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SASE   Free Electron Laser

Implications: radiation starts from noise

properties change from pulse-to-pulse

only partially coherent

Determination of coherence properties necessary

Young‘s double slit experiment :  Ischebeck, 2003

Vartanyants, 2008

Interference of partial beams :      Mitzner, 2008

Data averaged over several pulses



Coherence Theory
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Degree of transverse coherence



Experimental set-up

Total transmission (exp.)

13 nm / 3 mm diaphragms: 60%

24 nm / 3 mm diaphragms: 48%

• Geometrical wavefront splitting

• Grazing incidence angles

• Mirrors with carbon coating

30 to 220 eV

• 3D geometry of beam paths

Step resolution:  40 as



Realization

Wavefront beam splitter
+ high efficiency

+ cooling possible

+ high stability

- diffraction from the edge

Characterisation of FEL Beam
+ Spatial and temporal coherence

+ Pulse duration

Pump-Probe Experiments
+ Excitation of ice
+  Excitation of clusters

FEL
Fix

Var

4-axis adjustable
split ratio adjustable



Autocorrelator

step resolution:   nominal 40 as

scan range:         - 5 to + 20 ps

step control:        internally the position of the mirrors
externally by an interferometer

4 axis alignment

split-ratio between the two partial beams is adjustable

all motions under full computer control

Installation before the first mirror of the beam lines BL1 – BL3

wavelength from 20 eV to > 200 eV



Measurement

FEL

X-Ray Camera

Distance: 20 m

ML-Mirror

24 nm / 8 nm

Variable

FixVar. 

Fringes

Experimental set-up
Mirror chamber X-ray camera

Autocorrelator

20 m beampath

• Linear autocorrelation
• Single shot detection of interference patterns

Autocorrelator

Fix



CCD Camera

• Distance between autocorrelator and X-Ray Cam ~ 20 m

• Resolution: 13,5 µm/Pixel

• Period of interferences: d =  l / sin( aaaa) ~ 35 - 200 µm (ratio of 3 to 12)

• For short period lenghts the visibility decreases by a factor k

• Influence of the modulation transfer function (MTF)

Modulation Transfer Function



Two beam interference

Single shot exposures

High contrast ratio is observed

Fringe spacing is determined by the wavelength and the crossing angle aaaa

Intensity of the third harmonic ~ 0,5 % of the fundamental 

24 nm: fundamental 
wavelength 

8 nm: fundamental 
wavelength

8 nm: third harmonic 
of 24 nm



Results – FLASH at 24 nm

•Temporal pedestal of the coherence due to several temporal modes in 
each pulse (see also  R. Mitzner, Optics Exp. 16, 19909 (2008) )

Estimates for 24 nm:
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side lobes without
fixed phase relations



Temporal  Coherence at 8 nm

tttt coh = 2.8 fs

8 nm fundamental

• Dl ~ 0.05 nm (0.6 %)    tttt coh = 2.9 fs

•Cooperation length Lc ~ 0.6 µm 

•number of modes M ~ 1- 2

tttt coh = 2.6 fs

8 nm: third harmonic of 24 nm

• bandwidth Dl/l ~ 0.7 % , tttt coh= 2.5 fs

• FEL theory: tttt coh scales with 1/H

• lower maximum coherence

24 nm: see R. Mitzner et al., Optics Exp. 16, 19909 (2008) )



FLASH Temporal Coherence

• Temporal coherence decreases absolutely with decreasing wavelength

• Measured in wavelength, the coherence increases for shorter l

Fundamental

3rd harmonic of 24 nm

R. Mitzner et al.
Opt.Expr. 16, 19909 (2008)

W. Schlotter et al., 
Opt. Lett. 35 372 (2010)



Pulse Duration

Pulse Duration



Experimental set-up

TOF

Autocorrelator
FEL

Mo/Si

Fix
Variable

Area of Ionization

l = 23.9 nm , h� =  51.8 eV

R = 30 %                about 1 to 2 µJ in the focus Ø ~ 3 to 5 µm
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Non-Linear Autocorrelation

Gaussian � t ~ 29 fs

multiple pulse, chirp ~ 50 fs2

finite crossing angle leads
to a peak / background ratio < 3 : 1

R. Mitzner et al., Phys. Rev A, 80, 025402 (2009)

coherence time: 3 to 6 fs

lll l = 24 nm, 
h� = 50.8 eV



(High Harmonics)

Focal overlap

P. Tsallas et al., Nature 426, 267 (2003), J. Mod. Opt. 52, 321 (2005)    

Cross beam set-up:
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single beam intensity [TW/cm2]

total intensity [TW/cm 2]

Multiple ionization pathways

R. Mitzner et al., PRA, 80, 025402 (2009)



Multiple ionization pathways

� sequential
� He2+ ions
� direct

R. Mitzner et al., PRA, 80, 025402 (2009)



Spatial coherence

Spatial Coherence

beam characterization

coherent diffractive imaging

Fourier transform holography



Spatial coherence

• Spatial coherence is evalutated for different  Dr =  r1 - r2

• Number of modes M in the high-gain linear regime
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Young‘s double slit experiment :  t = 0 ;  Ischebeck (2003), Vartanyants (2008)



Young’s double slit

A. Singer et al, PRL, 101, 254801 (2008)

Coherence width:  300 µm

at a beam diameter of 764 µm

40% of the beam diameter

~ 6 spatial modes



Transverse Coherence
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Spatial Coherence

8 nm as 3 rd harm.8 nm

Dr = 1.7 mm

V = 0.35

Dr = 2.7 mm

24 nm

Dr = 2.4 mm

V = 0.75V = 0.64



Spatial Coherence

24 nm fundamental  wavelength

rcoh= 3500 µm

M = 4 - 5

= 45 %

of beam
diameter



Spatial Coherence

8 nm fundamental wavelength

Average visibility of 20 single shots
rcoh= 4200 µm

= 52 %

M = 3 - 4



rcoh= 2700 µm    =  35 %

Spatial Coherence

• 8 nm as third harmonic of 24 nm shows lower coherence than 8 nm fundamental 
wavelength

8 nm as 
3rd harmonic
of 24 nm

Average visibility of 10 single shots



Fundamental and Third Harmonic

Filter:

Al

24 nm

Zr

8 nm

Same FEL pulse  !

Dt ~ 0 fs

V = 0.84

V = 0.43

Dr = 2.5 mm



Fundamental and Third Harmonic

Dt = + 8.5 fsDt = - 3.5 fs
Filter:

Al

24 nm

Zr

8 nm

V = 0

V = 0.33V = 0.51

V = 0.28



Correlation

• Third harmonic shows up only for good fundamental  with high coherence



Summary

� average pulse duration ~ 30 fs (at 24 nm)
multiple pulses

� temporal coherence significantly shorter (1.5 to 9 fs)

� rms coherence agrees with estimates from the spectral width

� good spatial coherence, 
up to about 40 to 50% of the beam diameter

� 3rd harmonic shows less spatial coherence than fundamental

� correlation between fundamental and harmonic



Perspectives

Perspectives

single shot temporal and spatial coherence

XFEL

: devices are ready

8.4 keV: G. Grübel et al., Opt. Lett. 34, 1768 (2009)



Hard X-ray Multilayer Mirrors

• Multilayers for 2000 eV - > 8000 eV, total T = 13% - 65 %
• Rotation of mirrors required

S. Braun, Fraunhofer IWS Dresden, private communication

single
multilayer



Multilayer Mirrors

Experimental data

P. Gawlitza, S. Braun, IWS, private commun. 



Spectral Width

Mirrors accommodate the full spectral distribution of XFEL



Metallic Mirrors

• Pt under gracing incidence for 500 eV – 2000 eV, 
total T = 13% - 27%



Doubly Coated Mirror

P. Gawlitza, S. Braun et al., Vak. Forsch. Prax. 19, 37 (2007)

Gold and Mo/Si

Length: 310 mm



guide rail

Two-pulse correlator for the European XFEL

beam splitter

XFEL

large delay:

� t =    12 ps at   � i = 1,5°

=  100 ps at   � i = 4,5°

fine tuning
< 100as resolution

beam splitter

single instruments covers
the range from 500 to > 8.000 eV



XFEL

• Integration possible in SASE 3 beamline (250 eV – 3,1 keV) and SASE 2

• Coherence times: 0.2 to 0.4 fs, 0.3 to ~ 1.4 fs

• Challenges:

– splitting the beam (FWHM ~ 2 - 3 mm at a possible point of integration)

– surface figure of mirrors
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Time – resolved desorption in the XUV
O2

+ from water ice/graphite

unequal pulse intensities

nuclear motion involved
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 XUV pump - XUV probe


