CS6 CS7 CS8 CS9

BC1 BC2

17.5 GeV

23.6 MV/m

17.5 GeV
12/07/2018
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Experimental Hall

Opened for users 2017

Opened for users 2018

Opened for users 2019

Empty Tunnels

Source: Thomas Tschentscher



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



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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Shock waves 
propagate even 
faster

NATURE PHYSICS DOI: 10.1038/NPHYS3779 ARTICLES
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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

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics
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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:
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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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Claudiu Stan, SLAC, Nature Physics, 2016



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



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



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



We can extract reasonable looking diffraction patterns with low 
noise and high dynamic range thanks to dynamic gain switching 



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).



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).



Over 125 authors from 38 institutions contributed to this work
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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 β-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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The future of MHz SFX is very promising

3.5 mins, 50 µL solution  
 at 3520 frames per second

15 mins at 
3520 frames per second

at a 4% hit fraction
September 2017

at a 0.4% hit fraction
March 2018

Lysozyme CTX-M-14 β-lactamase + avibactam

MHz SFX is a success
The XFEL2012 data sets could be collected in 3 minutes and 15 minutes  

assuming no improvements other than 352 pulses per train (3520 frames per second)

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



We have measured 190,000 crystals in under 30 minutes  
at 1200 frames per second 

Equivalent to 13,000 indexed lattices in 3 minutes
Enough for the BLAC structure in 3 minutes

>130,000 indexed lattices in <30 minutes has been achieved

3 runs (r0096-r0098)
627,228 patterns per run, each approx. 9 minutes long

= 1.9M patterns in total measurement time of approx. 30min.
9-11% hitrate = ~ 200,000 hits in total.

Data collection:
120 pulses per train / 1200 per second
856,000 hits
1.4M Indexed crystals
11k-12k Indexed patterns per/pulse

EuXFEL 2120: September 2018 Refinement:
Rfree for single pulse: 19%, Rwork 16%
Rfree/Rwork for pulses: 

1 - 18.4/16.2 
2 - 18.9/16.1
3 - 18.5/16.2 
20 - 19/16.1
119 - 19.6/16.5
120 - 19.1/16.3

Rfree/Rwork for all data: 15.4/13.9

Res. range for refinement: 15A - 1.6A
B-factors: 25

Also lysozyme

Oleksandr Yefanov
CFEL

Flow rate at 100 m/s:
13 µL / min
40µL in 3 mins



Data across the pulses appears self-consistent



Electron densities appear quite similar between pulses 1 and 2

Blue:
Pulse 1

Red:
Pulse 2



Exploiting the EuXFEL pulse trains for time resolved studies

 
Supplementary Figure 1 

Setup of a MHz TR-SFX experiment at the EuXFEL (modified from Wiedorn et al., 2018) 

X-ray pulses arrive in 1.13 MHz bursts which repeat every 100 ms. There are 176 X-ray pulses in the burst. The KB-mirror system focuses 
the X-ray beam to a 2 – 3 µm focal spot. The fs-laser delivers 376 kHz pulses (λ=420 nm, blue) synchronized to the X-ray pulses. The laser 
focus is 42 µm Ø in the X-ray interaction region (dotted circle). The microcrystals are mixed with fluorinated oil and injected by a GDVN. 
The jet produced by the GDVN, the laser beam as well as the X-ray pulses precisely intersect. The time-resolved diffraction patterns are 
collected by the AGIPD. Diffraction patterns with common time-delays were separated based on the pulse ID (see also Fig. 2b) and 
combined to datasets.  

Pandey et.al. “Time-resolved serial femtosecond crystallography at the European XFEL.”
Nature Methods 101, 1–11 (2019).

Photosynthetic yellow protein (PYP)



Exploiting the EuXFEL pulse trains for time resolved studies 

ARTICLESNATURE METHODS

(see Supplementary Table 3 for data statistics). At the 10 ps time 
delay, we observe a DED map with strong features (Fig. 4a) that 
resemble the DED map collected at a 3 ps delay at the LCLS  
(Fig. 5a)14. The DED map calculated with data from the following 
X-ray pulse at 1.78 μs (Fig. 4b) differs completely from the 10 ps 
DED map, and shows the same pattern of DED features as described 
in Fig. 3. It can be interpreted with the previously described mix-
ture of intermediates with microsecond lifetimes. The microsec-
ond DED signal decays to a spurious positive feature caused by the 
displacement of the electron rich Cys 69 sulfur at the 3.56 μs delay 
(Fig. 4c, blue arrow). This feature vanishes completely at the 5.33 μs 
delay, which means that a short time after 3.56 μs the laser-excited 
jet volume left the X-ray interaction region. Since the laser pro-
file is Gaussian, with an FWHM of 42 μm, there is still substantial 
intensity in the flanks of the spot, which may cause contaminations 
up to the 3.56 μs time delay. These experiments demonstrate how 
the TR-SFX experiment must be set up when operating within our 
experimental conditions.

Picosecond time series. In addition to the 10 ps time point, we 
collected TR-SFX datasets at 30 ps and 80 ps time delays, with the 
successful timing scheme described. Fluorinated oil was added to 
the crystalline slurry at various ratios (Supplementary Table 1) via 
a T-junction (Supplementary Fig. 1). The T-junction was located 
close to the outside end of the nozzle rod. The oil flowed through 
the long capillary across the rod and was injected together with the 
microcrystals. In addition to a slight increase of the liquid flow rate 
(Supplementary Table 1), the resulting jets became substantially 
elongated, from 100 μm to 700 μm. This allowed us to increase the 
distance from the nozzle to the interaction region to 400 μm, which 
helped to prevent the accumulation of debris on the nozzle tip that 
would otherwise quickly interfere with data collection. The 10 ps 

to 80 ps time delays cover the region previously unknown in the  
photocycle, probing a time region between the published LCLS data 
at 3 ps and synchrotron data at 100 ps. Supplementary Table 2 lists 
the data statistics.

In Fig. 5, the DED maps at 10 ps, 30 ps and 80 ps are shown 
together with those obtained previously at LCLS and at APS at 3 ps 
and 100 ps, respectively. In short, all time delays collected at the 
EuXFEL resulted in excellent DED maps that contain chemically 
meaningful positive and negative DED features (α and β in Fig. 5). 
The DED maps (Fig. 5b–d) are similar and comparable to those 
obtained at other X-ray sources on the ps timescale (Fig. 5a,e). The 
positive and negative DED features are interpreted by structural 
models using extrapolated maps16,30–32 (see Methods; Supplementary 
Tables 4 and 5 list the refinement statistics). In addition to the newly 
collected time delays of 10, 30 and 80 ps, we also revisited the 3 ps 
(ref. 14) and the 100 ps (ref. 33) data collected previously at LCLS and 
APS, respectively (Supplementary Fig. 3). We subjected all data 
across the time window from 3 ps to 100 ps to our objective proce-
dures described in the Methods, to ensure consistent results.

Population transfer (PT) for each time point in this experiment 
is approximately 7% (see Supplementary Table 6), which is lower 
compared to similar excitation schemes at other XFELs. With a 
femtosecond laser pulse we are limited to the primary photoexci-
tation yield, which is 20% at best when excitation is achieved into 
the absorption maximum34. More details on how to estimate the PT 
are given in the Methods. The yield is further diminished here by 
illuminating into the flanks of the absorption spectrum: excitation 
was achieved at 420 nm rather than into the central absorption peak 
at 450 nm (Supplementary Fig. 4b). Still, excellent data can be col-
lected because the laser penetration depth matches the micrometer 
crystal size4, leading to uniform sample excitation. From the side 
view of the pCA chromophore at various time delays in Fig. 5f–j, 

(1)

a

b c

(2) (3) (4) … (176)

99.84 ms

1.13 MHz

1.78 µs

(1) (2) (3) (4) (5) (6) … (88)

7.1 µs (141 kHz)

1.78 µs 3.56 µs

(1) (2) (3) (4) … (176) (1) (2) (3) (4) … (176)

(1) (2) (3) (4) … (176)

Control experiment at 1.13 MHz Data collection at 564 kHz

1.78 µs 2.67 µs

2.67 µs (376 kHz)

∆t ∆t

0.89 µs

Pulse train
Gap

156 µs

5.33 µs

t

t t

Fig. 2 | Pulse train structure and laser excitation. a, X-ray pulse trains (black vertical lines) at EuXFEL with 1.13-MHz pulse repetition rate. A pulse train 
is 156!μs long, contains 176 X-ray pulses and repeats ten times per second. There are 99.84-ms gaps between the pulse trains. Blue: laser pulses for a 
pump–probe dark TR-SFX data collection scheme. Note: when EuXFEL design specifications are reached, 2,700 pulses with up to 4.5!MHz pulse repetition 
rate are in a train. At 4.5!MHz, each pulse train is 600!μs long with 99.4-ms gaps between the trains. In total there are 27,000 pulses per second, a subset 
of which (about 3,520 pulses per second) can be stored in, and read out by, the AGIPD detector. b, The 1.13!MHz control experiment with 376!kHz laser 
excitation. After the laser pulse, subsequent X-ray pulses arrive at 887!ns, 1.78!μs and 2.67!μs. The sequence repeats until the end of the pulse train. c, The 
564!kHz data collection with three interleaved X-ray pulses. There are 88 pulses in the train, only. The laser pulses are separated by 7.1!μs (141!kHz) to 
provide enough time for the laser-excited volume (red) to move out of the X-ray interaction region. A total of 519,336 diffraction patterns were averaged to 
determine the scheme.
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one can see that the chromophore is in a twisted cis configuration 
throughout. The chromophore head is strongly tilted with the chro-
mophore tail behind the plane of the unexcited (dark) pCA chro-
mophore (see arrows in Fig. 5). Table 1 lists the torsional angle of 
the chromophore tail φtail (Fig. 1b) obtained after refinement, as well 
as the lengths of the hydrogen bonds that fix the chromophore head 
to Tyr 42 and Glu 46. The revisited φtail at 3 ps (39°) and 100 ps (30°) 
agree with results published earlier (35° and 33°, respectively)14,22.

Discussion
Structural dynamics. When comparing results at different pico-
second time delays, the torsional angle at 3 ps (39°) increases at 
10 ps (51°) and 30 ps (54°) and relaxes through 80 ps to a final value 
(30°) at 100 ps. The torsional relaxations up to 3 ps occur in con-
cert with an initial increase of the hydrogen bond distance from the 
pCA-O4 to Glu 46-Oe (3.3 Å). After 80 ps the hydrogen bonds sub-
sequently relax to shorter distances that approach those observed 
in the dark structure. Assuming that about half of the absorbed 
photon energy is stored in the near-cis chromophore configura-
tion (of the order of 100 kJ mol−1)35, the release of the chromophore 
head from a network of two hydrogen bonds should be possible, 
since the energies of the hydrogen bonds are only about 10 kJ mol−1 

(ref. 36) each. However, for the pCA head displacements to occur, 
chromophore pocket relaxations are required, which are not yet 
developed on fast timescales. Displacements of the M41–71 moiety 
(Supplementary Fig. 4a), which wraps around the chromophore 
pocket peak at 10 ps, revert slightly at 30 ps, and slowly increase 
towards 100 ps (Supplementary Fig. 4c).

The initial displacements are reminiscent of ultrafast structural 
dynamics detected by time-resolved experiments on myoglobin 
in solution37. Although the faster, ps time range (between 1 ps and 
100 ps) is sparsely covered by previous experiments14,22,33 and the 
experiments at EuXFEL included here, direct structural evidence 
is provided to show how an energetically highly strained structure 
initially reorders and then only relaxes slowly for a longer period 
of time (Supplementary Figs. 4c and 5a,c). This is a direct visual-
ization of a nonexponential, nonergodic, ultrafast relaxation from 
a high energy state towards a longer-lived thermal reservoir, which 
is structurally characterized by intermediate IT (Fig. 1a). Only after 
100 ps, may the PYP molecules that populate this reservoir sample 
configurational space more comprehensively to find a reaction 
coordinate that permits transition to the next intermediate state. As 
shown previously, transitions to two intermediates (ICT and pR1) are 
possible33, requiring reaction coordinates that likely arise from two 
different positions in configurational space.

b
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α
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α

α

α

dc

1.78 µs at EuXFEL

α

α

α

a

1 µs at LCLS

Arg52

Tyr42

Glu46

pCA
β1

β2

β1

β2

β1

β2
β1

β2

β1

β2

β1

β1

β2

β1

β2

β2

β1
β1

α

α α

α
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Fig. 3 | TR-SFX experiments at LCLS and EuXFEL. a, DED in the PYP 
chromophore pocket at 1!μs time delay, as determined at the LCLS (Tenboer 
et al.4). Red: negative DED, blue: positive DED on the −3σ/3σ contour 
levels, respectively. Prominent features are labeled α (negative) or β1 and β2 
(positive). Features labeled α are on top of the reference structure (yellow), 
β1 and β2 features correspond to intermediate structures called pR1 
(magenta) and pR2 (red), respectively. The pattern of α and β1, β2 features 
persists in all maps at all times. b–d, Results of the control experiment 
with 1.13!MHz X-ray pulse repetition and 376!kHz laser excitation (see also 
Supplementary Fig. 2b): 0.89!μs after the laser pulse (b), 1.78!μs after the 
laser pulse (c), 2.67!μs after the laser pulse (d).

β2

3.56 µs

c

5.33 µs

d

β

β

α

10 ps

a

Arg52

Tyr42 Glu46
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β
α
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β

Cys69α

α

α α
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b

β1

β1
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Fig. 4 | DED and structures of the chromophore-binding region of PYP. 
TR-SFX data were collected with 564!kHz X-ray and 141!kHz laser pulse 
repetition rates, respectively. a, A 10!ps time delay. Yellow: reference 
structure, green: 10!ps structure. Red features α: negative difference 
DED (−3σ contour level), blue, β: positive DED (3σ contour level). b, The 
pattern of DED features radically changes compared with a. Magenta 
and red: structures of the pR1 (DED features β1) and pR2 (DED features 
β2) intermediates, respectively. c, DED after 3.56!μs. Only the prominent 
feature of the Cys!69 sulfur remains (blue arrow). d, DED at 5.33!μs, the 
feature on the Cys!69 sulfur is absent (blue arrow). DED contour levels in 
b–d as in a.
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(see Supplementary Table 3 for data statistics). At the 10 ps time 
delay, we observe a DED map with strong features (Fig. 4a) that 
resemble the DED map collected at a 3 ps delay at the LCLS  
(Fig. 5a)14. The DED map calculated with data from the following 
X-ray pulse at 1.78 μs (Fig. 4b) differs completely from the 10 ps 
DED map, and shows the same pattern of DED features as described 
in Fig. 3. It can be interpreted with the previously described mix-
ture of intermediates with microsecond lifetimes. The microsec-
ond DED signal decays to a spurious positive feature caused by the 
displacement of the electron rich Cys 69 sulfur at the 3.56 μs delay 
(Fig. 4c, blue arrow). This feature vanishes completely at the 5.33 μs 
delay, which means that a short time after 3.56 μs the laser-excited 
jet volume left the X-ray interaction region. Since the laser pro-
file is Gaussian, with an FWHM of 42 μm, there is still substantial 
intensity in the flanks of the spot, which may cause contaminations 
up to the 3.56 μs time delay. These experiments demonstrate how 
the TR-SFX experiment must be set up when operating within our 
experimental conditions.

Picosecond time series. In addition to the 10 ps time point, we 
collected TR-SFX datasets at 30 ps and 80 ps time delays, with the 
successful timing scheme described. Fluorinated oil was added to 
the crystalline slurry at various ratios (Supplementary Table 1) via 
a T-junction (Supplementary Fig. 1). The T-junction was located 
close to the outside end of the nozzle rod. The oil flowed through 
the long capillary across the rod and was injected together with the 
microcrystals. In addition to a slight increase of the liquid flow rate 
(Supplementary Table 1), the resulting jets became substantially 
elongated, from 100 μm to 700 μm. This allowed us to increase the 
distance from the nozzle to the interaction region to 400 μm, which 
helped to prevent the accumulation of debris on the nozzle tip that 
would otherwise quickly interfere with data collection. The 10 ps 

to 80 ps time delays cover the region previously unknown in the  
photocycle, probing a time region between the published LCLS data 
at 3 ps and synchrotron data at 100 ps. Supplementary Table 2 lists 
the data statistics.

In Fig. 5, the DED maps at 10 ps, 30 ps and 80 ps are shown 
together with those obtained previously at LCLS and at APS at 3 ps 
and 100 ps, respectively. In short, all time delays collected at the 
EuXFEL resulted in excellent DED maps that contain chemically 
meaningful positive and negative DED features (α and β in Fig. 5). 
The DED maps (Fig. 5b–d) are similar and comparable to those 
obtained at other X-ray sources on the ps timescale (Fig. 5a,e). The 
positive and negative DED features are interpreted by structural 
models using extrapolated maps16,30–32 (see Methods; Supplementary 
Tables 4 and 5 list the refinement statistics). In addition to the newly 
collected time delays of 10, 30 and 80 ps, we also revisited the 3 ps 
(ref. 14) and the 100 ps (ref. 33) data collected previously at LCLS and 
APS, respectively (Supplementary Fig. 3). We subjected all data 
across the time window from 3 ps to 100 ps to our objective proce-
dures described in the Methods, to ensure consistent results.

Population transfer (PT) for each time point in this experiment 
is approximately 7% (see Supplementary Table 6), which is lower 
compared to similar excitation schemes at other XFELs. With a 
femtosecond laser pulse we are limited to the primary photoexci-
tation yield, which is 20% at best when excitation is achieved into 
the absorption maximum34. More details on how to estimate the PT 
are given in the Methods. The yield is further diminished here by 
illuminating into the flanks of the absorption spectrum: excitation 
was achieved at 420 nm rather than into the central absorption peak 
at 450 nm (Supplementary Fig. 4b). Still, excellent data can be col-
lected because the laser penetration depth matches the micrometer 
crystal size4, leading to uniform sample excitation. From the side 
view of the pCA chromophore at various time delays in Fig. 5f–j, 
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Fig. 2 | Pulse train structure and laser excitation. a, X-ray pulse trains (black vertical lines) at EuXFEL with 1.13-MHz pulse repetition rate. A pulse train 
is 156!μs long, contains 176 X-ray pulses and repeats ten times per second. There are 99.84-ms gaps between the pulse trains. Blue: laser pulses for a 
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Nature Methods 101, 1–11 (2019).

Photosynthetic yellow protein (PYP)



Membrane proteins: Photosystem I at the European XFEL

and computer technology may potentially alleviate this require-
ment in the future.

The adaptive gain switching of individual pixels provides the
AGIPD with a large dynamic range, which is critical for accurate
intensity measurement in crystallography, and was important for
the data collection of PSI crystals that have a large unit cell. With
the AGIPD’s multiple gain stages, data can be collected at full flux
of the XFEL, where weaker high-resolution reflections are
detected in high-gain mode, increasing their contribution to the
high-resolution shell completeness. In contrast, intense low-
resolution reflections are collected in medium- (or low-) gain
mode, allowing for accurate determination of their intensity
without the problem of saturation, leading to improved accuracy
in the low-resolution shell. Figure 2b shows the distribution of
Bragg peaks with those in high-gain mode in white and medium-
or low-gain mode indicated in red. Supplementary Fig. 4 shows
the high dynamic range of individual pixels in integrated Bragg
spots from all indexed patterns. The limited size, however, of the
currently installed AGIPD makes accurate spot location and
indexing for samples with very large cells difficult and may
preclude collection of high-resolution data. A 4-megapixel
AGIPD is currently in the production stage for crystallography
applications16.

Indexing crystallography data from crystals with large unit cells
is not trivial. Multi-panel detector geometry optimization to
subpixel accuracy becomes more critical than for samples with
small unit cells because the distance between the Bragg peaks is
only a few pixels (when the detector is sufficiently close to record
high resolution). We used the program geoptimiser37 to optimize
the detector geometry including 16 individual distances to each
128 × 512-pixel panel. Accurate peak selection and integration
requires well-separated, sharp peaks. CrystFEL’s indexamajig24
integrates peaks in 2D on each diffraction pattern. We used the
three-ring integration method in which the outer annulus around
each peak is used to calculate the local background and sigma.
Integration radii were 2, 3, and 6 pixels to account for the small
spot spacing.

Previous synchrotron-based structures of PSI from T.
elongatus28,38–40 and the first SFX structure of PSI at 8-Å reso-
lution2 were determined in space group P63 with only one
monomer of the trimeric PSI in the asymmetric unit (where the
threefold trimer axis was a crystallographic axis). The unit cell
dimensions were reported to be a= 286 Å, b= 286 Å, c= 167 Å,
α= 90°, β= 90°, and γ= 120° from a 4-Å resolution data set
collected at RT at a synchrotron41, and a= 281.0 Å, b= 281.0 Å,
c= 165.2 Å, α= 90°, β= 90°, and γ= 120° from a 2.5-Å

e
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a

Fig. 3 Electron density map (2Fo–Fc at 1.5σ) and model of various PSI structural elements of the XFEL structure of PSI. In all images, protein is colored cyan,
chlorophyll (Chl) molecules are colored green, β-carotenes are colored orange, and lipids are colored yellow. In panels b–e, nitrogen atoms are colored
blue, oxygen atoms are colored red, and magnesium atoms are colored bright green. a A slice through the center of electron density of a monomer of PSI is
shown, b the electron density of the “special pair” of Chls, P700, c a β-carotene molecule, d the 4Fe–4S cluster, FX, and e the phosphatidylglycerol lipid
headgroup axial coordination of a Chl molecule
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We observed 19,023 hits from the first ten pulses of the pulse
train, representing diffraction images of the dark state of PSI.
From these images, 18,176 (93%) were indexed in CrystFEL24,25
by using the indexing program Xgandalf26.

Phases were obtained with CCP4’s implementation of Phaser27
by using the known X-ray structure of PSI from T. elongatus that
was determined by using synchrotron radiation (PDB ID=
1 JB028) as a starting model for molecular replacement. The final
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Fig. 2 Unit cell distribution, diffraction pattern, and indexing rates from PSI MHz SFX. a Unit cell distributions of PSI microcrystals showing narrowly
distributed monoclinic unit cells. The red line shows a Gaussian function fit to the unit cell constant distribution, and the corresponding peak value is listed
in each subpanel. b Representative X-ray diffraction pattern with pixels in high-gain mode shown in black, and medium- or low-gain mode shown in red.
Resolution rings are shown and labeled accordingly. c The number of hits (red) and indexed patterns (blue, ~93% of hits) for each pulse
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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



Combine 105-107 weak measurements

Classification Averaging Orientation Reconstruction

Diffraction pattern 
(low signal = noisy)

10 fs FEL pulse

Particle injection

One pulse per  
diffraction pattern

What about imaging without crystals?

K. Gaffney. & H. Chapman, “Imaging atomic structure and dynamics with ultrafast X-ray scattering” Science 316, 1444 (2007)



Coherent diffractive imaging is lensless 

In conventional microscopy a lens is used to ‘phase’  
the light and form a (magnified) real-space image of the object
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Coherent diffractive imaging is lensless 

λ θ

Lens

In diffractive imaging, there are no lenses
We detect light at the ‘lens’ plane and use a computer to recreate the image 

In conventional microscopy a lens is used to ‘phase’  
the light and form a (magnified) real-space image of the object

Detector
Prior knowledge 

about object

Algorithm



Rotating an object results in the Ewald sphere intersecting different 
parts of diffraction space

Example: simple molecule (Lysozyme, 1108 atoms, 51Å diameter, mol.wt. = 7250)
1.5Å X-rays, 84mm square detector 50mm from focus 



Diffraction from a single monomer of photosystem I shows 
continuous coherent speckle extending to the edge of detector

102

10-4

100

10-2

8.2 keV 
4 mJ (3x1012 photons) 
Single shot pattern  
1.2 Å resolution at edge



Diffraction from a single monomer of photosystem I results in 
single photon counting at high resolution
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The Single Particle Imaging initiative of LCLS is making steady 
progress towards realising single particle X-ray imaging at FELs

Gaffney and Chapman Science 2007.

SPI Summer 2015 1

Sorting Orientations of RDV in June CXI beamtime

Ti-Yen Lan and Veit Elser

Due to the limited number of single hits in the June beamtime (175 determined by Hum-
mingbird), it is challenging to reconstruct a 3D intensity profile using algorithms like EMC or
manifold embedding. However, we can still examine the quality of the data using the known
structure of RDV (PDB entry: 1UF2). The goal here is to see if the single-hit frames can be
sorted into a small subset of orientations.

Fluence determination

Because the capsid of RDV has an icosahedral symmetry, every element of the rotation
group belongs to a set of 60 equivalent rotations. From each such set we therefore chose just
a single element, the rotation that was closest to the identity. We used the data up to 6.67 Å
resolution, which corresponds to a radius of 265 pixels on the front detector or 107 resolution
elements across the diameter of RDV.

Figure 1: One single-hit frame from the front detector. Most of the dots are single-photon
counts.

Assuming Poisson statistics, we define the surprise function S as the negative of the log-
likelihood function (see Appendix):
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where K denotes the dependence on data, with ki being the measured photon count at pixel
i, ni is the average photon number at pixel i when the fluence value is � and the RDV particle
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Kartik Ayyer and Andrew Morgan

RDV at CXI (7 keV)
Munke et.al., Sci. Data (2016)



Single molecule X-ray imaging is making steady progress

SPI Summer 2015 1

Sorting Orientations of RDV in June CXI beamtime

Ti-Yen Lan and Veit Elser

Due to the limited number of single hits in the June beamtime (175 determined by Hum-
mingbird), it is challenging to reconstruct a 3D intensity profile using algorithms like EMC or
manifold embedding. However, we can still examine the quality of the data using the known
structure of RDV (PDB entry: 1UF2). The goal here is to see if the single-hit frames can be
sorted into a small subset of orientations.

Fluence determination

Because the capsid of RDV has an icosahedral symmetry, every element of the rotation
group belongs to a set of 60 equivalent rotations. From each such set we therefore chose just
a single element, the rotation that was closest to the identity. We used the data up to 6.67 Å
resolution, which corresponds to a radius of 265 pixels on the front detector or 107 resolution
elements across the diameter of RDV.

Figure 1: One single-hit frame from the front detector. Most of the dots are single-photon
counts.
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where K denotes the dependence on data, with ki being the measured photon count at pixel
i, ni is the average photon number at pixel i when the fluence value is � and the RDV particle
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Diffraction from MS2 virus is weak compared to background

r0120-r0159-ms2-phot
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Diameter: ~27nm
J. Mol. Biol. (1963) 7, 43-54 



Electrons interact more strongly with matter
Atomic resolution microscopy 179
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Fig. 2. Comparison of the atomic cross-sections for electrons, X-rays and neutrons as a
function of wavelength of the particle or quantum. The elastic cross-sections all apply to
carbon atoms, whereas the absorption and inelastic cross-sections represent the proportional
value in a protein molecule scaled to be comparable to the carbon elastic cross-section. The
coherent, elastic cross-sections are important for phase-contrast microscopy. The absorption
and inelastic cross-sections contribute to radiation damage and arise from a variety of
mechanisms. The circular black symbols show the positions on the wavelength scale used to
derive the numbers in Table 1.

provides a considerable boost for X-ray microscopy in the water window over

electron microscopy when modes of electron microscopy based on counting modes

are considered. It has allowed Sayre et al. (1977) to state tha t ' In natural biological

Henderson, R. “The Potential and Limitations of Neutrons, Electrons and X-
Rays for Atomic-Resolution Microscopy of Unstained Biological Molecules.” 
Quart. Rev. Biophys. 28, 171–193 (1995).

Elastic scattering cross-section
is ~105 higher for electrons

Atomic resolution microscopy 179
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We have demonstrated serial crystallography in an ordinary TEM

Bücker et.al., N.Comms (submitted)

Figure 2: SerialED results for granulovirus occlusion bodies (a-c) and lysozyme (d-f). (a,d) STEM mapping images. 

Bright features are visible on the dark background. Zoomed views of a single representative feature are shown, where 

the red circle corresponds to the diffraction nano-beam diameter of ≈110 nm. Coloured lines indicate the lattice 

vectors found after indexing of the diffraction pattern. (b,e) Diffraction pattern acquired from the shown feature, 

respectively. (c,f) Obtained structures of granulin (c) and lysozyme (f); 2Fo-Fc map of the entire structure, and zoom 

into a randomly chosen region, with Fo-Fc map overlaid. 

Granulovirus electron density solved to 1.55Å resolution

measurements of site-specific and global radiation-damage effects, as well as optimization of data 

acquisition and analysis strategies to further improve dose efficiency and resolution will be the subject 

of future work.  

Discussion 

Our results clearly show that serial electron diffraction (SerialED) allows the determination of protein 

structures at high resolution from extremely small and beam-sensitive crystals in a rapid, efficient and 

automated manner. No sample rotation during data acquisition is required, simplifying the measurement 

and allowing to use higher doses for each diffraction pattern. Also, no manual screening and selection 

of suitable crystals under low-dose conditions are necessary. In contrast to wide-field TEM-based crystal 

mapping 26,28, our STEM-based scheme neither requires frequent mode-switching of the microscope 

Figure 3: Radiation damage during dose-fractionated acquisition. (a) Typical diffraction pattern from a granulovirus 

occlusion body. The red box indicates the enlarged region in b). (b) Enlarged diffraction pattern section for several single 

frames from the dose-fractionated movie stack, each of 2 ms duration. The integration time of each frame relative to the 

beam first hitting the crystal is specified. Note the fading of the diffraction spots especially at high resolutions. The first 

shot is affected by residual beam motion and hence has a shorter effective integration time and shows blurring artefacts. 

(c) Mean intensity of Bragg reflections for different resolution shells as a function of delay time, and exponential fit lines, 

where the first time point has been excluded from the fit. The shaded area corresponds to delay times beyond 10 ms, which 

have been excluded from our data analysis. (d) Resolution-dependent correlation coefficients CC1/2. Solid lines correspond 

to single movie frames as in (b). Dashed lines correspond to images that were cumulatively summed over several frames. 

The shaded area corresponds to values CC1/2 < 0.143, where data falls below the resolution cut-off at CC* = 0.5. 
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Spot fading due to accumulated dose

Optimal data quality was reached for summation of the 
first five movie frames, corresponding to an exposure 
time of 10 ms, and an integrated dose of ≈ 4.7 e-/Å2 



The femtosecond MeV electron diffraction facility at SLAC

“Mega-electron-volt ultrafast electron diffraction at SLAC National  Accelerator Laboratory” 
Weathersby et.al. Rev.Sci.Instrum. 86, 073702 (2015)

Estimate for single shot protein diffraction:

106-107 electrons per pulse into a ~1µm focus 
(crystal size) 

transverse coherence ~10-20nm
(unit cell size)

073702-2 Weathersby et al. Rev. Sci. Instrum. 86, 073702 (2015)

photoinjector at SLAC in 2006,27 intensive R&D e↵orts have
been devoted to improve the performance of the MeV UED
system, including its reciprocal space resolution, temporal
resolution, and machine stability.10,26,28–37 Photoinjectors were
originally optimized for operating at 100s of pC or higher
bunch charge, while for MeV UED purposes, a few pC or
lower per pulse is preferred. A series of new techniques for the
generation, control, and characterization of low charge high
brightness electron beams has been developed. Based on these
achievements, it is become feasible to construct an MeV UED
system capable of productively generating high quality data
for ultrafast sciences.

SLAC recently launched the UED/ultrafast electron mi-
croscopy (UEM) Initiative38 aimed at developing the world’s
leading ultrafast electron scattering instruments. These instru-
ments are complementary to the Linac Coherent Light Source
(LCLS) XFEL, providing a more complete picture of ultrafast
processes in chemical, biological, and other complex sys-
tems. The first stage of the Initiative was to construct an MeV
UED system. MeV UED and LCLS share many common key
technologies since the electron source of LCLS is also an
rf photoinjector. The high stability rf power source and the
high precision laser-rf timing system developed for the LCLS
are of critical importance to reduce the time-of-arrival jitter
between the pump laser and electron probe pulses in order to
eventually break the 100-fs temporal resolution barrier. The
120-Hz repetition rate of the LCLS-type photoinjector enables
e�cient acquisition of data having high signal-to-noise ratio
data within a reasonable exposure time. The SLAC MeV UED
system can handle both solid state and gas phase samples using
two dedicated sample chambers. These unique features allow
the SLAC MeV UED system to directly serve ultrafast science
experiments with outstanding performance. In this paper, we
will report on the newly commissioned SLAC MeV UED
system and the characterization of the system performance,
including the reciprocal space resolution, temporal resolution,
and stability of key machine parameters.

II. MeV UED SYSTEM AT SLAC

The MeV UED system is housed in the Accelerator
Structure Test Area (ASTA) at SLAC. A schematic of the
UED beam line is shown in Fig. 1. Key components of the
system include a LCLS-type photocathode rf gun, a sample
chamber, a high e�ciency electron detector, an ultra-stable
rf power source, a Ti:Sapphire laser, and a laser-rf timing
system.

FIG. 2. The (a) amplitude and (b) phase fluctuations of the rf field in the gun,
and (c) the time error between the laser and the low-level rf system.

The LCLS-type photocathode rf gun is identical to the
one used for the LCLS injector.39,40 The rf gun is powered by
a pulse-forming-network- (PFN-) based modulator and a 50-
MW S-band klystron. The modulator was upgraded by adding
a top-o↵ charging power supply to the PFN that stabilizes
the output voltage to be better than 50 ppm.41 A Phase and
Amplitude Detector (PAD) unit42,43 monitors the rf signal in
the gun. A feedback loop stabilizes the rf phase and ampli-
tude in the gun relative to a low-level reference rf signal by
adjusting the input to the klystron using a Phase and Amplitude
Controller (PAC) unit.44 The typical values of the rf amplitude
and phase stability of the gun field are 2 ⇥ 10�4 rms and 25
fs rms over hours, measured by rf antennas on the gun body,
as shown in Figs 2(a) and 2(b). To achieve low time-of-arrival
jitter between the pump laser and probe electron pulses, the
laser system also needs to be precisely synchronized with the rf
signal. A low-cost, high-reliability femtosecond timing system
developed for LCLS45 was implemented for the MeV UED
system. The measured in-loop timing error between the laser
and the low-level rf signal is shown in Fig. 2(c). This in-loop
value is in good agreement with that measured by a phase noise
analyzer using an independent detector and electronics.

A kilohertz, 5-mJ Ti:Sapphire laser system is used for
both generating electron beams from the photocathode and
for pumping the samples. A small fraction (10%) of the IR
output is used for UV generation. The UV pulse is imaged

FIG. 1. Schematic of the MeV UED beam line at SLAC’s ASTA facility.
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Source Parameters

Parameter Value

Electron beam energy 2 - 4 MeV

Repetition rate Single shot → 360 Hz

Charge per pulse 1 - 100 fC (10  - 10  electrons)

Beam emittance 2 - 20 nm-rad

Bunch length <150 fs FWHM*

Momentum resolution <0.17Å

Beam spot size 100-200 um (typical), 10 um (FWHM) focused

*Beam charge dependent
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First results from femtosecond MeV electron diffraction

073702-6 Weathersby et al. Rev. Sci. Instrum. 86, 073702 (2015)

FIG. 7. Di↵raction patterns of (a) single crystal gold and (b) N2 samples recorded in the gas phase MeV UED configuration.

charge e↵ects. 50-nm thickness was chosen as a good balance
between the transmission and the mechanical robustness of the
membrane.

Nevertheless, the scattering from the SiN membrane, be-
ing background noise, could still be much stronger than the
signal from gas phase samples which are typically of very low
density. A second collimator of 200-µm diameter was installed
at z = 1.44 m, in addition to the first collimator at z = 55.8 cm.
The SiN membrane and the gas nozzle are located at z = 74 cm
and 1.56 m, respectively. The second collimator was used to
limit the angular range of the SiN scattering. On the di↵raction
detector located 2.1 m after the second collimator, the SiN
scattering can only illuminate an area of <1 mm from the
beam axis, assuming a 400-µm diameter spot size at the SiN
membrane. We confirmed in experiment that the above beam
line configuration provides a low noise range between 1 and
15 Å�1 on the detector.

In Figs. 7(a) and 7(b), we show the di↵raction patterns
of single crystal gold and nitrogen (N2) samples, respectively.
The N2 sample density is 2 ⇥ 1017 cm�3 with an e↵ective
thickness of 300 µm. The total number of incident electrons is
2 ⇥ 109

e
�. With 10-fC bunch charge and 120 Hz repetition

rate, a total exposure time of 300 s is required. A planned
upgrade of the system is to install an rf bunching cavity,
which can longitudinally compress the electron beams by
velocity bunching while preserving the transverse emit-
tance.22,23,26,61–63 This upgrade will allow much higher bunch
charge and reduce the exposure time by more than one order of
magnitude.

VI. SUMMARY AND OUTLOOK

In summary, an MeV UED system was constructed and
commissioned at SLAC. The system operates at 120-Hz rep-
etition rate with outstanding temporal resolution, reciprocal
space resolution, and machine stability. The success of the sys-
tem benefited tremendously from the worldwide R&D e↵ort
on MeV UED that has taken place in the last decade. SLAC’s
technical strength in providing a complete set of hardware
and technologies developed for the photoinjector system was
critical for achieving the machine performance.

The SLAC MeV UED system has been used to study
several ultrafast dynamic processes. These include a detailed

study of electron-phonon coupling in Bismuth films as a func-
tion of film thickness and laser fluence; a measurement of
the lattice expansion of free-standing FePt nanoparticles—a
material used in next generation magnetic storage; structural
response and deformations of single-layer transition metal
dichalcogenide MoS2 following optical excitation; and ther-
mal di↵use scattering and phonon equilibration in single crys-
tal gold, etc. These results demonstrate that MeV UED is
capable of serving ultrafast science experiments with high data
quality and high productivity.

Future upgrades of the SLAC MeV UED system will
further improve the probe electron beam, as well as enhance
the sample and pump capabilities. A strong lens will be
installed to reduce the probe size from 100 µm to a few
µm and eventually to sub-µm for nano-UED,64 which will
greatly ease the technical challenges in sample preparation,
and moreover, allow study of single crystalline domains. An
rf bunching cavity will be used to compress the pulse duration
to the 10-fs level. Combined with new time-of-arrival control
and time-stamping techniques, it is possible to reach 20-fs
temporal resolution. Cooling and heating capabilities will
be integrated for solid state samples to study, for example,
strongly correlated systems and martensitic phase transitions.
The SiN membrane based vacuum separation technique will
also allow liquid jet samples to be studied. A few µm probe
size will be well suited to look into the dynamics happening in
liquid cells.65 THz and x-ray pumps, particularly the extremely
high intensity THz source at SLAC’s FACET facility66 and x-
ray pulses at the LCLS, will excite materials into exotic new
states that, combined with MeV UED probes, will provide
opportunities for ground breaking science.
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N2 density: 2x1017 cm3 and effective thickness of 300 μm. 

Total number of incident electrons is 2x109 
Total exposure time of 300 s is required at 10-fC bunch 
charge and 120 Hz repetition rate
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Spot size can be reduced by focussing at the expense of flux

 
 
 
 
 
 

measurement. 
The 5 μm rms beam size enables the study of localized crystalline structure. As a demonstration, 

single-crystal diffraction patterns from paraffin (𝐶44𝐻90) crystals were probed with the different beam 
sizes. Fig. 4(a) shows an optical micrograph of the paraffin sample. An electron shadowgraph image 
of the sample was used to locate the highlighted crystal of 10 µm lateral size, and then its diffraction 
pattern was examined. In Fig. 4(b), the inset shows the transverse beam profile image with a 30 μm 
rms beam size visualized with a yttrium aluminium garnet (YAG) screen mounted on the sample 
holder, while the main panel shows the corresponding diffraction pattern. The almost ring-like feature 
exhibited in the diffraction pattern shows that multiple crystals with various orientations were sampled 
by the large beam.  In Fig. 4(c), the inset shows the transverse beam profile image with a 5um rms 
beam size. The diffraction pattern in the main panel clearly shows single-crystal features, although 
with a bigger Bragg reflection spot size compared to the case in Fig. 4(b), which indicates a lower 
reciprocal space resolution. At tighter focus, the beam divergence is correspondingly increased, 
resulting in a larger spot size in the far field. The FWHM of the Bragg spots indicates that the 
reciprocal space resolution is 0.63 Å−1, about four times lower than for Fig. 4(b). Nonetheless, the 
single-crystal diffraction features were well-resolved, demonstrating that the localized structural 
information of the 10 µm paraffin crystal was well captured by the microdiffraction beam. 

 

Figure 4. Femtosecond MeV electron microdiffraction spatial resolution characterization. (a):  
optical micrograph of paraffin (𝐶44𝐻90) crystals with 10 μm size used for focus characterization. 
(b): diffraction pattern of the selected crystal from a 30 μm rms beam size electron beam. The 
transverse beam profile on a yttrium aluminium garnet (YAG) screen is shown in the inset. (c): 
diffraction pattern of the selected crystal from an electron beam with 5 μm rms beam size. The 
transverse beam profile is also shown in the inset. 

 
To demonstrate the temporal revolving power of a MeV electron microbeam, we performed a 

time-resolved study of the ultrafast structural changes of a 25-nm-thick polycrystalline Bi (111) thin 
film pumped by a 60 fs 800 nm laser. There were 3 focusing modes examined in this study: Micro-D 
mode, mode 1 and mode 2. Detailed parameters of each focusing mode are shown in Table 2. The 
Micro-D mode, which is the MeV electron microdiffraction configuration with 5 μm rms beam size, 
did not provide sufficient reciprocal space resolution to resolve the closely-spaced ring features in the 
bismuth diffraction pattern for direct measurement of the bunch length. To estimate the bunch length 
of the Micro-D mode, we developed experiments with mode 1 and 2 to resolved the bismuth 
diffraction pattern and measure their corresponding bunch lengths. These measurements provided an 
upper limit of that for the Micro-D mode, because bunch lengths of mode 1 and 2 were expected to be 
longer than that of the Micro-D mode. Detailed reasons are as follows. Firstly, compare the Micro-D 
mode and mode 1: (i) In both modes, the electron beam was identical from the rf photocathode to the 
gun solenoid. The difference in electron bunch length downstream was determined by space-charge 
effects. (ii) In mode 1, the gun solenoid strength was increased from 0.25 kG-m to 0.30 kG-m, which 
caused a smaller beam size, and thus a higher charge density, from the gun solenoid to the collimator. 

Shen et.al. “Femtosecond mega-electron-volt electron 
microdiffraction" Ultramicroscopy 184, 172–176 (2018).

 
 
 
 
 
 

Probe size at the sample, rms 5 μm 
Temporal resolution, rms 112 fs 
 
  

2.  Methods 
A schematic diagram of the femtosecond MeV electron microdiffraction apparatus is shown in Fig. 1. 
The electron source consisting of a photocathode rf gun and gun solenoid, is identical to that employed 
in XFEL -  Linac Coherent Light Source (LCLS). A collimator with fixed-size apertures (100, 200, 
500 μm diameter) is located 0.56 m downstream from the cathode. A second micro-focusing solenoid, 
which provides up to 0.45 T magnetic field to focus the electron beam on the sample, is located at one 
meter. Samples are mounted at 1.36 m downstream from the cathode. Diffraction patterns are recorded 
on a phosphor screen based electron multiplying charge-couple device (EMCCD)33 detector at 4.60 m. 
A Ti:Sapphire laser of 3.2 mJ, 800 nm, 40 fs full-width-at-half-maximum (FWHM) is split into two 
parts: a 0.6 mJ pulse is frequency tripled to 266 nm to drive the rf photocathode for electron 
generation; while the other 2.6 mJ pulse is used for pump pulses. A low level rf-laser timing system 
and a high stability rf power source control the root-mean-square (rms) pump-probe timing jitter to 30 
fs.  

Our approach to generate femtosecond electron microdiffraction beams relies on three factors: (i) 
MeV electron beam to suppress space-charge forces and achieve sub-ps bunch length; (ii) careful 
beam collimation to achieve smaller beam emittance; (iii) a strong solenoid lens to focus the MeV 
electron beam. The electron beam pulse length at the sample is determined by the initial longitudinal 
charge density at the cathode and rf compression within the RF gun. The gun solenoid adjusts the 
beam divergence at the exit of the rf gun, which effectively controls the beam size at the collimator. 
The collimator transmits the central part of the electron beam, ensuring small divergence and high 
brightness. By focusing a larger beam onto the collimator aperture, an electron beam with smaller 
emittance and lower charge can be generated. Therefore, by changing the gun solenoid strength and 
collimator aperture size, it is possible to control the beam emittance and bunch charge. Finally, the 
micro-focusing solenoid controls the probe size on the sample.  

 

 

Figure 1. A schematic diagram of the femtosecond MeV electron microdiffraction beam line. 
 
Beam dynamics simulations using the General Particle Tracer (GPT) code34 were performed to 

guide the electron beam optimization. Typical machine and beam parameters are summarized in Table 
1. The blue and red solid curves in Fig. 2 show simulated rms horizontal beam size 𝜎𝑥,𝑟𝑚𝑠 and rms 
bunch length 𝜎𝑡,𝑟𝑚𝑠 as a function of the distance Z from the rf gun, respectively. The measured rms 
horizontal beam size and bunch length at the sample position are also shown in Fig. 2 by the blue and 
red hollow circle. The MeV electron microdiffraction achieved 1.5 fC bunch charge, 5 μm rms beam 

30 fC

1.5 fC

UED diffraction from 10 µm paraffin crystals



The European XFEL injector is designed for higher bunch charge

European XFEL design: 
Nominal bunch charge: 20-1000 pC at 2-100 fs

107-109 electrons

Commissioning of the laser heater has been progressed 
up to the point that transverse and longitudinal overlap 
can be established and an increase of the energy spread 
has been observed [14]. 

For ultimate performance, the XFEL photo injector re-
quires stable operation at RF power levels of about 6 
MW. At these power levels the waveguide window and 
the cathode plug rf-contact showed reliability issues after 
some operating time. While solutions for these problems 
exist, their qualification needs long uninterrupted opera-
tion at high power levels [15]. Initially the XFEL is thus 
operated with a slightly reduced injector cavity gradient. 

Table 1: Injector Parameters 
Parameter Design Achieved 
RF pulse rep. rate [Hz] 10 10 
RF flat top [µs] 650 650 
Bunches/RF pulse 2700 2700 
Bunch charges [pC] 20-1000 20-1000 
Proj. emittance @ 500 pC 
[mm mrad] 

 1.2 

Slice. emittance @ 500 pC 
[mm mrad] 

0.6 0.61

Cryogenic System 
The European XFEL cryogenic system consist of two 

overhauled strings of the HERA cryo-plant, a new distri-
bution box and transition line to the XFEL accelerator 
entrance shaft, cold compressors to reach 2K and further 
distribution boxes to distribute the He towards the injec-
tor, and finally the long uninterrupted cryo-string of the 
linear accelerator together with its transfer and bypass-
lines. The cooling power was measured during the pre-
commissioning to be > 1.9 kW in the 2 K circuit, 2.8 kW 
in the 5-8 K circuit and 18 kW in the 40 – 80 K circuit, all 
exceeding specifications. Cool down of the linac from 
room-temperature to 4 K was achieved within December 
2016, with no cold leaks occurring. Start-up of the cold 
compressors enabled the handover of the accelerator at 
2 K beginning of January. Regulation loops were opti-
mized in the following weeks, and the pressure of the 2 K 
circuit can now be kept constant well below the require-
ment of ± 1%.  

Electronics and Control System 
 The front end electronics for LLRF, high-power RF, 

beam diagnostics, vacuum and cryo-control is installed in 
shielded racks in the tunnel. The newly developed 
MTCA.4 standard is used throughout the installation [16, 
17]. About 250 crates in the tunnel benefit from the en-
hanced remote monitoring and maintenance capabilities, 
thus reducing the need for time-consuming on the spot 
interventions to a minimum. 

The accelerators main control system is DOOCS, while 
some part of the infrastructure is controlled using EPICS. 

Photon systems and experiments use the newly developed 
Karabo software. Graphical user interfaces to control each 
subsystem are available and can easily be re-configured 
using the jDDD toolkit [18]. A vast suite of high-level 
control software integrates and automates more complex 
tasks like emittance measurement and optics matching. 
The readiness of the control software upon start-up was 
one of the key preconditions for the fast success of the 
commissioning. 

Linac Commissioning 
The commissioning of the XFEL accelerator began mid 

of January after the initial tests of the cryo-plant were 
finished and the official operation approval was obtained. 
The commissioning effort was planned as a series of se-
quential steps with the general goal to establish beam 
transport to subsequent sections as soon as possible. The 
number of bunches has been kept low (<30) to lower the 
beam power in the initial phase of the commissioning. 

Table 2 summarizes the parameters that have been 
achieved during the commissioning. 

LLRF commissioning was given highest priority. At 
this time 19 of the 24 RF stations in the linac are availa-
ble. For each of the RF stations a sequence of steps had to 
be performed [19].  Frequency tuning, RF signal checks, 
coupler tuning, coarse power-based calibration and 
closed-loop operation was achieved without beam, and 
after establishing beam transport (typical 30 bunches, 
500 pC) cavity phasing and beam-based calibration fol-
lowed. While the first station in L1 needed one week of 
commissioning, the three stations of L2 could be handed 
over to operations after another week. Work in L3 then 
progressed in parallel on all 15 available stations. The 
possibility to time shift the RF pulse of stations with re-
spect to each other allowed the parallel operation of sta-
tions on or off the beam and thus simultaneous beam 
commissioning. The RF commissioning went smoothly. 
Multi-pacting was observed at almost all RF stations at an 
accelerating gradient of 17-18 MV/m but could be condi-
tioned in all cases with an effort of a couple of hours per 
station.  

The phase and amplitude stability was measured inner 
loop to be better than 0.01° and 0.01%. Preliminary beam 
energy jitter measurements give an upper limit for the 
RMS relative energy jitter of 3e-4 after the injector and 
1e-4 at BC1 and BC2. 

At present all stations perform at about 80% of the gra-
dient limit obtained from previous module test results 
[20]. It is expected that further fine-tuning of the regula-
tion loops will increase this in the future. The maximum 
energy reached so far with all available stations on the 
beam is 12 GeV, adding three more stations in the near 
future will enable the 14 GeV operation envisioned for 
first user experiments. 

Beamline commissioning could be performed in paral-
lel to the LLRF commissioning, with the first beam trans-
ported to the beam dump after the linac by end of Febru-
ary. Trajectory response measurements proved very useful 
in validating the optics model and were possible right  

 ____________________________________________  
1 Measured with the 4 screen method. Measurements with multi-quad
scan method show emittances as low as 0.4 mm mrad.  
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After the linac a collimation section protects down-
stream hardware in case of component failure and colli-
mates halo particles [5]. 

Almost 2 km of electron beam line distribute the beam 
to the SASE undulators SASE1 and SASE3 (‘North 
Branch’) or SASE2 (‘South Branch’). 

The electrons are distributed with a fast rising flat-top 
strip-line kicker in one of the two electron beam lines. 
Another kicker system is capable of deflecting single 
bunches in a dump beam line. This allows for a free 
choice of the bunch pattern in each beam line even with 
the linac operating with constant beam loading. Figure 3 
summarizes the accelerator layout. 

Electron bunch charges are planned to be variable from 
20 pC to 1000 pC [6],  with resulting bunch length after 
compression ranging from 3 fs to 150 fs FWHM  [7]. 
With three different linac energies (8.5, 14, and 17.5) and 
the variable gap undulators photon energies from 0.25 
keV to 25 keV can be covered.  

 
Figure 2: View into the linac tunnel with the accelerator 
modules suspended from the ceiling and the RF infra-
structure placed below, on the floor. 

COMMISSIONING RESULTS 
Injector Commissioning 

The injector can be operated in a separate radiation en-
closure independent of the remaining tunnel installations. 

The beam dump at the end of the injector allows operat-
ing the injector up to full beam power. 

The XFEL photoinjector has been conditioned at PITZ, 
the photoinjector test stand at DESY, Zeuthen [8, 9]. RF 
operation in the design configuration in the XFEL injector 
tunnel took place in December 2013 [10] and first elec-
trons where produced in installation breaks in 2014 and 
2015. 

The superconducting accelerator of the injector was 
cooled down in December 2015 and first electrons were 
accelerated to 130 MeV on Dec. 18th [11]. Also at that 
early stage the 3rd harmonic lineariser was commissioned 
and operated at the design gradient throughout the com-
plete run [12]. The injector commissioning ended in July 
2016 to connect the cryogenic distribution boxes of the 
main accelerator to the cryo-infrastructure. 

Within this commissioning most of the design parame-
ters of the European XFEL injector could be reached or 
even exceeded (see Table 1).  

Most notable are the extensive emittance studies that 
were made possible by a 4-off-axis-screen measurement 
stage. This enables fast parameter scans and the study of 
the emittance evolution along long bunch trains [13]. This 
method can even be combined with a transverse deflect-
ing structure, thus giving information about the slice 
properties along the bunch train. It could be shown that 
with proper tuning of the laser pulse and the RF parame-
ters the emittance and optical functions can be kept con-
stant. 

 

 
Figure 3: Schematic overview of the European XFEL accelerator. Single RF stations are named Ann and feed either one 
module (A1) or 4 modules (A2-A25). R56 ranges for the bunch compressors are given in mm, and the phases of the 
different linac sections refer to typical compression set-ups. The maximum allowed beam power of the three commis-
sioning dumps after the injector and the 2nd and 3rd bunch compressor (BC1 and BC2) as well as of the main dumps 
after the linac and each beam distribution line is given. 
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3 MeV electron microscopes do exist

3 MeV TEM
Osaka University
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