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HOW TO IMAGE  
SINGLE PROTEINS?

Henderson, R. Q. Rev. Biophys. 28, 171–193 (1995). 

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

~105 more signal 
from electrons
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TIME-RESOLVED SINGLE-PARTICLE IMAGING
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TEXT

LONG PULSE 

SHORT PULSE (fs) 

SPEED OF LIGHT vs.  
SPEED OF A SHOCK WAVE

Neutze, R.,  Wouts, R.,  van der Spoel, D.,  Weckert, E.,  Hajdu, J., Nature 406, 752-757, (2000).

3.8 x 1012 X-RAY photons, 100 nm focus 

DIFFRACTION BEFORE DESTRUCTION! 4



The Dream…



The Dream…
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The First Sample



Mimivirus diffraction 
patterns from LCLS

EM

Autocorrelations

Reconstructions

PRTFs Seibert, Ekeberg, 
Maia et al. 
Nature (2011)



IMAGING 100 NM PARTICLES - CARBOXYSOMES

Hantke, M. F. et al. Nature Photonics 8, 943–949 (2014).



IMAGING 100 NM PARTICLES - CARBOXYSOMES

WE JUST GOT SPHERES!
Hantke, M. F. et al. Nature Photonics 8, 943–949 (2014).



HETEROGENEITY

LIKELY EXPLANATION: SAMPLE CONTAMINANTS

Sample particle  
with contaminant layer 

Contaminant cluster

Solvent evaporation



GDVN DATA
MOSTLY ROUND PARTICLES NO ROUND PARTICLES

ELECTROSPRAY DATA

ELECTROSPRAY INJECTIONSAMPLE INJECTION
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Fig. 3. Injection of Rubisco proteins. a 582 

Radial averages of background subtracted 583 

diffraction patterns recorded during 584 

injection of sample (1), buffer solution (2), 585 

only gas (3), and during a dark run (4), 586 

respectively. b Diffraction patterns of two 587 

intense sample hits. c Radial averages 588 

(orange lines) of the diffraction patterns 589 

shown in b and fits (black lines) to a sphere 590 

model that best match the data. Light orange 591 

areas indicate the confidence intervals of the 592 

data (+/- one standard deviation). The fit 593 

values for intensity and sphere diameter are 594 

annotated. d STEM image of Rubisco 595 

proteins injected onto a TEM sample 596 

support film. Detected particles are 597 

highlighted in red. e The red histogram 598 

shows the distribution of particle diameters 599 

derived from d. The black line shows the fit 600 

of our droplet occupancy model to the data. 601 

The good match indicates that the 602 

electrosprayed proteins were successfully transferred into the interaction region. f DMA data of electrosprayed 603 

Rubisco proteins at three concentrations. Our droplet occupancy model (black) was fitted to the measured size 604 

histograms (red). The agreement shows that by changing concentration we specifically control the protein 605 

cluster composition. 606 

 

Fig. 2. XFEL diffraction data of biological particles injected with the electrospray aerosol injector. a Simulated 

and measured diffraction patterns of carboxysomes and b their size distribution (90 nm median, 13 nm FWHM) 

determined from the measured diffraction patterns. c, d Simulated and measured diffraction patterns of TBSV 

particles (c singles, d clusters of two) and e their size distribution (30 nm median, 1 nm FWHM) determined from 

the measured diffraction patterns. Insets in panels a, c and d show 2D projection images reconstructed from the 

respective diffraction patterns. The edge length of the insets corresponds to 220 nm. 
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Bielecki, J et al. Science Advances 5, (2019).



RUBISCO INJECTIONSAMPLE INJECTION

Bielecki, J et al. Science Advances 5, (2019).



FLUENCE FITTING

Procedure 
1. Select low-resolution diffraction intensities (central speckle) 
2. Fit diffraction intensities of a spheroid to the measured diffraction 
intensities

Low-resolution model:
Spheroid of uniform density

I.   PARTICLE SIZE 
II.  ILLUMINATION INTENSITY

IMAGING CARBOXYSOMES

(Paper I, Fig. 3)

(Paper I, Supp. Fig. 1)



PARTICLE SIZE AND PHOTON FLUENCE

IMAGING CARBOXYSOMES

• Fitted max fluency of 
about 1e11 ph/μm2 or 
18 μJ/μm2

2012 AMO @ 1.1 keV 

Hantke, M. F. et al. Nat. Photonics 8, 943–949 (2014).



OMONO RIVER VIRUS (40 NM)

conditions. Using the lit-pixel counter, 5771 patterns were
identified as hits, equivalent to an average hit ratio of 0.83%.
After classification using the automated scheme described in
x2.8, particle sizes and incident photon intensities were
assigned to 4555 patterns. A selection of assembled (back and
front) diffraction patterns is shown in Fig. 4; many diffraction
patterns appear to come from spherical particles and varia-
tions in both particle size and intensity are noticeable.

The complete distribution of particle sizes and intensities is
presented in Fig. 5. The estimated incident photon intensity
covered three orders of magnitude from !109 to 1.9 "
1012 photons mm#2. The estimated particle sizes appeared in a
range from 30 to 300 nm, with a slight enrichment of sample-
sized particles (!40 nm) and a maximum at !55 nm. This
shows that it was possible to detect sample-sized particles
among a wider size distribution.

3.3. Sample injection

As part of the sample characterization prior to the
diffraction experiment, the expected particle size of !40 nm
(Okamoto et al., 2016) was confirmed by EM imaging of
negatively stained particles (Fig. 6a) and by sizing of aero-
solized particles by SMPS spectrometry (Fig. 6b).

The SMPS measurement used electrospray ionization
(ESI), and this produced small droplets of about 150 nm in
diameter. The narrow size distribution of these droplets led to
a narrow particle peak for the virus at !40 nm (Fig. 6b). This
value is in excellent agreement with the EM data. In contrast,
GDVNs used at the LCLS produced much larger droplets, and
did so over a broader size range (between about 800 and
2000 nm). Larger droplets from GDVNs trap more nonvola-
tile contaminants than smaller drops from ESI. The signifi-
cantly broader size distribution of the particles imaged at the
LCLS (Fig. 5b) was attributed to nonvolatile contaminants
present in the sample. These contaminants show up clearly as
a strong peak at !10 nm in the ESI data (Fig. 6b). The
sharpness of this !10 nm peak indicates a narrow size distri-
bution for droplets produced by the electrospray process in
the SMPS spectrometer. Assuming that these droplets were
150 nm in diameter, the volumetric fraction of impurities in

these droplets is estimated to be
0.0003. Extrapolating the volume
fraction of contaminants to 800–
2000 nm initial droplets, one can
expect clusters with diameters of
53–130 nm, similar to the size
distribution in Fig. 5(b).

This result emphasizes the
need to keep the sample in an
ultrapure buffer that only
contains volatile species.
However, for most biological
samples it is difficult to maintain
the native state and stability of
the particles in such minimal
buffers. An alternative is to

research papers

IUCrJ (2017). 4, 251–262 Benedikt J. Daurer et al. $ Imaging bioparticles with femtosecond hard X-ray pulses 257

Figure 5
Classification of hits based on fitting to a sphere diffraction model. (a)
Distribution of particle sizes and incident photon intensities shown as a
two-dimensional histogram. The solid/dashed grey lines indicate the same
detection/classification limits as described in Fig. 2. The size of a diameter
bin was chosen to be 4 nm, while in the intensity direction 50 bins have
been logarithmically distributed between 109 and 1013 photons mm#2. (b)
Distribution of particle sizes (integrated inside the red rectangle along
the vertical direction) shown as a histogram with a bin size of 2 nm and a
Gaussian kernel density estimation (KDE) with a bandwidth of 0.025.

Figure 6
(a) Negatively stained EM image of OmRV particles in a buffer of ammonium acetate. (b) Size distribution
measured using SMPS spectrometry.

Table 2
Estimates for the FWHM of the reconstructed beam in the focus for
different assumptions of beamline transmission.

The corresponding low-intensity limit (the largest distance from the beam
axis) is given for each reconstruction.

Transmission (%) FWHM (nm) Sampled radius (mm)

1 117 0.72
10 369 2.27
20 522 3.2
30 639 3.9

2015 CXI @ 5.5 keV 

Nanofocus

• Fitted max fluence of about 1e12 ph/μm2 or 0.9 mJ/μm2

Daurer, B. J. et al. IUCrJ 4, 251–262 (2017).

PARTICLE SIZE AND PHOTON FLUENCE



Simulating Rubisco at AMO (LCLS)

‣ 1 keV 
‣ 15 μJ/μm2 
‣ 1400 scattered 

photons

SIMULATIONS BASED ON 
EXPERIMENTALLY 
MEASURED PARAMETERS

Hantke, M. F., Ekeberg, T. & Maia, F. R. N. C. Condor: a simulation tool for flash X-ray imaging. J. Appl. 
Crystallogr. 49, 1356–1362 (2016). 



‣ 1 keV 
‣ 300 μJ/μm2 
‣ 19000 scattered 

photons

SIMULATIONS BASED ON 
DAY 1 SQS PARAMETERS

Simulating Rubisco at SQS (EuXFEL)

Hantke, M. F., Ekeberg, T. & Maia, F. R. N. C. Condor: a simulation tool for flash X-ray imaging. J. Appl. 
Crystallogr. 49, 1356–1362 (2016). 



FIRST SINGLE PARTICLE 
EXPERIMENTS AT THE 

EUROPEAN XFEL



the LCLS pulses. The X-ray energy was 1.80 keV (6.9-Å wavelength)
and the pulse length was 70 fs (full-duration at half-maximum). The
X-ray beam diameter at the interaction point was about 10mm (full-
width at half-maximum), with a maximum of 1.6 3 1010 photons per
square micrometre in the centre of this beam. This translates to a peak
power density of 6.5 3 1015 W cm22. Forward-scattered diffraction
patterns were recorded on a pair of pnCCD detectors12. The direct beam
exited through an opening between the two detector halves and was
absorbed in a beam dump behind the detectors (Fig. 1). The detector
pair was placed 564 mm away from the interaction point, giving
maximum full-period resolutions of 10.2 nm at the edges and 7.2 nm
at the corners of the compound detector at 1.8-keV photon energy.

Figure 2a, b shows single shot X-ray diffraction patterns of individual
mimivirus particles, and Fig. 2c shows a transmission electron micro-
graph of a single mimivirus particle. Each of the diffraction patterns
contains about 1,700,000 scattered photons. The lowest-resolution data
are missing between the two detector halves, so the total number of
scattered photons exceeds this number. Figure 2d, e shows autocorrela-
tion functions calculated from the diffraction patterns. Missing low-
resolution data act as a high-pass filter. For an object of extent D, the
extent of its autocorrelation is 2D and the diffraction intensities are
band-limited with a Nyquist rate of 1/2D. The size and shape of the
autocorrelation functions in Fig. 2d, e are indicative of hits on single
virus particles. Figure 2f, g shows the reconstructed exit wavefronts for
these mimivirus particles. The shapes and sizes of the reconstructed
objects agree with data from prior cryo-electron microscopy studies in
which 30,000 images were averaged7. In contrast, the reconstructed
structures in Fig. 2f, g come from single shots from single particles,
and demonstrate the power of this new imaging concept1.

We performed image reconstruction by iterative phase retrieval
implemented in the Hawk software package16, using the RAAR algo-
rithm17 enhanced with both reality and positivity constraints. The sup-
port was handled by a Shrinkwrap algorithm18 with the constraint of
having a specific area that was estimated from the autocorrelation func-
tion. Weakly constrained modes in the reconstructions were identified
and removed, using the formalism of ref. 19. This is a linear algebra
method to compensate for noise, or the lack of constraints in the missing
central region of the pattern. The uncertainty in the overall density was
less than 10% after the identification and removal of the unconstrained
modes. We then fitted these modes to match the total density of a
spherical or a suitably rotated icosahedral profile. The missing modes
were adjusted to give a total density that best matched the target.

Residual phase fluctuations were then suppressed by averaging many
reconstructions, using different random seeds. The results gave
improved image reliability. For details, see Methods.

We estimated the image resolution in the reconstruction by com-
puting the phase retrieval transfer function2,20 (PRTF; Fig. 2h, i), which
represents the confidence in the retrieved phases as a function of
resolution. No consensus has emerged so far on what single PRTF
value should be used as the measure of resolution (values between
0.5 and 0.1 can be found in the literature; see Methods). We characterize
resolution by the point where the PRTF drops to 1/e (ref. 20), and this
corresponds to a full-period resolution of 32 nm in both cases. We
expect significantly higher resolutions in such experiments with shorter
and brighter photon pulses focused to a smaller area.

In principle, resolution could reach less than 1 nm in a single expo-
sure with a biological object of similar size to the mimivirus particle3.
This resolution would require a free-electron laser pulse shorter than
about 5 fs at 1.8-keV energy and a photon flux on the sample of more
than 3 3 1011 photons per square micrometre3. This pulse length and
photon flux are beyond the initial capabilities of the LCLS, although
there have already been indications of nearly transform-limited LCLS
pulses lasting only a few femtoseconds and containing about 5 3 1011

photons per pulse in the unfocused beam21.
With very short pulses, exposures could be over before there is time

for significant Auger emission or for the development of secondary
electron cascades in the sample1. The conventional handicap of X-rays
relative to electrons in imaging could thus be reversed and made into a
net gain over a broad range of sample sizes. First experiments at the
LCLS show a significant drop in the photoelectric cross-section of
hollow atoms22. This effect was predicted earlier1, but it is larger than
expected and can already be measured with LCLS pulses 20–80 fs in
duration22. The results show photoabsorption decreased 20-fold in
hollow neon to equal the cross-section of coherent scattering22. In
addition, neon ions with double core holes had an extended lifetime22.
At 1.8-keV photon energy, more than 90% of the total photoelectric
cross-section of carbon, nitrogen and oxygen can be attributed to 1s
electrons. Ejection of these electrons at the beginning of an intense and
short pulse could practically stop photoionization without signifi-
cantly changing the elastic cross-sections of outer-shell electrons.

We see no measurable sample deterioration. With the X-ray pulses
used in this study, the explosion of micrometre-sized objects is hydro-
dynamic3 and the sample burns from the outside inwards, rarefying and
destroying outer contours first. Trapped electrons move inwards to neu-
tralize an increasingly positive core, and leave behind a positively charged
outer layer, which then peels off over some picoseconds23. The recon-
structed exit wavefront of the mimivirus particle shows well-defined outer
contours and gives a sample size consistent with the intact virus capsid
(we do not expect to see the thin viral fibrils at the length scales accessible
here). Other studies of protein nanocrystals24 at the LCLS at 0.9-nm
resolution show no measurable deterioration of Bragg peaks during illu-
mination with pulses similar to those used here. The size of these protein
nanocrystals was similar to the size of the mimivirus particles.

At this stage, it is unclear how reproducible is the interior structure
of mimivirus particles (or that of any other viral particles) in terms of
atomic positions, and this will need further study. The viral inner
capsid consists of a thin protein shell (about 7 nm thick) lined with
phospholipid membranes. The structure of the protein shell seems to
be reproducible to at least 6.5 nm resolution7. Figure 2d, e suggests an
inhomogeneous interior structure for the virion. The interior structure
does not necessarily follow the pseudo-icosahedral outer shape (the
capsid is believed to have a single, five-fold symmetry axis7).

The penetration depth of X-rays permits studies on the interiors of
large objects. The methods applied here require no modifications to
the sample such as staining, freezing, sectioning, radiolabelling or
crystallization, and can also be used to image cells that are alive at
the time of the exposure. The amount of missing data can be reduced
by adding an additional detector pair behind the first pair. Another

Aerosol sample injector

10–6 mbar

LCLS X-ray pulses Detector assembly

Beam
dump

Figure 1 | The experimental arrangement. Mimivirus particles were injected
into the pulse train of the LCLS at the AMO experimental station13 with a
sample injector built in Uppsala. The injector was mounted into the CAMP
instrument12. The aerodynamic lens stack is visible in the centre of the injector
body, on the left. Particles leaving the injector enter the vacuum chamber and
are intercepted randomly by the LCLS pulses. The far-field diffraction pattern
of each particle hit by an X-ray pulse is recorded on a pair of fast p–n junction
charge-coupled device (pnCCD) detectors12. The intense, direct beam passes
through an opening in the centre of the detector assembly and is absorbed
harmlessly behind the sensitive detectors. Some of the low-resolution data also
go through this gap and are lost in the current set-up.
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Aerosol sample  
injector

EuXFEL Beam 
9.2 keV

Interaction region 
15 μm focal spot

5.5 m detector distance

Mimivirus

AGIPD detector

The development of serial femtosecond crystallography
(SFX) using intense femtosecond-duration pulses from X-
ray free-electron lasers has opened up new avenues for the

measurement of macromolecular structures and macromolecular
dynamics. SFX has found particular application for room tem-
perature measurements using micron-sized and smaller protein
crystals, time-resolved studies of biomolecular dynamics at phy-
siologically relevant temperatures, and the measurement of
radiation-sensitive structures1–7. The pressing challenge facing
serial crystallography has been ef!ciently measuring diffraction
data from the large number of individual micro- or nanocrystals
required for the serial crystallography approach. Now, the new
European X-ray Free-Electron Laser (EuXFEL) is the !rst X-ray
free-electron laser capable of delivering X-ray pulses with a
megahertz inter-pulse spacing, a peak pulse rate four orders of
magnitude higher than previously possible8. However, to date, it
has been unclear whether it would indeed be possible to measure
high-quality structures using an XFEL beam with a microsecond
X-ray pulse separation. Here, we show that high-quality struc-
tures can indeed be obtained using 1.1 MHz repetition rate pulses
from the European XFEL using currently available operating
conditions (September 2017 and March 2018, proposal p2012).
We present two complete data sets, one from the well-known
model system in crystallography, lysozyme and the other from a
so far unknown complex of a !-lactamase from Klebsiella pneu-
moniae involved in antibiotic resistance. This result opens up the
possibility of SFX structure determination at a far higher rate than
previously possible, enabling the ef!cient measurement of the
evolution and dynamics of molecular structures using megahertz
repetition rate pulses available at this new class of X-ray laser
source.

Ultra-short and extremely intense X-ray pulses from XFELs
can outrun X-ray-induced damage processes to obtain practically

unperturbed structures before the onset of sample explosion9,10.
"Diffraction before destruction" has enabled the recent develop-
ment of SFX at FELs using sub-micron-sized crystals at room
temperature using doses far exceeding conventional radiation
damage limits11,12. To date, SFX measurements have been limited
by facility pulse repetition rates to measuring at 120 frames
per second or 8 ms between pulses13–15. The EuXFEL design
produces bursts of X-ray pulses at a megahertz repetition rate,
repeating at 10 Hz frequency (Fig. 1). At the current EuXFEL,
intra-bunch repetition rate of 1.1 MHz the pulse spacing is less
than 1 "s, nearly four orders of magnitude shorter than previously
available8. The decreased time between X-ray pulses enables the
EuXFEL to deliver more pulses per second while maintaining the
same X-ray peak power, but simultaneously poses several chal-
lenges for SFX. Exposed samples must clear the X-ray interaction
point in less than 1 "s before the arrival of the next X-ray pulse
requiring sample to be delivered four orders of magnitude faster
than previously required. Additionally, detecting full-frame dif-
fraction patterns with megahertz pulse repetition rates requires a
totally new class of detector. Further complicating matters, the
high dose deposited by a single FEL pulse can cause the jet to
explode. This creates a void which must also clear the interaction
point before the next X-ray pulse arrives. The explosion has been
observed to send a shock wave back up the liquid column under
certain conditions16, while high levels of ionization produced in
a small area also create free electrons which can damage as
yet unexposed sample. Any of these effects could damage the
incoming protein crystals resulting in either modi!cation of the
molecular or crystalline structure, possibly preventing structural
information to be acquired from diffraction measurements
altogether.

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

AGIPD detector

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

This experiment:
    15 and 30 frames at 1.1 MHz
    150 and 300 frames per second

Be lensesBursts of X-ray pulses at 1.1 MHz

European XFEL pulse structure 900 ns
(1.1 MHz)

100 ms
(10 Hz)

3D-printed
nozzle

Crystal suspension

Helium gas

FEL pulse

Je
t f
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w
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/s

)

Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5

(147 ns) (1027 ns) (1907 ns) (2787 ns) (3667 ns)

Fig. 1 Megahertz serial crystallography. Pulses from the European XFEL were focused on the interaction region using a set of Beryllium lenses. Protein
crystals in crystallization solution were introduced into the focused XFEL beam using a liquid jet of 1.8 µm diameter moving at speeds between 50m/s and
100m/s. Diffraction from the sample was measured using an AGIPD, which is capable of measuring up to 3520 pulses per second at megahertz frame
rates. In-situ jet imaging (inset) showed that the liquid column does explode under the X-ray illumination conditions of this experiment using a jet with a
speed of 100m/s, but that the liquid jet recovered in less than 1 !s to deliver fresh sample in time for arrival of the next X-ray pulse. Images and movies of
jets at different speeds are included in the supplementary material

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-06156-7

2 NATURE COMMUNICATIONS | �(2018)�9:4025� | DOI: 10.1038/s41467-018-06156-7 | www.nature.com/naturecommunications

Megahertz single-particle imaging
European XFEL - Experiment SPB 2013

Sobolev et al. Communications Physics 3, (2020).



Distribution of distances between hits in the same train

Distance between hits
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1617 18 19 20 21 22 23 2425 26 27 28 29

Experimental Ideal, with uniform hit distribution

INJECTION CAPABLE OF HANDLING THE MHZ REPETITION RATE

CONSECUTIVE HITS ARE ABOUT AS LIKELY AS EXPECTED FROM A UNIFORM HIT DISTRIBUTION



DSSC detector for more images!
…and hexagonal pixels!



PnCCD single pixel histogram

0 photon peak

1 photon peak (1200 eV)

fluorescence peak ~300-550 eV



High-repetition rate 3D X-ray Imaging of Single Proteins
European XFEL - Experiment SQS 2601



High-repetition rate 3D X-ray Imaging of Single Proteins
European XFEL - Experiment SQS 2601



HOW MANY PHOTONS DO WE REALLY NEED?
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Cryo-EM  
Minimal Dose1

1.5 e/Å2 or equivalently 
1.5x1013 ph/μm2

1. Zheng, W. et al. Refined Cryo-EM Structure of the T4 Tail Tube: 
Exploring the Lowest Dose Limit. Structure 25, 1436-1441.e2 (2017). 
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1.0 e/Å2 ≈1.0x1013 ph/μm2
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Cryo-EM  
Minimal Eq. Dose 1.5x1013 ph/μm2
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Neutze el al. (2000) 3.8x1014 ph/μm2

25x
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Cryo-EM  
Minimal Eq. Dose 1.5x1013 ph/μm2
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Neutze el al. (2000) 3.8x1014 ph/μm2

25x

Nanofocus CXI@LCLS 1.0x1012 ph/μm2

15x

XFELS ARE STILL WEAK!

38
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HOW MANY PHOTONS DO WE REALLY NEED?
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Cryo-EM  
Minimal Eq. Dose 1.5x1013 ph/μm2

30

Neutze el al. (2000) 3.8x1014 ph/μm2

Nanofocus SPB-SFX@EuXFEL 1.35x1013 ph/μm2

BUT THINGS ARE IMPROVING!
SQS@EuXFEL 0.5x1013 eq. ph/μm2

3x
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From here

To here
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