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The dream of an X-ray laser has motivated the laser 
community for many decades, but quantum lasers can only 
be operated to EUV range. 
 
The history of coherent source for X-ray range began in 
1977 with the conception of the Free Electron Laser by 
John Madey.  
 
Today, XFELs are capable of operation over entire X-ray 
spectrum and of producing femtosecond fully coherent 
pulses with peak power up to 100 GW-level 
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XFELs and the place they occupy in the history 
of mankind 



XFELs 

Quantum lasers 

Vacuum tube devices 

X-ray FELs have become part of the 
vocabulary of mankind 

early 20th century  

early 21th century  
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X-ray FEL is the central subject to this talk, to be outlined in 
three separate parts as follows: 
 
(I) FEL theory results 
  
(II) Inventions 
 
(III) Applications 
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Introduction 



High gain FEL start up from noise 

A. Kondratenko and E. Saldin Part. Accel. 10, 207 (1980) 
 
In this paper, for the first time the possibility was considered of 
using high gain regime of amplification, starting from 
spontaneous emission, to reach saturation in the single pass 
infrared FEL.  
 
This paper opened up the possibility of using the same 
approach at shorter wavelengths and extend FEL to the X-ray 
region. 
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High gain FEL start from noise 
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High gain FEL start from noise 
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The history of X-ray FEL development 
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Ya. Derbenev, A. Kondratenko and E. Saldin Nucl. Instrum. 
and Methods 193 (1982) 
 
In this paper, for the first time the possibility was considered of 
using high gain FEL amplifier starting from noise, inserted in 
storage ring, to produce soft X-rays 



The history of X-ray FEL development 
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Theoretical basis for XFEL proposal 
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The first proposal of an X-ray FEL  
11 



Science fiction becomes reality 
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XFEL (1982) EXFEL(SASE3) 

Electron energy 20 GeV 10-17.5 GeV 

Undulator period 7 cm 7 cm  

Photon energy 0.25 keV 0.25 -3 keV 

Peak current 14 kA 5-10 kA 

Field gain length  ~ 2 m ~ 2 m * 

Output peak power ~ 1 TW ~ 1 TW ** 



Chronology of X-ray FEL results  
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FEL theory results 
14 

Series: Advanced Texts in Physics 
 
Paperback: 470 pages 
Publisher: Springer; Softcover reprint of hardcover 1st ed. 2000 edition  
Language: English 
ISBN-10: 3642085555 
ISBN-13: 978-3642085550 

The work of the period 1979 to 1999 is 
summarised in this monograph 



Latest XFEL theory results (2015) 
15 



The current source provides the main contribution to the radiation 
field in an FEL amplifier and the contribution of charge term is 

negligibly small 

Latest XFEL theory results (2015) 
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Exact inhomogeneous wave equation for electric field 



Inventions 

FEL literature is full of brilliant ideas that did not work… 
 
…but self-seeding is an idea that does definitely work. 
 
Self-seeding opened a route to XFEL with laser-like output 
characteristics 

 
Self-seeding works best from 5 nm down to 0.1 nm 
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1 J. Feldhaus, E.L. Saldin, J.R. Schneider, E.A. Schneidmiller, M.V.Yurkov,  
Opt. Comm., V.140, p.341 (1997) 
 
 

Self-seeding 

 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  
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 Self-seeding with a four-crystal monochromator 

Grating monochromator substituted by crystal monochromator for applications to hard x-rays 
[E. Saldin, E. Schneidmiller,  Yu. Shvyd'ko and M. Yurkov, NIM A 475 357 (2001)] 
 
Extra x-rays path due to monochromator ~1cm. Long electron bypass (tens of meters) needed 
 



Exciting new idea 

Quite surprisingly, monochromatization can be performed by an  
almost trivial setup of as few as two components: 
 
 a short (3 m-long) chicane and  
 a single crystal 
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HXRSS scheme with single-crystal 
monochromator: 

 
G. Geloni, V Kocharyan, E Saldin 

J. Modern Opt. 2011; 58:1391-14303 
 
 

Working principle  
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Working principle (I) 

Monochromatization of X-rays using a single crystal in Bragg-transmission 
geometry. 
 
Monochromator introduces no path delay of X-rays, thus avoiding the need 
for a long electron beam bypass, as required in schemes with the 
monochromator in Bragg reflection geometry 
 
The scheme is extremely compact and based on the substitution of a 
single undulator module with a weak chicane and single crystal  
 
 
 
 
  

SASE undulator 

Mono 

Weak chicane 

Output undulator 

Self-seeded 
X-ray pulse 

electrons 
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Feasibility study for LCLS  

After 11 cells 

After the Diamond crystal 

After the Diamond crystal 

Efficient seeding mechanism 
(monochromatic tail 

much larger than shot noise) 
is achieved  

 
G. Geloni, V. Kocharyan, E. Saldin 

DESY 10-133 

2.0e9 

5.0e6 
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Working principle (II) 

The monochromator hardware is constituted by a single crystal. The 
forward diffracted beam is considered. In the space-frequency domain, 

the crystal acts as a band stop filter (modulus and phase). 
Characterization of the filter needed. 

C(400) Bragg 
symmetric 



Has no zeros on the upper complex plane (so that ln[|T|] is not 
singular and we can recover the phase).  

This can be shown, proving directly that 

So, knowing |T| from e.g. 
XOP or other easily 

available programs, we 
use 

1,5x10-10 1,5x10-10 1,5x10-10 1,5x10-10 1,5x10-10
-15

-10

-5

0

5

10

15  Directly from dynamical theory
 Using kK

 

Ph
as

e 
[ra

d]

Wavelength [m]

Kramers-Kroning  

)(ηTT =

25 



Demonstration of self-seeding in hard-X-
ray free electron laser, Amman, et al.  

Nature Photonics, 
DOI:10.1038/NPHOTON 2012.180  
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Chicane 
magnet 

Bragg diagnostic with camera 

e- 

X-rays 

Diamond mono chamber 



J. Amann et al., Demonstration of self-seeding in a hard-X-ray free-electron laser,  
NATURE PHOTONICS DOI: 10.1038/NPHOTON.2012.180 (2012) 

Single-shot X-ray SASE spectrum 
compared with single-shot 
seeded spectrum at 0.15 nm for a 
40pC electron bunch 

SASE spectrum includes all 28 
undulators 

The seeding increases the 
spectral density of the FEL pulse. 

 
 

Experimental verification at the LCLS (Jan 2012) 
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FEL Spectrum - SASE & Seeded 

FWHM BW ≈ 20 eV 
(0.2%) 

FWHM BW ≈ 0.5 eV 
(0.005%) 

Diamond OUT 

Diamond IN 
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Self-Seeding X-ray FELs at LCLS, Zhirong Huang (SLAC),  
July 18, 2012, Science at FEL workshop, DESY  30 



Demonstration of self-seeding in soft-X-ray free electron 
laser, D. Ratner, et al.  

Phys. Rev. Lett, 114, 054801, 2015 
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D. Rathner talk at FEL2014 conference  
December 20, 2013 commissioning results 32 



Sensitivity to energy jitter of electron beam 

Self-seeding is sensitive to energy jitter of the electron beam 
at the LCLS 
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Seed position has a fixed wavelength! 

λ 



Sensitivity to energy jitter of electron beam 

Self-seeding is sensitive to energy jitter of the electron beam 
at the LCLS 
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Seed position has a fixed wavelength! 

λ 

No signal here! 



Self-seeding is sensitive to energy jitter of the electron beam 
at the LCLS 
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LCLS energy jitter: 0.04% ~ ρ!! 
SASE spectral jitter ~ 0.08% 
Need reduction to 0.02% 

 
…it should not  be a problem for the European XFEL  
(jitter 0.01%) 
 

Amann et al., Nature Photonics DOI: 10.1038/NPHOTON.2012.180 

Sensitivity to energy jitter of electron beam 
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1. Creation of transform-limited pulses through self-seeding 
at EXFEL 

 
2. Generation of TW X-ray pulses 

 
3. Schemes for variable X-ray polarization at EXFEL 

 
4. Possible THz pump/X-ray probe option at EXFEL  

Applications (2010-2015): four main directions 



Heat loading issues 

European XFEL pulse repetition rate ~ 27000 Hz  
compromise in the first undulator length (heat loading!) 
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SASE undulator 

Mono 

Weak chicane 

Output undulator 

Self-seeded 
X-ray pulse 

electrons 

7 segments 

 
 
Energy per pulse 25pC/0.25nC bunch                        ~  150-1500 nJ/pulse 
 

Average incident power density at normal incidence within a train: 
 300 W/mm2 (25pC) – 3000 W/mm2 (0.25nC) 

 



SASE undulator
Single crystal

Weak chicane

Uniform undulator

Self-seeded
X-ray pulse

electrons

7 cells 7 cells 11 cells

Single mode hard X-ray FEL

Single crystal

Weak chicane

Amplifier undulator

First cascade Second cascade
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Solution: cascade self-seeding 

Three-undulator setup 

Small SASE contribution: at the second filter BW nearly Fourier limited already 
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Solution: cascade self-seeding 

SASE undulator
Single crystal

Weak chicane

Uniform undulator

TW-level
Self-seeded
X-ray pulse

electrons

Output undulator

     

7 cells 7 cells 10 cells

Single mode hard X-ray FEL

Single crystal

Weak chicane

Amplifier undulator

18 cells

First cascade Second cascade

Tapered undulator

5 6 6 

9 keV 
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Applications (2015) 
43 



New opportunities for high resolution IXS  
                 at European X-ray FEL 44 
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3D single molecule imaging 
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Motivations 

Imaging of a single protein molecule… 
 

…can we solve this problem at European 
XFEL in its baseline configuration? 
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Applications (2015) 
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Simulations Flowchart 
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Motivations 
 

In this talk: consider one case study 
RNA 
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 RNA Pol II   size w ~ 15 nm 
 30000 atoms 
 Wanted resolution : 0.4 nm 



Requirements 

 Object with width w  speckles of minimal size 2π/w  
 Shannon interval ∆qs = π/w 
 Average #photons per                                               :  

 
 
 
 For our molecule: F=1013 ph/(100 nm)2  <Np> ~ 1.5 per 

Shannon pixel at 4 keV  
 To avoid damage: ~ < 5 fs long. Here we assume 4fs  
 F=1013 ph/(100 nm)2, 4fs pulse, 4keV  6mJ  1.5 TW  
 Note: 1TW at 4keV gives the same #ph as 27 TW at 12 

keV! 
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 Available with baseline SASE FELs: order of 100 GW vs. 
needed: 1.5 TW  Self-seeding + Tapering? 

 Also, we need to transport and focus: 
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KB system: 100nm spot size (ok for w ~ 15nm) 
Elliptical mirror  only one working angle     
without aberrations 
- Selected angle: 3.5 mrad  
        B4C coating between 3keV and 7keV 
        Ru   coating between 7keV and 16 keV 
- 950mm clear aperture @ 3.5mrad  
         3.3 mm available lateral aperture 
 
BUT 
 
4fs photon pulse pulse length  20pC charge  
lowest emittance shortest gain length  largest 
divergence ~ 5µrad  FWHM @ 4keV 
 
900m x 5µrad x 1.7~8mm required lateral aperture 
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Possible solution 
57 

HXRSS with special accelerator mode of operation 

Insert a slotted foil in the last chicane 
(method invented and experimentally 
proven at the LCLS) 

P. Emma, M. Cornacchia, K. Bane, 
Z. Huang, H. Schlarb, G. Stupakov, 
D. Walz (SLAC) 

PRL 92, 074801 (2004). 



Slotted foil 
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Advantage: pulse duration tunable decoupled from charge and 
hence from divergence. Here: 4fs and 12fs radiation pulse length 

1 nC 

P. Emma, M. Cornacchia, K. 
Bane, Z. Huang, H. Schlarb, G. 
Stupakov, D. Walz (SLAC) 

PRL 92, 074801 (2004). 



Self-seeding HXRSS setup 
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Self-seeding HXRSS setup 
60 

Assumes a crystal arrangement similar to that at the LCLS 



Results for the 4 fs duration case 
61 

At the crystal Tapering law 

Output 



Wavefront propagation:  
Source, 26m before the undulator exit 62 



Mirror roughness 
63 

 rms height ~ 1nm 



Wavefront propagation:  
at the focus 
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Flux calculations 
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Np  ~ 1013 

~ 1.5 .109 cm-2 

At present design 
F~ 1.5 .1022 ph/cm2 

 
This fluence  we used in our simulations 

of data processing 
 
 

  
 



Simulated diffraction data from the test object 
66 

E photons = 4.1 keV.   
Detector: 200 mm by 200 mm in size  
Detector location: 100 mm from sample.  
Detector rim  0.39 nm resolution (100 mm from sample).  
Shannon pixel size  2 mm.  
Physical Pixel array dimensions: 200 µm x 200 µm  1 Mpix 
Simulated pixel array: 200x200 (pixel size = 1mm)  s=2; b=5 

F~ 1.5 .1022 ph/cm2 F~ 0.5 .1023 ph/cm2 F~ 1.0 .1023 ph/cm2 



Real detector arrangement 

 

67 



Simulated diffraction pattern from the RNA pol II 
test objectas seen by AGIPD detector at a fluence of 
1022 photons/cm2 

Radial average of the photon counts per pixel vs. position along the 
detector in mm, starting from the center of the detector. 



(a) Central slice through the ideal intensity distribution of the RNA Pol II distribution.  
(b) Reconstructed intensities using 30,000 patterns with 4000 ph/pattern. 
(c) Same, using 300,000 patterns with 400 ph/pattern. 



Slices through reconstructed 3D intensities for uniform different background 
levels. In all cases, there were 150,000 patterns with 800 ph/pattern. At 600 
ph/pattern, the reconstruction fails in the manner shown. 



False events and noise 
71 

 Charge amplification in detectors  
Noise  

 

 Equivalent noise charge: for AGIPD less 
than  300 electrons (ENC) 

 

 1ph@4keV  1200 electrons  
 

 Assuming Gaussian-distribution random 
noise in a pix: 

 
 
  

Detector noise (intrinsic) negligible  



Feasibility of single biomolecule imaging at the      
European X-ray FEL 

Our results indicate that one can achieve diffraction without 
destruction with about 0.1 phonons per Shannon pixel per shot 
at 0.4 nm resolution with 1013  photons in a 4 fs pulse at 4 keV 
photon energy and 300 nm focus, corresponding to fluence  
1022 ph/cm2 .   
 
At signal level of 4000 ph/pattern (corresponding to incident 
fluence 1022 ph/cm2 ) background level should be <  2000 
ph/pattern 
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At this signal and background level one needs only about 
30,000 diffraction patterns to recover full 3D information. 
 
At highest repetition rate manageable by detector at 
European XFEL (~3000 per second), one is able to 
accumulate these data within a fraction of an hour, even 
assuming a relatively low hit probability of about one percent   
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1. Self-seeded European XFEL offers a unique opportunity 
for single-biomolecule imaging with high-rate of protein 
structure determination.  
 
 

2. High-repetition rates of self-seeded European XFEL 
offer a unique opportunity for sub-millivolt inelastic X-ray 
scattering for nano- and mesoscale science 

Two exciting applications of the European XFEL 
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Place where X-ray FEL was invented 
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Place of most powerful XFEL 
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Conclusion 

 
35 years ago XFELs were not even dreamt of.  
 
Now they are real and this revolution has begun with FLASH, 
LCLS, SACLA, FERMI...  
 
and will be continued with Swiss FEL, PAL, European XFEL 
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Thank you for your attention. 
Any questions? 
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