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Overview 

•  Introduction to the worldwide X-ray Free-
Electron-Laser facilities 

•  Examples of scientific applications of 
ultrabright, ultrashort (<100 fs) pulses 

•  Towards non-linear X-ray physics 

•  Conclusions 
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The promise of Free-Electron Lasers 
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Fig. 9.1. Peak brightness (number of photons per second, mm2, mrad2, and 0.1 %
bandwidth), plotted as a function of photon energy, of the X-ray free-electron lasers
LCLS (SLAC, Stanford, USA), SACLA (RIKEN, Harima, Japan), the European
XFEL (under construction in Hamburg, Germany), the SwissFEL (under construc-
tion at PSI, Villigen, Switzerland) and the PAL-XFEL (under construction at PAL,
Pohang, Korea). For comparison, the peak brightness of the soft X-ray FELs FLASH
(DESY, Hamburg, Germany) and FERMI@Elettra (ELETTRA, Trieste, Italy) is
shown, as well as the brightness achieved at the third-generation synchrotron light
sources Advanced Photon Source APS (Argonne National Lab., USA), Berliner
Synchrotron BESSY (Berlin, Germany), European Synchrotron Radiation Facility
ESRF (Grenoble, France), PETRA III (DESY, Hamburg, Germany), Swiss Light
Source SLS (PSI, Villigen, Switzerland), and Super Photonring SPring-8 (RIKEN,
Harima, Japan). We thank E. Allaria (ELETTRA), H.-D. Nuhn (SLAC), S. Reiche
(PSI), H. Tanaka (RIKEN) and J.-H. Han (PAL) for providing information. The
current status of FEL facilities worldwide is described in Ref. [10].

Here we have approximated the almost Gaussian-shaped bandwidth curve
by a rectangular bandwidth curve of equal height and area. Inserting this
expression, the spectral photon beam brightness finally reads

108! 

Unprecedented peak 
brilliance 
 
Delivered in pulses with 
~10 to ~100 fs duration, 
with 1010 to 1014 
photons / pulse 
 
Revolution in time-
dependent x-ray 
experiments 
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Elettra storage ring 

FERMI free-electron laser 
Linac Coherent Light 
Source (LCLS) 

SACLA, Japan 
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The European XFEL, Hamburg region 
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X-ray FEL’s worldwide I 

Facility FLASH, 
GERMANY 

LCLS I, 
US 

SACLA, 
JP 

FERMI,  
ITALY 

PAL-XFEL, 
KR 

DCLS, 
DALIAN, 
China 

Max. electron 
energy (GeV) 

1.25 14.3 8.5  1.5 10 0.3 

Wavelength 
range (nm) 

3-55 0.1−4.4 0.06−0.3 4 - 100 0.06−10 50 - 150 

Photons/pulse ~ 3 X 1013 ~ 1012 2 x 1011 1013 - 1014 1011−1013 1.4 X 1014 

Peak brilliance 1 X 1031 2 x 1033 1 x 1033 1031 1.3 x 1033 

Pulses/second 5000 -
(8000) 

120 60 10 (50) 60 1 - 50 

Date of first 
beam 

2000 2009 2011 2011 2016 2016/2017 
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X-ray FEL’s worldwide, II 

Facility European 
XFEL 

SWISS-FEL, 
CH 

Shanghai 
FEL I, 
China 

Shanghai 
FEL II, 
China 
 

LCLS II, 
US 
 

Shanghai
SCRF 

Max. electron 
energy (GeV) 

17.5 5.8 0.8 GeV 
(1.6) 

1.6 4 (=>8?) 8 ? 

Wavelength range 
(nm) 

0.05−4.7 0.1 – 7 3 – 10 
(2 – 40) 

1.2 – 10  0.25 – 
4.7 

Photons/pulse ~ 1012 ~3.6 X 1010 2 1011 –  
2 1010 

Peak brilliance 5 x 1033 7 X 1032 

Pulses/second 27 000 100 10 - 50 
 

10 - 50 
 

105 - 106 106 
 

Date of first beam 2017 2017/18 2019 2019 2021 ? 
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Free-electron laser “zoology” 

•  Besides the obvious difference in wavelength 
range, there are other important criteria 
differentiating the existing or projected FEL 
facilities 

 
•  Normal conducting vs. superconducting linac 

RF technology (low vs. high repetition rate) 
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Normal conducting vs superconducting RF Linacs 

•  Linacs with normal conducting RF have typically a 
repetition rate of order of  100 pulses / s 

•  Linacs with superconducting RF can have repetition 
rates from 103  up to 106 pulses/s 

•  Typical average brilliance: 
 
      ~ Peak Brilliance X Pulse duration  X N/s     
           
 
      ~  1032 X 10-13 X N/s photons/mm2/mrad2/0.1%BW  
 

Pulses/s 
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Free-electron laser “zoology”, cont. 

•  SASE (Self-Amplified Spontaneous 
Emission) vs. “Seeding”: longitudinal 
coherence, shot to shot reproducibility.  

     SASE 
   Seeded 
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Free Electron Lasers 

X-ray light 

SASE – Self-Amplified 
Spontaneous Emission 
Kondratenko, Saldin (1979) 
Bonifacio, Pellegrini, Narducci (1984) 

11 
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Spontaneous (synchrotron) vs coherent (FEL) 
radiation 
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undulator

energy
modulation / bunching

spontaneous
emission

beam
dump

photon
beam

electron beam

λ

coherent emission
saturation

Self-Amplified Spontaneous Emission (SASE) 

This cartoon is too optimistic! Cannot have a single coherent domain. 
Reason: light from the back of the bunch travelling throughout undulator can 
only influence electrons ahead over a „cooperation length“ Nund λ, where 
Nund is the number of periods in undulator (typically several thousands) and  
Nund λ << bunch length.  
 
European XFEL: Nund  ~ 4 000, bunch length up to 45 µm, λ ~ 0.1 nm 
 
So, number of incoherent domains ~ 45 µm / (4 000 0.1 nm) ~ 100 domains 
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Simulations of SASE FEL‘s 

European XFEL at 
λ ∼ 0.1 nm (M. Yurkov) 

LCLS at λ ∼ 1 nm  
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Properties of SASE and of seeded FEL 

•  SASE FEL radiation has excellent transverse 
coherence properties but very poor longitudinal 
coherence properties 

   (longitudinal coherence = monochromaticity) 
 
•  Poor reproducibility shot to shot (intensity, spectral 

distribution, spike structure, pointing direction) 
 
•  Cure for longitudinal coherence = “Seeding” by 

external laser source  (VUV to very soft x-rays) or 
by “Self seeding” (harder x-rays). Produces high 
spectral stability, intensity fluctuations still present 
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„Seeding“ by High Gain Harmonic Generation 

gun

linear accelerator

seeding
light-source

amplified radiation

e-beam

modulator

planar APPLE II

radiator

compressor
seed laser

5λ
HGHG

λ



Max Planck Institute for the Structure and Dynamics of Matter 

„Self-seeding“ for shorter wavelengths x-rays 

Manipulate electron and 
photon beams 

Spontaneous emission 

Amplified radiation 
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Seeding with 260 nm laser 

FERMI@ Elettra, Trieste 
 
L. Giannessi et al., 
Proceedings of FEL2017 
Paper MOD04 

E. Allaria et al., Nature Photonics 6, 699 (2012)   
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X-ray FEL’s, present and future 

SASE, possibly 
self-seeded 

     Seeded 

 
Normal Cond. 

LCLS I,  
SACLA,  
PAL-XFEL,  
Swiss-FEL 

FERMI@Elettra, 
Dalian CLS, 
Shanghai FEL I 
Shanghai FEL II? 

 
Supercond. 

FLASH,  
European XFEL, 
LCLS II,  
LCLS II (HE), 
Shanghai SCRF-FEL 
 

FLASH upgrade? 
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Scientific interest of ultrabright, ultrashort (<100 fs) pulses 

  “Molecular movies” 

  Beating radiation damage: ”Diffraction before Destruction” 

  “Snapshot” view of the liquid state 

 



Max Planck Institute for the Structure and Dynamics of Matter 

“Pump – probe” experiments 

    - Interrogate 
system by the 
XFEL beam, at time 
Δt after triggering a 
process by the 
pump optical laser 
beam. 

    - By varying pump-
probe delay Δt 
record a “molecular 
movie” 

 

Δt

(After C. Bostedt et al., Rev. Mod. Phys. 88, 015007 (2016)) 

(THz, IR, visible…) 
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Molecular Movies 
Laser induced isomerization 

of cyclohexadyene (CHD) 

Time resolution affected by a) pulse duration  
    b) synchronization & jitter 
Realistic limit  ~ 50 fs 

Low-spin – High-spin transition 
in TM bypiridines via 
electronic excitation 
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Pump: 60 fs laser  
 

Two time scales:  
One is << 1 ps 
One is ~ 10 ps 

Ultrafast demagnetization by fs laser pulses:  
a puzzle since more than 20 years 
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Ferrimagnetic Iron-Gadolinium 

Gd24Fe66.5Co9.5 

 410 fs,  6.5 ps 

280 fs,  4.1 ps 

LCLS, SLAC 
Stanford 
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 XFEL Synchrotron 

 Credits: www.slac.stanford.edu 

Beating radiation damage: Diffraction before Destruction 
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Synchrotron  XFEL 

 Credits: www.slac.stanford.edu 

Beating radiation damage: Diffraction before Destruction 
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Synchrotron  XFEL 

 Credits: www.slac.stanford.edu 

Beating radiation damage: Diffraction before Destruction 
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Synchrotron  XFEL 

 Credits: www.slac.stanford.edu 

Beating radiation damage: Diffraction before Destruction 
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   Beating radiation damage: Diffraction before Destruction 

Synchrotron  XFEL 

 Credits: www.slac.stanford.edu 
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Serial Femtosecond crystallography 

Henry Chapman et al. 
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Actual LCLS beamtime photo 

Credit: Josè M. Martin Garcia, ASU 
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“Movie” of  V-ATPase 
 

Zhao, J., Benlekbir, S. & Rubinstein, J. L. Nature 521, 241–245 (2015) 
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Science 352, 725 (2016): molecular 
movie 
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PYP molecular movie 

Top: front view; bottom: sideview 
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Photosynthesis, from solar photons to hydrocarbons 

Photosystem II is a 700 kDa protein complex, through which the 
following reaction takes place in plants, algae, bacteria..: 
 
        2 H2O + 4 hν  =>  Ο2 + 4H+ + 4 e- 

 

Evolves into the atmosphere 

Travel separately to 
recombine elsewhere 
and power chemical 
reactions 

   The energy of the four photons is 
delivered to the OEC “oxygen 
evolving complex”, Mn4CaO5, where 
most of the action seems to take 
place 

X. Wei et al., Nature 2016,  
doi:10.1038/nature18020 
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The Kok Cycle: how does it work? 
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X-ray Diffraction from liquids 
 

   Liquid 
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X-ray diffraction from liquids… 

Slow, incoherent… Fast, coherent => Speckles! 
 “Hologram” 
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J. Sellberg et al., Nature 510, 381 (2014) 

41 

LCLS 

Droplet size ~9 to 37 µm 

Diffuse 
scattering 
from liquid 

Bragg peaks from ice 
crystallites down to ~12 nm 
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K.H. Kim et al., Science 358, 1589 (2017) 

Exploring the supercooled 
(metastable) water phase diagram 
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T = 235 K T = 340 K 

High-density structure 
Low-density structure 

Simulations of Water Structure 

Wikfeldt J. et al., Chem. 
Phys. 134 (2011) 214506 

10.6 nm 

43 
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Towards Non-linear X-ray Physics 

Nicolaas Bloembergen, Physics 
Nobel Laureate in 1981 

Non-linear effects in IR and 
visible detected after invention of 
lasers 
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From N. Bloembergen, Rev. Mod. Phys. 54, 685 (1982) 

Examples of non-linear processes 
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Basic scattering processes 

 Absorption 

i f

Inelastic Scattering 

i f

Elastic scattering 

fi
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Calculating transition probabilities 

•  The way forward: 
 
Assume we have, in principle, a description of 
the energy levels and the eigenstates of 
electronic matter:  Hel  
 
Assume we have, in principle, a description of 
the energy levels and the eigenstates of the free 
E.M. field:  Hrad  
 
We can try to calculate the probability of 
transitions between different states of these two 
systems induced by their interaction: Hint 
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A practical implementation 

H'1 H'2 

H'3 

H'4 
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Perturbative  calculation of transition rates 
 
•  Fermi’s “golden rule”: 

w =
2π


f H

int
i +

f H
int
n n H

int
i

Ei −Enn

∑ +...
2
δ(Ef −Ei )

The idea behind is that Hint is “small”, that 1st order is (either 
zero or) bigger than 2nd, that is bigger than 3rd …. 
 
Linear physics: stop at the first (non-vanishing) order 

1st order 2nd order Higher orders 
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Elastic, 
non-res 

Inelastic, 
Non-res. 

Elastic 
Resonant 

Inelastic, 
Resonant  

 H’_1 Thomson/
Bragg 
scattering 

Compton, 
Raman, 
S(q,ω) 

H’_2 Orbital 
magnetic 
scattering  

Resonant 
Elastic 
(REXS: 
charge, 
spin, 
orbital 
order…) 

Absorption, 
XMCD, 
Emission, 
Res. Inelastic 
(RIXS) 

H’_3 Spin 
Magnetic 

H’_4 Spin 
Magnetic 
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Ultra-intense, coherent very short pulses 

•  Examine how the implementation of this 
program is affected by the unconventional 
features of X-ray free-electron laser 
pulses: 

 
– High intensity 
– Time  duration in the Δ t << 1 ps regime 
– Spatial coherence  
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Perturbative  calculation of transition rates 
 
•  Fermi’s “golden rule”: 

w =
2π


f H

int
i +

f H
int
n n H

int
i

Ei −Enn

∑ +...
2
δ(Ef −Ei )

The idea behind is that Hint is “small”, that 1st order is (either 
zero or) bigger than 2nd, that is bigger than 3rd …. 
 
Linear physics: stop at the first (non-vanishing) order 

1st order 2nd order Higher orders 
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•  Physically, verify that the physical action of the radiation on the     
electronic system is small, and cannot affect the structure of the 
energy levels drastically. 

•  Compare the electric field of the radiation to    
     the atomic electric field. 

 

What does it mean “the perturbation is small”? 

Erad 

Eat  = -grad  V 
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Estimate of the atomic electric field 

Field inside an atom: 
 Eat  ~  e/a2

B = 27.2 V/aB ~ 5.2 X109 V/cm 
 
(Remember: aB ~ 5 X 10-9 cm 
e2 / aB ~ 2 Ryd = 1 Hartree ~ 27.2 eV) 
 
Let’s compare this with the radiation field in 
relevant cases 
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Radiation electric field: synchrotron case 

•  Suppose your synchrotron  beamline delivers 1011  
    ~ 1 keV photons/s on a µm2 spot, typically in ~106 pulses,     

     each ~10 ps long: 

•  I = energy/unit area & unit time = 105 X 103 eV/ 10-19 cm2s= 1027 eV /cm2 s.  
 

 
 

•  Energy/unit volume: = I / c = (1027 eV /cm2 s) / 3 1010 cm/s 

   = 3.3 1016 eV/cm3                               (1/4π) <E2> (gaussian units) 

   = 3.3 1016 (e/aB) (V/cm3) aB           
          
   < Erms  > ~ 105 V/cm  << Atomic field ~ 5 X 109 V/cm 

1 cm2 

c X 1 s = 3 X 1010 cm 

27.2 V 



Max Planck Institute for the Structure and Dynamics of Matter 

LCLS Stanford, experimental results 
(2010) 
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Radiation electric field: X-ray FEL case 

•  Synchrotron 105 ~1 keV photons/ 10-11s on a µm2 
spot 

•  X-ray FEL  1013 ~1 keV photons / 7 10-14 s on a 
µm2 spot 

 
Synchrotron:     X-ray laser: 

 < Erms  > ~ 106 V/cm                        < Erms  > ~ 1010 V/cm  
 

<Eat > ~ 5 X109 V/cm 
 



Max Planck Institute for the Structure and Dynamics of Matter 

High-field ionization regime 
 

Well known  
from ultra-high  
power lasers! 

? 
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Strong-field ionization theory of Keldysh, 
1964 
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No tunnel ionization at x-ray frequencies! 

a 

I eV 

b 

To tunnel, the electron takes a 
time ~ τ, because  it must go 
through a distance b and  its 
velocity is of order: 

v ~


ma
~

I

m

b ~
I

eE
rms

τ ~ b / v ~ mI
eErms

≡
2π
ωtunn

For I~10 eV,   eErms~ 1011 V/cm è  τtunn ~ 10-18 s 
X-ray ½ period at 1 keV:   τX  ~10-18 s!)  
…no time to tunnel. Keldysh parameter: 

γ ≈
ωX

ωtunn

> ~1 multi-photon 
<<  1 tunneling { 
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Multi-photon Multiple Ionization 

λ (FLASH) = 13.3 nm 

hν = 93 eV 

IP(Xe 21+) ≈ 5 keV 

Sorokin et al., PRL 99,  
213002 (2007) 

Multi-electron system: Xe  

61 

SQS Science Opportunities 

λ (LCLS) = 0.8 nm 

hν = 1.5 keV 

Rudek et al., Nat.Phot. 6,  
858 (2012) 

Xe 35+ 

Direct and/or  
sequential processes 

?? 

(Courtesy Michael Meyer) 
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Saturable absorption in Al at higher 
intensity 

FLASH  
92.5 eV photons, 15 fs pulses 
Minimum spot ~ 1.5 µm  
Al L2, L3 edges: 72.7, 73.1 
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Saturable absorption in Al at higher 
intensity 

•  Depletion of L2, L3 electrons during pulse 
depending on intensity and Auger lifetime 
( ~ 40 fs) 

 
•  Edge shift to  >93 eV for second L-edge 

ionization 
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E ~ 5  1011 V/cm, ~ 1020 W /cm2 
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Phys. Rev. Lett. 120, 133203 (2018) 
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More examples of non-linearities… 

•  …see lecture by C. Masciovecchio on 
Friday. 
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Nonlinearities, sample damage, etc… 

•  …can be a nuisance in many cases! 

 
•  “The employed average fluence of the incident 

monochromatized x-ray pulses on the sample was 30 mJ/cm2 
per pulse (1.6·1010 photons per pulse). In order to achieve 
this, the LCLS beam was attenuated by a factor of 10 with a 
gas attenuator installed upstream of the SXR beamline 
monochromator… In this way, spectral distortions observed in 
the Fe(CO)5 RIXS spectra at high peak fluences could be 
avoided ” 
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Nonlinearities, sample damage,… 

“… the front-end nitrogen gas attenuator (set at approximately 
20% transmission) was used to avoid radiation damage from 
the LCLS beam…” 
 
 
              High repetition rate (high average brilliance) can be 
very important in such cases! 
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Conclusion 

•  X-ray Free-Electron Lasers open new 
avenues for research in physics, chemistry 
and structural biology 

•  The promise of a revolution in the 
investigation of time-dependent phenomena, 
of non-linear x-ray effects, etc. raises great 
expectations and explains the worlwide 
interest in these facilities 

•  There is however a steep „learning curve“ to 
climb, for experiments and also for theory, in 
order to exploit these potentialities in full 


