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Miao, Jianwei, et al. Science 348.6234 (2015): 530-535

History of X-ray sources

1011-13 X-ray photons in a 
single, few fs pulse

X-ray free electron lasers

are sources of intense 
X-ray coherent radiation
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More X-ray FEL facilities

LCLS SACLA

XFEL 
(in )

SwissFEL

KoreanFEL
(in construction)

FLASH

FERMI

BLUE – x-ray sources
RED – xuv / euv sources

SCSS

Chinese FEL
(two planned)

LCLS-II 
(in 

construction)

FLASH-II

Bostedt et al., Rev. Mod. Phys. 88 (2016)).
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Diffraction-before-destruction principle

Potential: High resolution imaging of non-crystaline nanospecimen
on the single particle level

Seibert et al. Nature 470, 78-81 (2011) doi:10.1038/nature09748Chapman et al. Nature Physics 2, 839–843 (2006)
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Diffraction-before-destruction imaging

Soot particles
Living cyanobacteria

van der Schot, Nat. Comm. 6:5704 doi: 10.1038/ncomms6704 (2015))

Loh, N. D., et al. Nature 486.7404 (2012): 513.

Barke, Ingo, et al. Nat. Comm. 6 (2015).

Metastable silver clusters
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Ultrafast X-ray diffraction imaging

Ultracold Ultrahot
T. Gorkhover et al, Nature Photonics 10, (2016)L.Gomez et al., Science, 22 August 2014
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Diffraction-before-destruction principle

Seibert et al. Nature 470, 78-81 (2011) doi:10.1038/nature09748

Phase problem: reconstruction of the strucuture often not 
uniquely defined

High resolution imaging of non-
crystaline nanospecimen
on the single particle level
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X-ray diffraction imaging

Inverse FFT
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reconstruction

image

Coherent X-ray diffraction imaging: 
phase information is (almost) lost, 

need for complex iterative 
algorithms
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Overcoming the phase problem

scattering

object

CCD

object

scattering

Coherent imaging diffraction Holography

Reference beam
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Eisebitt,S., et al., Nature 432, 885 (2004)

Lenseless X-ray Fourier holography

Encoding the phase information directly into the image!
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Inverse FFT

image

Lenseless X-ray Fourier holography

reference r
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Inverse FFT

image

Lenseless X-ray Fourier holography

reference r

cross correlation terms

Reconstructing the Object

2D Fourier Transform

Intensity

Fourier Transform Hologram

Tunable light source:
Energy
Polarization

object

reference
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Motivation for „in-flight“ holography

?

M. M. Seibert et al., Nature 470, 78 (2011)Eisebitt,S., et al., Nature 432, 885 (2004)

X-ray Fourier holography Single nanoparticle imaging

+
Geilhufe,J. et al., Nature Communications 5, 3008 (2014)

=
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„In-flight“ holography

M. M. Seibert et al., Nature 470, 78 (2011)Eisebitt,S., et al., Nature 432, 885 (2004)

X-ray Fourier holography Single nanoparticle imaging

+
Geilhufe,J. et al., Nature Communications 5, 3008 (2014)

„In-flight“ holography
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In-flight holography principle

Gorkhover, Tais, et al., Nature Photonics 12.3 (2018): 150.
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Streubild 

Experimental setup in LAMP

Xe cluster source

pnCCD

bio injector (Uppsala)
Mimi, Trinity viruses…

FEL,
1nm, 3mJ, 80 fs 

collaboration with groups of 
J. Hajdu, H. Chapman 

Gorkhover, Tais, et al., Nature 
Photonics 12.3 (2018): 150.
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Comparison with phase retrieval

Seibert et al. Nature 470, 78-81 (2011) doi:10.1038/nature09748

diffraction reconstruction

400 nm

with holography

without holography

Gorkhover, Tais, et al., Nature Photonics 12.3 
(2018): 150.

Mimi virus
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Inhomogeneuos sample set
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Gorkhover, Tais, et al., Nature Photonics 12.3 (2018): 150.
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missing information high noise level

Holography is robust to noise and
imperfections
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3D walk through the FEL focus

Gorkhover, Tais, et al., Nature Photonics 12.3 (2018): 150.
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Application and outlook

Catalysis

Nanoplasmonics

Nucleation dynamics
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Can we reach atomic resolution at single particle level?

2018: we can achieve d= 60-80 nm 

already there

Seiboth, F. et al. Perfect X-ray focusing via fitting corrective glasses to aberrated optics. Nat. Commun. 8, 14623 (2017)

2010

In theory, we should be able to 
achieve atomic resolution for heavy 
atoms metal 
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Can we reach atomic resolution at single particle level?

2018: we can achieve d= 60-80 nm 

already there

Seiboth, F. et al. Perfect X-ray focusing via fitting corrective glasses to aberrated optics. Nat. Commun. 8, 14623 (2017)

2010

In theory, we should be able to 
achieve atomic resolution for heavy 
atoms metal 

from X-ray
data booklet
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Eisebitt,S., et al., Nature 432, 885 (2004)

Soft X-ray synchrotron study (2004)

Encoding the phase information directly into the image!
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EUV FEL 2014- today

Imaging Ultrafast Demagnetization Dynamics after a Spatially Localized Optical Excitation
C. von Korff Schmising, B. Pfau, M. Schneider, C. M. Günther, M. Giovannella, J. Perron, B. Vodungbo, L. 
Müller, F. Capotondi, E. Pedersoli, N. Mahne, J. Lüning, and S. Eisebitt
Phys. Rev. Lett. 112, 217203 – Published 29 May 2014

Multi-color imaging of magnetic Co/Pt heterostructures
Willems, Felix, Clemens von Korff Schmising, David Weder, Christian M. Günther, Michael Schneider, 
Bastian Pfau, Sven Meise et al. Structural Dynamics 4, no. 1 (2017): 014301.
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EUV HHG source - 2017

Kfir, Ofer, et al. "Nanoscale magnetic 
imaging using circularly polarized high-
harmonic radiation." Science 
advances 3.12 (2017): eaao4641.
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Fuchs, Silvio, et al. "Optical coherence tomography with nanoscale axial 
resolution using a laser-driven high-harmonic source." Optica 4.8 (2017): 
903-906.

3D imaging still challenging
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Imaging using new properties of intense, few 
or sub-femtosecond pulses

Ideal for X-ray pulses < 1 fs


