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Length scale



Structure & Function

Barty, Küpper, Chapman, Ann. Rev. Phys. Chem. 64, 415–435 (2013)

Chang, Horke, Trippel, Küpper, Int. Rev. Phys. Chem. 34, 557–590 (2015); arXiv:1505.05632 [physics]

Moving beyond the static picture; relate molecular structure to bio-function
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Watching chemistry 
with atomic spatial (100 pm) and temporal (10 fs) resolution

Introduction Relevance of molecular structure and dynamics

Recording the molecular movie – the ultimate dream

Imaging chemical reactions of single molecules

with atomic resolution in real time

Jochen Küpper (CFEL, DESY, UHH) Molecular Sciences 16. & 18. August 2016 14 / 96



Controlled Molecule Imaging
Toward a microscopic understanding of molecules at work



Atomic-resolution imaging of ultrafast chemical dynamics



The ‘Quantum Molecular Movie’



Spatially separated indole-water dimer



(pre)dissociation,  
τ ~ 40 ps

UV, 266 nm 
excitation

internal conversion,  
τ ~ 150 fs

What could be happening?
Ion-imaging of ultrafast dynamics in pure indole-water-dimer sample

cf. Sobolewski, Domcke, Computational studies of the photophysics of hydrogen-bonded molecular systems, J. Phys. Chem. A 111, 11725  (2007)

ππ*

S0
water (S0) & indole (S0)

πσ*
?

Water acts as molecular sunscreen!
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The ‘Quantum Molecular Movie’



Structure and dynamics of large biomolecules and nanoparticles
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large nanoparticles and viruses 

single proteins

single proteins

small peptide

 small molecules (e.g., NH3, H2O)

small nanoparticles

nm

Top-down and bottom-up approaches toward 
molecular-physics studies of proteins. 



Mass

Robinson PNAS 2019

Single particle 
microscopy 
techniques.

Scanning mobility 
particle sizer.

Size

Tools

Structure

Gruner PNAS 2014

https://www.mi.fu-berlin.de/biocomputing/index.html



X-ray crystallography 

Defining property of a crystalline material is that 
it is periodic in space 
scattering of X-rays from a crystal lattice, 
Bragg’s law

This is the condition for the constructive interference of waves which have an angle of incidence 
θ to a set of lattice planes a distance d apart.

Path difference between 
two rays reflected from
adjoining planes



Crystallography: structures of molecules

Lonsdale, Proceedings of the Royal Society of London A 123, 494 (1929)

Crowfoot, Bunn, Rogers-Low, Turner-Jones in Clarke, Johnson, Robinson, (eds.) “Chemistry of Penicillin” Princeton University Press, pp. 310–67 (1949)

The Nobel Prize in Chemistry 1964 
was awarded to Dorothy Crowfoot Hodgkin 

"for her determinations by X-ray techniques of  
the structures of important biochemical substances."

The Nobel Prize in Physiology or Medicine 1962 was 
awarded jointly to Francis Harry Compton Crick, 

James Dewey Watson and Maurice Hugh Frederick 
Wilkins "for their discoveries concerning the 
molecular structure of nucleic acids and its 
significance for information transfer in living 

material."



Todays X-ray crystallography 

11.3. Experimentelle Methoden zur Strukturbestimmung 417

Abb. 11.25. Max von Laue. Aus A. Feldman, P. Ford: Er-
finder und Wissenschaftler (Hans Kaiser Verlag, Klagenfurt
1980)

Da (11.21) für beliebige Gitterpunkte, d. h. für belie-
bige Kombinationen der ganzen Zahlen m1, m2, m3
gelten muss, kann dies nur erfüllt werden, wenn die

Röntgenröhre

Blende

Drehkristall

Photoplatte

Abb. 11.26. Anordnung zur Messung der Röntgen-Beugung
an einem Einkristall mithilfe des Drehkristall-Verfahrens
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Abb. 11.27. Zur Herleitung der Laue-Gleichungen. ŝ0 und ŝ′
sind die Einheitsvektoren in Einfalls- bzw. Streu-Richtung

Bedingungen

∆a = a · (ŝ0− ŝ′) = (m/m1)λ= h ·λ ,

∆b = b · (ŝ0− ŝ′) = (m/m2)λ= k ·λ ,

∆c = c · (ŝ0− ŝ′) = (m/m3)λ= l ·λ (11.22)

mit h, k, l ganzzahlig erfüllt sind.
Sind (α0,β0, γ 0) die Winkel der Einfallsrichtung

gegen die a, b, c-Basisvektoren und (α,β, γ) die der
Streurichtung, so erhält man aus (11.22) die Laue-
Gleichungen

cosα0− cosα = h ·λ/a ,

cosβ0− cosβ = k ·λ/b ,

cos γ 0− cosγ = l ·λ/c . (11.23)

Bei vorgegebener Einfallsrichtung (α0,β0, γ 0) wird
für eine bestimmte Wellenlänge λ in der Richtung
(α,β, γ ) konstruktive Interferenz erreicht. Dort er-
scheinen in der gestreuten Strahlung Intensitätsmaxima
(Laue-Reflexe, Abb. 11.28).

Zusammen mit der Gleichung ŝ′2 = 1 ergeben sich
vier Gleichungen für die vier Bestimmungsgrößen λ,
α, β, γ . Dies zeigt, dass bei gegebener Kristallstruk-
tur (a, b, c) nur für eine bestimmte Wellenlänge λ
ein Reflex in einer bestimmten Richtung (α,β, γ ) zu
beobachten ist.

Man kann deshalb zwei verschiedene experimen-
telle Verfahren wählen:

a) Entweder wird die Einstrahlrichtung s0 gegen die
Kristallachsen festgelegt. Dann gibt es nicht für
jede Wellenlänge konstruktive Interferenz. Man
muss deshalb ein spektrales Kontinuum einstrahlen,
sodass immer geeignete Wellenlängen λ vorhanden
sind, für die es Laue-Reflexe gibt, oder

Demtröder, Experimentalphysik 3

Beamline P11 @ Petra3, DESY



Todays X-ray crystallography 

One can solve protein structures to <2Å 
resolution from crystals <1 mm in size.

Laue diffraction from photoactive yellow protein, 10 exposures, ~3700 reflections



Todays X-ray crystallography 

Protein Data Bank statistics (as of March 2017)

But there are a few things crystallography cannot do / struggles with:

• Not every molecule (esp. proteins) crystallises, especially into such 
comparatively large crystals!


• Radiation damage - the same crystal is bombarded for many 
exposures with hard x-rays that can damage the structure


• ultrafast dynamics (except some special cases)



X-ray sources and the FEL revolution



The European XFEL

Max. electron energy 17.5 GeV

Wavelength 0.05 - 4.7 nm

Pulse duration < 100 fs

Photons / pulse 1012

Peak brilliance 5 x 1033

Pulses / second 27.000,000



X-ray sources and the FEL revolution

~1010

• More incoming photons → more scattered photons

• Do not require the huge amplification from large 

crystals anymore

• Very short pulses enable time-resolved studies (Note: 

synchrotrons typically have ~100 ps pulses)

• Higher coherence beams for novel quantum-optics 

experiments 


• BUT: the huge intensity destroys samples - in a single 
shot!
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Serial femtosecond crystallography (SFX)

Chapman et al., Nature 470, 73 (2011)

• The much higher x-ray intensities allow the use of much smaller crystals (100s of nm)

• Sample destruction issue is solved by providing a new (but identical) crystal every shot

• Every crystal only exposed to one x-ray pulse

• If the x-ray pulse is short enough, the diffraction image is recorded before the sample gets destroyed by the high intensity pulse

“Diffraction before Destruction”

photon energy of the X-ray pulses was 1.8 keV (6.9-Å wavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). An X-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700 MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016 W cm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30 MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.

The front detector module, located close to the interaction region,
recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, with N 2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.

Figure 3a shows strong single-crystal diffraction to the highest
angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities
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Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.

LCLS X-ray pulses 

Liquid jet

Interaction 
point

Rear pnCCD
(z = 564 mm)

Front pnCCD
(z = 68 mm)

200 μm

Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10 m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.

RESEARCH LETTER

7 4 | N A T U R E | V O L 4 7 0 | 3 F E B R U A R Y 2 0 1 1

Macmillan Publishers Limited. All rights reserved©2011

Nanocrystals delivered in a 
thin liquid jet

Front detector for high-
resolution scattering

Rear detector for low-
resolution scattering

(shape transform of crystal)



Serial femtosecond crystallography (SFX)

Chapman et al., Nature 470, 73 (2011)

photon energy of the X-ray pulses was 1.8 keV (6.9-Å wavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). An X-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700 MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016 W cm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30 MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.

The front detector module, located close to the interaction region,
recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, with N 2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.

Figure 3a shows strong single-crystal diffraction to the highest
angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities
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Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.
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Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10 m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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• The much higher x-ray intensities allow the use of much smaller crystals (100s of nm)

• Sample destruction issue is solved by providing a new (but identical) crystal every shot

• Every crystal only exposed to one x-ray pulse

• If the x-ray pulse is short enough, the diffraction image is recorded before the sample gets destroyed by the high intensity pulse

photon energy of the X-ray pulses was 1.8 keV (6.9-Å wavelength), with
more than 1012 photons per pulse at the sample and pulse durations of
10, 70, and 200 fs (ref. 13). An X-ray fluence of 900 J cm22 was achieved
by focusing the FEL beam to a full-width at half-maximum of 7mm,
corresponding to a sample dose of up to 700 MGy per pulse (calculated

using the program RADDOSE14) and a peak power density in excess of
1016 W cm22 at 70-fs duration. In contrast, the typical tolerable dose in
conventional X-ray experiments is only about 30 MGy (ref. 1). A single
LCLS X-ray pulse destroys any solid material placed in this focus, but
the stream replenishes the vaporized sample before the next pulse.

The front detector module, located close to the interaction region,
recorded high-angle diffraction to a resolution of 8.5 Å, whereas the
rear module intersected diffraction at resolutions in the range of 4,000
to 100 Å. We observed diffraction from crystals smaller than ten unit
cells on a side, as determined by examining the data recorded on the
rear pnCCDs (Fig. 2). A crystal with a side length of N unit cells gives
rise to diffraction features that are finer by a factor of 1/N than the
Bragg spacing (that is, with N 2 2 fringes between neighbouring Bragg
peaks), providing a simple way to determine the projected size of the
nanocrystal. Images of crystal shapes obtained using an iterative phase
retrieval method15,16 are shown in Fig. 2. The 3D Fourier transform of
the crystal shape is repeated on every reciprocal lattice point. However,
the diffraction condition for lattice points is usually not exactly satisfied,
so each recorded Bragg spot represents a particular ‘slice’ of the Ewald
sphere through the shape transform, giving a variety of Bragg spot
profiles in a pattern; these are apparent in Fig. 2. The sum of counts
in each Bragg spot underestimates the underlying structure factor
square modulus, representing a partial reflection.

Figure 3a shows strong single-crystal diffraction to the highest
angles of the front detector. The nanocrystal shape transform is also
apparent in many patterns at the high angles detected by the front
detector, giving significant measured intensities between Bragg peaks
as is noticeable in Supplementary Fig. 3a. These mid-Bragg intensities
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Figure 2 | Coherent crystal diffraction. Low-angle diffraction patterns
recorded on the rear pnCCDs, revealing coherent diffraction from the structure
of the photosystem I nanocrystals, shown using a logarithmic, false-colour
scale. The Miller indices of the peaks in a were identified from the

corresponding high-angle pattern. In c we count seven fringes in the b*
direction, corresponding to nine unit cells, or 250 nm. Insets, real-space images
of the nanocrystal, determined by phase retrieval (using the Shrinkwrap
algorithm15) of the circled coherent Bragg shape transform.
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Figure 1 | Femtosecond nanocrystallography. Nanocrystals flow in their
buffer solution in a gas-focused, 4-mm-diameter jet at a velocity of 10 m s21

perpendicular to the pulsed X-ray FEL beam that is focused on the jet. Inset,
environmental scanning electron micrograph of the nozzle, flowing jet and
focusing gas30. Two pairs of high-frame-rate pnCCD detectors12 record low-
and high-angle diffraction from single X-ray FEL pulses, at the FEL repetition
rate of 30 Hz. Crystals arrive at random times and orientations in the beam, and
the probability of hitting one is proportional to the crystal concentration.
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low-resolution data



Serial femtosecond crystallography (SFX)

Chapman et al., Nature 470, 73 (2011)

• The much higher x-ray intensities allow the use of much smaller crystals (100s of nm)

• Sample destruction issue is solved by providing a new (but identical) crystal every shot

• Every crystal only exposed to one x-ray pulse

• If the x-ray pulse is short enough, the diffraction image is recorded before the sample gets destroyed by the high intensity pulse

© Tom White, CFEL

Visualisation of diffraction intensities from 15k patterns

Reconstructed molecular structure 

(Photosystem I)



Coherent diffractive imaging CDI
(Single particle imaging SPI)

Chapman et al., Nature 470, 73 (2011)

• SFX allows structure determination of many systems that previously could not be studied

• But it still relies on (albeit very small) crystals…can we image isolated molecules/particles?



Coherent diffractive imaging CDI
(Single particle imaging SPI)

Barty, Küpper, Chapman; Annu. Rev. Phys. Chem. 64, 415 (2013)

For 3D reconstruction we need images from many orientations of an identical object!
many identical objects in known orientations

• Image a single object (molecule, 
nanoparticle) at a time


• Recover the orientation from the recorded 
pattern afterwards


• Sample different orientations “randomly”

• Image an ensemble of identical objects at 
a time


• Make sure all object are aligned in a 
known way


• Change alignment of objects to sample 
orientation space

Pro:

• no need for alignment 

Con:

• orientation recovery not trivial (might 

require a-priori knowledge)

• orientation recovery requires a certain 

number of scattered photons in each 
diffraction pattern 

Pro:

• Can have scattering from many objects

• No need for difficult orientation recovery 

Con:

• Need to align all objects in a well-

defined and controlled fashion



Single particle imaging (SPI)

Seibert et al, Nature 470, 78 (2011)

Ekeberg et al, PRL 114, 098102 (2015)

For 3D reconstruction we need images from many orientations of an identical object!
many identical objects in known orientations

gas flow, gas pressure and the type of gas used in the injector. These
parameters are tunable and can be optimized to match samples. The
diameter of the particle beam can be measured either by capturing
particles on a slide (‘dusting’) and then measuring the profile of the
dusting spot with a microscope or by scanning the particle beam
across the narrow X-ray beam and measuring hit ratios as a function
of beam position. Figure 2b demonstrates the good pointing stability
of the particle beam. The injector was aimed at a microscope slide,
where a narrow particle tower was produced in a short time
(Fig. 2b). During data collection, the microscope slide was
removed from the beam path to intercept free-flying particles with
the LCLS. This sample handling technique delivers particles
without any container and allows us to illuminate a truly isolated
particle without appreciable scattered background (Fig. 2c).

The fraction of pulses that hit at least one particle (total hit ratio R)
can be estimated from the experimental parameters. We assume that
non-interacting particles arrive randomly in the interaction volume at
a constant flux (a Poisson process) and find that R can be expressed as

R = 1 − exp
−Fd2x−ray
vpdp

( )

where dx-ray and dp are the X-ray and particle beam diameters,
respectively, F is the particle flux, and vp is the particle velocity.
This formalism holds for the case where the particle beam is wider

than the X-ray beam. In the present experiment F = 6 × 106 s−1,
dx-ray = 5 µm, vp = 10 m s−1 and dp = 10 µm, and the equation
predicts a hit ratio of ∼80%, which is in good agreement with the
experimentally measured value of 79%.

Due to the difficulties of deconvolving hits on multiple particles
in a single exposure, we work with hits on single particles only. In
our Poissonian model, the ratio Rn of hits containing exactly n
particles can be estimated as a function of the total hit ratio R as

Rn =
ln 1

1−R

( )n·(1 − R)
n!

The theoretical maximum hit ratio for single hits is 1/e≈ 36.8% and is
reached at a total hit ratio of 1–1/e≈ 63.2% (Fig. 2d). At our measured
total hit ratio of 79%, the expected single hit ratio is 33%.

Data collection
Far-field diffraction patterns were recorded on a pair of fast p–n
junction charge-coupled device (pnCCD) detectors30 at the 120 Hz
repetition rate of the LCLS. The intense primary beam passed
through a narrow gap between the two detector halves and was
absorbed in a beam dump at a distance behind the detectors. The
X-ray pulses contained 2.2 × 1012 photons/pulse on average at a
photon energy of 1,096 eV (1.131 nm wavelength). Pulses were
focused to a spot of ∼5 μm in diameter (full-width at half-
maximum) at the interaction point, giving 6.8 × 1010 photons µm−2

in the centre of the beam, assuming a Gaussian beam profile. The
pulse length was 120 fs long (full-duration at half-maximum). The
detector was placed 741 mm downstream from the interaction
point. The maximum full-period resolution at the edge of the
detector was 21.5 nm and 15.2 nm at the corners. The experimental
geometry assured that the field of view (5.5 µm × 5.5 µm) covered
the extent of the focus. In this configuration, the linear oversampling
ratio7,31 for a ∼100 nm object is 50-fold. This allowed us to perform
direct phase retrieval from the measured diffraction intensities.
Objects that are smaller than 210 nm give rise to a central diffraction
speckle that is large enough to extend beyond the gap between
the detector halves and fall on active areas of the detector. For
particles smaller than 210 nm, low-resolution modes5,32,33 were
well constrained by the diffraction data.

Electronic noise was estimated from dark frames (Fig. 2c) and was
found to be uniform and stable, fluctuating within a standard devi-
ation of ∼2 photons per 4 × 4 binned pixel only. When the X-ray
laser was switched on, the background increased due to photon
noise from the beam line (Fig. 2c). This photon background did
not change measurably when running the injector with the volatile
buffer solution or when analysing ‘misses’ between hits during
sample injection (Fig. 2c). These results suggest that microdroplets
evaporate completely during injection and that the vapour of the
volatile buffer provides a negligible contribution to the overall
photon background. The greatly reduced photon background
(4,000 photons per exposure, or less than 0.004 photons per pixel,
if spread equally) allowed us to achieve on average 2,600 times
more scattering from the sample than from beamline components.
A photon background of 4,000 photons per exposure is quite
remarkable, considering that the intensity of the incoming X-ray
pulse is about one billion times higher than the total photon
background on the detector.

A total of 86,945 exposures were recorded in 12 min, containing
68,810 hits at a 79% hit ratio. This gives an average of ∼50,000
particles passing between two hits at the 120 Hz repetition rate of
the LCLS. Most of the hits were faint. Detailed data analysis was
therefore restricted to the brightest 30% of all hits (21,000 exposures).

At the 79% hit ratio achieved in this study, a significant fraction
of all exposures captured several spatially separated particles simul-
taneously (labelled as multiple hits in Fig. 2d). Such multiple hits
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Figure 1 | The experimental set-up to image aerosolized carboxysomes.
a, An aerosol particle injector delivers a focused stream of carboxysomes
into the beam of the X-ray laser. Particles are hit in unknown orientation by
the X-ray pulses. Diffraction patterns are recorded with a pnCCD X-ray area
detector30 downstream of the interaction region. The intense primary beam
passes through a gap between the two detector halves and is absorbed in a
beam dump at a distance behind the detectors. b, Size distribution of purified
carboxysome particles in solution before aerosolization. Particle size was
measured by nanoparticle tracking analysis (NTA). The bin size was 1 nm
and the sample concentration was 1.2 × 1011 particles ml−1. NTA identified a
single peak, at a diameter of 115 ± 26 nm, showing a broad Gaussian size
distribution. Inset: electron micrograph of isolated carboxysomes.
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necessary improvement is to increase the dynamic range of the detec-
tors. In our experiments, there were shots extending to significantly
higher resolutions than those reported here but they contained too
many saturated pixels at low angles (more missing modes), prevent-
ing image reconstruction. With reproducible samples, where the experi-
ment can be repeated on a new object, a three-dimensional data set can
be collected, and the resolution extended (even from weak individual

exposures) by merging redundant data25–29. Studies of virus particles
with higher-intensity photon pulses and improved detectors could
answer the question of whether the core is reproducible to subnano-
metre resolution or whether the viral genome has the ‘molecular indi-
vidualism’ that genomic DNA structures explore in vitro30.
Note added in proof: In a previous study31, synchrotron radiation was
used to obtain X-ray diffraction data on a herpes virus.
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Figure 2 | Single-shot diffraction patterns on single virus particles give
interpretable results. a, b, Experimentally recorded far-field diffraction
patterns (in false-colour representation) from individual virus particles
captured in two different orientations. c, Transmission electron micrograph of
an unstained Mimivirus particle, showing pseudo-icosahedral appearance7.
d, e, Autocorrelation functions for a (d) and b (e). The shape and size of each
autocorrelation correspond to those of a single virus particle after high-pass
filtering due to missing low-resolution data. f, g, Reconstructed images after
iterative phase retrieval with the Hawk software package16. The size of a pixel
corresponds to 9 nm in the images. Three different reconstructions are shown
for each virus particle: an averaged reconstruction with unconstrained Fourier

modes19 and two averaged images after fitting unconstrained low-resolution
modes to a spherical or an icosahedral profile, respectively. The orientation of
the icosahedron was determined from the diffraction data. The results show
small differences between the spherical and icosahedral fits. h, i, The PRTF for
reconstructions where the unconstrained low-resolution modes were fitted to
an icosahedron. All reconstructions gave similar resolutions. We characterize
resolution by the point where the PRTF drops to 1/e (ref. 20). This corresponds
to 32-nm full-period resolution in both exposures. Arrows mark the resolution
range with other cut-off criteria found in the literature (Methods). Resolution
can be substantially extended for samples available in multiple identical
copies1,25–28.
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requires the assembly of diffraction patterns from many
identical copies of a reproducible object. Many of the
applications of 2D imaging so far have been dealing with
cells or other particles where each sample is structurally
unique. Second, there is no way to directly measure the
orientation of the sample when it is hit by the x-ray pulse.
Instead, the orientation of each sample particle has to be
recovered from the noisy signal of the diffraction patterns.
Solving these problems not only gives more information

about the sample by presenting the structure in 3D; it is also
a necessity for extending the signal from weakly scattering
samples such as proteins and small viruses. For these
samples the scattering from a single particle may be too
weak for reconstructing a 2D projection image, and
increasing the signal-to-noise ratio (SNR) by merging
many patterns could allow for phasing even in this case.
A solution to the orientation problem was proposed

by Duane Loh and Veit Elser with the expand, maximize
and compress (EMC) algorithm [10] which was verified for
simulated diffraction patterns in the original publication.
Later the algorithm was also tested for an artificial sample
[11]. This paper presents the first application of the
algorithm to a biological sample.
We used mimivirus (Acanthamoeba polyphaga mimivi-

rus) particles [12–14] in this study. The mimivirus is one of
the largest known viruses. The viral capsid is about 450
nanometers in diameter and is covered by a layer of thin
fibers. A 3D structure of the viral capsid exists [14], but the
3D structure of the inside is currently unknown.
Experimental Setup and Data Preprocessing.—

Mimivirus particles were aerosolized and then focused to
a narrow particle stream using an aerodynamic lens. The
beam of particles was intersected with the pulse train of
the Linac Coherent Light Source (LCLS). Diffracted light
was collected on a detector placed 0.7 m downstream of
the interaction region. At this distance the diffraction
signal obeys the Fraunhofer approximation. Mimivirus
particles that were not hit by the FEL were shown to
remain infectious after the injection process, suggesting
that they were not harmed by the injection process. A
detailed description of the setup can be found in the
Supplemental Material [15]. A total of 198 diffraction
patterns were selected and preprocessed, and a subset of 25
of these is shown in Fig. 1. Pattern selection and prepro-
cessing is explained in the Supplemental Material [15].
Orientation Recovery.—Three-dimensional structure

determination requires the assembly of many 2D diffraction
patterns into an internally consistent 3D Fourier volume.
A diffraction pattern represents an Ewald-sphere slice
through the 3D Fourier transform of the electron density.
Since each particle is randomly orientated when exposed
to the x-ray pulse, the relative orientations of the particles
have to be retrieved from the diffraction data alone. This
was done using a modified version of the EMC algorithm
[10]. This algorithm has been verified for simulated data

[10] and has been experimentally tested using artificial
“nanorice” particles at a resolution that is too low to permit
phase retrieval [11].
In the EMC algorithm a 3D diffraction space is iteratively

updated to comply with the experimental data in the three
steps: expand, maximize and compress. In the expand step
the current diffraction space is expanded into tomograms by
taking slices through the diffraction space at a discrete
sampling of all rotations. In the maximize step all tomo-
grams are compared to all experimental diffraction patterns
by calculating the probability of detecting the experimental
pattern while treating the tomograms as expectation values.
New tomograms are then created by summing together all
diffraction patterns weighted by the respective calculated
probability. In the compress step a new 3D diffraction space
is assembled from the new tomograms.
For this study we introduce a new similarity function in

the maximize step that is based on a Gaussian model:

LðK;MÞ ¼
Y

i

e
−ðMi−KiÞ2

2σ2
i ð1Þ

whereK is the diffraction pattern,M is the slice through the
3D diffraction space, i is the pixel index and σi is the
standard deviation of the Gaussian. We set σi ¼ A

ffiffiffiffiffiffi
Mi

p

where A is a constant. This similarity function balances
well the contribution from the few high-intensity central
pixels and the numerous low-intensity outer pixels.
The photon fluence at the particle is unknown in this type

of experiment since neither the exact profile of the x-ray
pulse nor the exact position of the particle in the beam is
known [6]. The fluence therefore needs to be recovered
from the diffraction pattern in the EMC process just like the
orientation of the particles.
We used a variation of the method described in [11] with

the following two key differences: (i) A new fluence is
calculated for each comparison between a diffraction

FIG. 1 (color). Shown are 24 of the 198 diffraction patterns that
were included in the analysis. The central region is missing due to
a hole in the detector that lets the beam through. Patterns were
selected having signals beyond 83 nm−1 but not saturating the
detector.
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pattern and a slice through Fourier space instead of using
one fluence per pattern; (ii) the calculation of the fluence
maximizes the likelihood function under the new distance
metric given in Eq. (1). The fluence ϕ is thus given as

ϕðK;MÞ ¼
P

iK
2
i =MiP
iKi

: ð2Þ

Regions that lacked data, such as the beam stop area, had
to be masked out for the analysis. We used a common mask
for all diffraction patterns since the size and shape of the
mask would otherwise bias the distance metric. The mask
used was the union of the masks of the individual patterns.
Figure 2 shows the three-dimensional assembly of the

diffraction patterns in the orientations recovered from the
data and intensities properly scaled by the recovered
fluence. The probability of achieving a full coverage of
fourier space from 198 diffraction patterns is calculated in
the Supplemental Material [15] to be 99.999991%. To
verify this full coverage all slices were also assembled,
giving each a thickness of one Shannon pixel. The
assembled space contained no uncovered regions, meaning
that the number of diffraction patterns was enough.
Phase Retrieval.—Noncrystalline objects produce over-

sampled diffraction patterns from which phases can be
directly recovered in an iterative process [16] where two
constraints are sequentially enforced. The first constraint is
that the Fourier amplitudes have to be consistent with the
collected data. The second constraint is to enforce a known
upper size limit of the sample.
We use an advanced version of the above algorithm

called the hybrid input output (HIO) algorithm [17] imple-
mented in theHAWK software package [18] and enhanced by
a positivity constraint [19]. The support was handled by a
Shrinkwrap algorithm [19] with the constraint to have a
specific area. The result was refined with 1000 iterations of
the error reduction (ER) algorithm [16].

The average Fourier error [20] was 0.019, and the ave-
rage real-space error [20] was 0.0048. The reconstruction
did not suffer from weakly constrained modes [21], mean-
ing that the missing information in the center of the
diffraction patterns could be completely recovered. This
conclusion is based on an analysis method described in [7].
The iterative phase retrieval was repeated 200 times with
independent random starting phases. Real-space error,
Fourier-space error and unweighted pairgroup method with
arithmetic mean (UPGMA) clustering show only one
outlier. The average of the 199 successful and similar
3D reconstructions is shown in Fig. 3. No symmetry was
imposed during the assembly of the 3D data set. Object
symmetry was instead recovered from the measured dif-
fraction data in the EMC process. The map reveals an
asymmetric internal structure with a shift of density to one
side of the particle along a pseudo-fivefold axis.

FIG. 2 (color). The assembled three-dimensional diffraction
space. (a) The first ten patterns are shown in their best recovered
orientations. Each diffraction pattern represents a slice through
the squared modulus of the 3D Fourier transform of the electron
density. (b) All 198 diffraction patterns plotted with a section cut
out to show the central part of diffraction space. Diffraction
symmetry and object symmetry can be directly recovered from
the measured diffraction data in the EMC process.

FIG. 3 (color). Reconstructed electron density. (a) The electron
density of the mimivirus is recovered to a full-period resolution of
125 nm. The figure shows a series of isosurfaces, where blue
represents denser regions and white represents lower density. The
reconstruction shows a nonuniform internal structure, and the line
indicates the pseudo-fivefold axis. (b) A projection image of the
recovered electron density. (c) A slice through the center of the
recovered electron density.
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ALS: towards single proteins

Top down approach



Atomic-resolution coherent-x-ray-diffractive single-particle imaging

Barty, Küpper, Chapman, Ann. Rev. Phys. Chem. 64, 415–435 (2013)

Chang, Horke, Trippel, Küpper, Int. Rev. Phys. Chem. 34, 557–590 (2015); arXiv:1505.05632 [physics]

Sample conditions 
• in vacuum
• identical
• intact, ‘native’
• high density
• synchronized to XFEL pulses

29



Our approach towards optimal sample

Efficient creation of isolated nano-objects. 

Control techniques to optimize the particle beam. 

Shock-freezing using cryogenic cooling techniques. 

Where we are going…..
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Aerosolization techniques

Beyerlein et al., Rev. Sci. Instrum., 86, 125104 (2015)   Bielecki et al., Science Advances, 5, 5 (2019)

Gas-focused liquid jet

ElectrosprayElectrospray 

Gas-focused liquid jet

31



Differential Mobility Analyser (DMA) and particle counter

32



ALS: towards single proteins

hydrodynamic focusing

Efficient creation of isolated proteins directly from buffer solution

Ferritin Bovine Serum Albumin (BSA)

Electrospray

Differential Mobility Analyser (DMA)

Condensation Particle Counter (CPC)

Ferritin 
(OD ~ 13 nm)

BSA 
(OD ~ 7 nm)

Worbs, Lübke, Estillore, Samanta, Küpper, in preparation
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Aerosolization and particle beam formation

Beyerlein, Adriano, Heymann, Kirian, Konska, Wilde, Chapman, Bajt, Rev. Sci. Instrum. 86, 125104 (2015)

Roth, Awel, Horke, Küpper, J. Aerosol. Sci. 124, 17-29 (2018) arxiv:1712.01795 [physics.flu-dyn]

Aerosolisation

Injection

1 µm x-ray focus
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Particle beam formation: Importance

Beyerlein, Adriano, Heymann, Kirian, Konska, Wilde, Chapman, Bajt, Rev. Sci. Instrum. 86, 125104 (2015)

Roth, Awel, Horke, Küpper, J. Aerosol. Sci. 124, 17-29 (2018) arxiv:1712.01795 [physics.flu-dyn]
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nanoparticles

x-ray focus

Smaller x-ray focus
100 nm Need: smaller particle beam



Aerodynamic-lens-injectors for generating particle beams

Beyerlein, Adriano, Heymann, Kirian, Konska, Wilde, Chapman, Bajt, Rev. Sci. Instrum. 86, 125104 (2015)

Roth, Awel, Horke, Küpper, J. Aerosol. Sci. 124, 17-29 (2018) arxiv:1712.01795 [physics.flu-dyn]

a b c

d

Aerosolisation Injection
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ALS with gold simulation and experimental comparison

10 million diffraction patterns (Eu-XFEL, P2160)

3D diffraction pattern of octahedral 
nanoparticles

Optica Vol. 8, Issue 1, pp. 15-23 (2021)
First experiment with the optimised lens

Worbs, Lübke, Estillore, Samanta, Küpper, in preparation

gold octahedra (35 nm edge length)
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Pump-probe experiments

• coherent plasmon excitation followed by electron-electron 
scattering and electron-phonon coupling 

• energy is dissipated into different phonon modes and a 
symmetric breathing mode on ps timescale  

• the breathing mode modulates the particle size by ~1% 

•  monitored by optical transient absorption spectroscopy (in 
solution) 

• the breathing mode frequency is size dependent 

• the plasmon damping rate depends on the local environment.

Proposed experiment: 
Recording structural dynamics of electronically excited gold nanoparticles (AuNPs)

Direct imaging of this structural dynamics: Optical-pump (400 nm) x-ray-probe (4.5 nm)
38



Recording structural dynamics of electronically excited gold nanoparticles

simulated diffraction patterns for 40nm AuNP

Static sample (40 nm) Excited sample (40.4 nm) Difference image

Goal: Record molecular movie by changing the pump-probe delay
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Recording structural dynamics of electronically excited gold nanoparticles

Direct imaging of this structural dynamics: Optical-pump (400 nm) x-ray-probe (4.5 nm)
D
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Time delay (ps)

At different pump laser intensity
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ALS: towards single proteins

Top down approach
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ALS: towards single proteins
Focusing plot for 20 nm polystyrene spheres in  optimised ALS particle beam diameter ~ 80 um

Brownian motion 
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Problem of focussing small particles, effect of Brownian motion

Ask Lena on 20 nm PS data  with and without Brownian motion

How we can reduce the Brownian motion??

Focusing plot for 20 nm polystyrene spheres in  optimised ALS with and without Brownian motion
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Cryogenic buffer gas cooling
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Cryogenic buffer gas cooling

Buffer gas cooling

Buffer gas cooling of bio-nanoparticles: 
1. Fast freezing of nanoparticles preserving their native state. 
2. Better utilisation of control techniques 

•Better hydrodynamic focusing/beam formation (high density) 
• Conformer seperation/electrostatic deflection techniques 
• Laser-induced alignment 

3. Time resolved measurements,  
•Better starting point! 
•Trapping reaction intermediates!

Sample  
preparation

Singh, Samanta, Roth, Gusa, Ossenbrüggen, Rubinsky, Horke, Küpper, Phys. Rev. A 97, 032704 (2018)

Temperature Characterization
Multiphoton ionisation of NH3
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Similarity to supersonic expansion molecular beams

e.g., van de Meerakker, Bethlem, Meijer, Nature Phys. 4, 595 (2008)

 

0 500 1,000 1,500

seeded
beam

P ~10–5 mbar P ~10–8  mbar

thermal
distribution

velocity (ms–1)

P ~1 bar
Properties of supersonic expansions

Rapid cooling of:

• translation

• rotation

• vibration

directly cooled through 
collisions in the expansion

cooled through coupling 
to the translations

→Convert random thermal energy 
into directed (forward) motion

vmax =

r
5RT0

m
for ideal gas:

tells you something 
about typical 
coupling 
strengths…

Typical achieved temperatures:

• translation ~ 0.1 K

• rotation ~ 1 K

• vibration < 50 K
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Similarity to supersonic expansion molecular beams

e.g., van de Meerakker, Bethlem, Meijer, Nature Phys. 4, 595 (2008)

Rapid cooling of:

• translation

• rotation

• vibration

directly cooled through 
collisions in the expansion

cooled through coupling 
to the translations

main factor cell 
length (number of 
effective collision)

Typical achieved temperatures:

(temperature of helium, 4 K)

• translation ~ 4 K

• rotation ~ 4 K

• vibration ~ 4 K

Buffer gas cooling
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Cryogenically shock-frozen focused and selected bio-nano-particles
Experimental setup

Gas-dynamics virtual nozzle

Stable jetting

Droplet formation

Electrospray

Samanta, Amin, Estillore, Roth, Worbs, Horke, Küpper, arXiv:1910.12606 [physics.bio-ph]

Worbs, Lübke, Roth, Samanta, Horke, Küpper, Opt. Express 27, 36580-36586 (2019) arXiv:1909.08922 [physics.optics]
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Light-sheet imaging for the recording of transverse absolute density 
distributions of gas-phase particle-beams from nanoparticle injectors

Worbs, Lübke, Roth, Samanta, Horke, Küpper, Opt. Express 27, 36580-36586 (2019) arXiv:1909.08922 [physics.optics]49



Light-sheet imaging for the recording of transverse absolute density 
distributions of gas-phase particle-beams from nanoparticle injectors

Worbs, Lübke, Roth, Samanta, Horke, Küpper, Opt. Express 27, 36580-36586 (2019) arXiv:1909.08922 [physics.optics]50



Light-sheet imaging for the recording of transverse absolute density 
distributions of gas-phase particle-beams from nanoparticle injectors

Worbs, Lübke, Roth, Samanta, Horke, Küpper, Opt. Express 27, 36580-36586 (2019) arXiv:1909.08922 [physics.optics]51



Cryogenically shock-frozen, focused, and selected bio-nano-particles
— polystyrene spheres —

sSamanta, Amin, Estillore, Roth, Worbs, Horke, Küpper, arXiv:1910.12606 [physics.bio-ph]52



Cryogenically shock-frozen focused and selected bio-nano-particles
Granulovirus occlusion body

Helium Flow rate (mln/min)

Analysis yields  
hydrodynamic diameter 

of 320±20 nm

265 nm × 265 nm × 445 nm
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Cryogenically shock-frozen focused and selected bio-nano-particles
Cooling rates

cf. Shoemaker, Ando, Biochemistry 57, 277 (2018)

Newton’s law of cooling: Tt = THe + (T0 − THe)e−hA/C with {A area
C heat capacity

lysozyme
5 nm
10 nm
50 nm
100 nm
200 nm

Time (µs)

• Shock freezing occurs on a few-microsecond timescale 
• every single particle at a time 

• No external parameters:  
• layer thickness, distribution, temperature gradient, etc. 

cf. plunge freezing
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Optimizing the shape of the buffer-gas-cell
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Conclusions & outlook

conformer
separation

+
–

aerodynamic
 focusing

Buffer gas cooling

separation (small molecules): Chang, Horke, Trippel, Küpper, Int. Rev. Phys. Chem. 34, 557–590 (2015); arXiv:1505.05632 [physics]

Aerosolization
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