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Interdisciplinary research with the use of X-ray free electron lasers in the fields of 
physics, materials sciences, chemistry and biology.

- principles of operation and radiation properties of XFEL sources,

- X-ray interaction with matter

- basic x-ray research techniques 

- examples of XFELs applications in:
- protein crystallography, 

- photochemistry, 

- dynamics of atomic and electronic structure of materials, 

- magnetism 

- matter under extreme pressure and temperature conditions, 

- non-linear x-ray optics etc.

- the instrumentation used in XFEL facilities

What will it be about…
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1. What are XFELs?

2. How XFEL radiation is
generated?

3. Main properties of the XFEL 
radiation

4. XFELs in the world - comparison

5. Typical XFEL applications

6. New XFEL technologies

Outline
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XFELs – general layout

21.10.2024
Science with X-ray Free Electron Lasers 

(XFELs)
4

source: xfel.eu



XFELs of the World
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source: xfel.eu



XFELs vs 
lasers and synchrotrons
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Temporal
resolution

Order 

Spatial resolution

High

Low

Short

Long

CoherencePulse duration

source: xfel.eu



XFELs vs 
lasers and synchrotrons
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Electrons in 
molecules / 
Valence and 

conduction electrons

Core-shell electrons
ionisation

0.1 – 10 keV10 meV – 10 eV

Pulse duration
Wavelength / Photon energy

source: xfel.eu



X-ray sources: X-ray tubes
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source: www.radiologycafe.com



X-ray sources: Laser-produced
plasma
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DOI: 10.1007/BF02874624



X-ray sources: HHG
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DOI: 10.1038/s42005-020-0355-x

Ar

Ne



Synchrotron radiation
discovery
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27.04.1947 General
Electric Research Laboratory- first
observation of synchrotron radiation

Synchrotron radiation
discovery
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DOI: 10.1103/PhysRev.71.829.5



Electric field of a static charge
vs. electromagnetic wave
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Static electric field Electromagnetic wave

webbtelescope.org



Radiation of an accelerating
charged particle – Purcell method
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High Energy astrophysics. An Introduction. 
T. J.-L. Courvoisier (2013) Springet

physics.weber.edu/schroeder/mrr/MRRtalk.html



Electric field – charge at const. 
velocity
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https://uspas.fnal.gov/resources/tutorials/physics-demos.shtml



Radiation of an accelerating
charged particle – Purcell method
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Edward M. Purcell „Electricity and Magnetism”



Electric field – dipol radiation
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𝐼𝑡~ 𝐸𝑡
2~sin2 𝜃

https://uspas.fnal.gov/resources/tutorials/physics-demos.shtml

K. Wille, Univ. Dortmund



Radiation of a dipole under 
relativistic conditions
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Lorentz-contraction

 ~ 1/

K. Wille, Univ. Dortmund



Electric field – charge in 
bending magnet
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https://uspas.fnal.gov/resources/tutorials/physics-demos.shtml



Electric field – charge in 
undulator
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https://uspas.fnal.gov/resources/tutorials/physics-demos.shtml



 Ne

 NW x Ne

 NU
2

x Ne

 NU
2

x Ne
2

Intensity vs. Electric field
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NU , NW = # of magnetic periods

Ne = # of electrons in a bunch

(1 nC ~ 109 – 1010 electrons)

source: xfel.eu
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Synchrotron radiation sources
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NU , NW = # of magnetic periods

Ne = # of electrons in a bunch

(1 nC ~ 109 – 1010 electrons)

source: xfel.eu



Nf ~ Ne
2 Nm

2

SASE - Self Amplified Spontaneous
Emission
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source: xfel.eu



SASE - Self Amplified Spontaneous
Emission
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𝐸 = ෍

𝑘=0

𝑁

E exp(𝑖φ 𝑘) = 𝑁𝐸 𝐼~𝐸2 = 𝑁𝐸2

𝐸 = ෍

𝑘=0

𝑁

E exp(𝑖φ) = 𝑁𝐸 𝐼~𝐸2 = 𝑁2𝐸2

Incoherent

Coherent

10.1038/nphoton.2010.239



Peak brightness of SR 
sources
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DOI: 10.1039/9781782624097-00001



For comparison
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source: xfel.eu



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Atomic spatial resolution

𝑚 = 2𝑑ℎ𝑘𝑙 sin 𝜃

source: xfel.eu



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1%

Photon energy adjusted to abosrption
edges of various elements/species

Empty

Valence

Core

Courtesy: J.Krzywinski, SLAC



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1%
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs

„Probe before destroy”

All information
in one pulse



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1%
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs

Fe membrane

Time-resolved studies
(pump-probe)



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1%
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs
Peak Power ~ sub Terawatt 

DOI: 10.1038/nphoton.2014.10

G e

Ge target irradiated with 5.6 
keV photons

Ge K-edge binding energy = 
11.1 keV

X-ray non-linear 
optics

„Warm Dense Matter”



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1%
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs
Peak Power ~ sub Terawatt 
Polarisation – linear or circular

Magnetic measurements (e.g. Kerr effect)

DOI: 10.1002/adma.202301347



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1%
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs
Peak Power ~ sub Terawatt
Polarisation – linear or circular
Spatial coherence

X-ray holography
Correlation spectroscopy

J.A.Nielsen, D. McMorrow, Elements of Modern X-ray Physics, Wiley (2011) 



Coherence
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Coherent In-coherent

Time
(longitudinal)

Space
(transversal)

Saleh, Teich, Fundamentals of Photonics , Wiley 2007



Coherent properties of SASE  
photon bunch
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3D representation of  the photon pulse exiting the undulator line 

Coherence time

Spatial coherence

Temporal coherence

Courtesy: J.Krzywinski, SLAC



XFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1%
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs
Peak Power ~ sub Terawatt 
Polarisation – linear or circular
Spatial coherence
Pulse structure

Time resolution in
micro-/milisecond domain



XFELs vs 
lasers and synchrotrons
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Temporal
resolution

Order 

Spatial resolution

High

Low

Short

Long

CoherencePulse duration

source: xfel.eu



XFELs of the World
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source: xfel.eu



European XFEL
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source: xfel.eu



EuXFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å & 2-color
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1% & seeding
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs & as
Polarisation – linear or circular
Spatial coherence
Pulse structure



EuXFEL radiation properties
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Wavelength – 50 ÷ 0.5 Å & 2-color
Photon energy – 0.25 ÷ 25 keV
Spectral bandwidth - 0.1% & seeding
Pulse energy – 1 mJ or 1011-12 photons
Pulse duration – 1- 200 fs & as
Polarisation – linear or circular
Spatial coherence
Pulse structure

+

High energy/intensity lasers
Diamond Anvil Cell (DAC) 



Biology – structure determination 
with atomic resolution
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H.N. Chapman et al., Nature 470, 73 (2011)

Serial femtosecond crystallography (SFX)

µm-size crystals
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Molecular movies
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K. Pande et al.,

Science 352, 725 

(2016)

Photo-active Yellow Protein (100 fs to 3 ps):
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Ultrafast disordering
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Science 362, 572–576 (2018)



Ultrafast demagnetization
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A.H. Reid, et al., Nature Commun. (2018) X-ray magnetic diffraction

Unstrained samples: CoPt nanoparticles

Magnetoelastic stress builds up on the sub-ps
timescale, characteristic of ultrafast demagnetization 

Stress from transiently populated phonons takes  
over on the ps timescale → reduced magn. anisotropy
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o
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• First undulator generates SASE

• X-ray monochromator filters SASE and generates seed

• Chicane delays electrons and washes out SASE microbunching

• Second undulator amplifies seed to saturation

1. J. Feldhaus et al., NIMA, 1997.
2. E. Saldin et al., NIMA, 2001.
3. Y. Ding, Z. Huang, R. Ruth, PRSTAB, 2010.
4. G. Geloni, G. Kocharyan, E. Saldin, DESY 10-133, 2010.

Courtesy: J.Krzywinski, SLAC

Self-Seeding - How to improve the 
coherence time ?
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Hard X-ray self seeding at SLAC 
2012

e- dump

Courtesy: J.Krzywinski, SLAC21.10.2024
Science with X-ray Free Electron Lasers 

(XFELs)
47



2 color XFEL
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Courtesy: J.Krzywinski, SLAC



Polarization control

Four independent rows 

of permanent magnets 

move longitudinally at 

fixed gap
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Attosecond pulses
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Further reading
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• D. Attwood and A. Sakdinwat, X-rays and Extreme Ultraviolet Radiation (Cambridge, UK 
2017), Chapter 6,

YouTube lectures: 

AST C210 EE C213 Spring 2021 Lecture 13 –YouTube

https://www.youtube.com/watch?v=v8_I4dbYyR8

AST C210 EE C213 Spring 2021 Lecture 14 –YouTube

https://www.youtube.com/watch?v=peyI6aVXua4

• Philip Willmott, SLS, PSI, „An Introduction to Synchrotron Radiation”

• K.-J. Kim, Z. Huang and R. Lindberg, Synchrotron Radiation and Free Electron Lasers: 
Principles of Coherent X-ray Generation (Cambridge, UK, 2017).

• P. Schmüser, M. Dohlus, J. Rossbachand C. Behrens, Free-Electron Lasers in the Ultraviolet 
and X-ray Regime(Springer, Heidelberg, 2014).

https://www.youtube.com/watch?v=v8_I4dbYyR8
https://www.youtube.com/watch?v=peyI6aVXua4
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