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SASE Free Electron Laser

Implications: radiation starts from noise

mmm)> properties change from pulse-to-pulse

only partially coherent

mm)> Determination of coherence properties necessary

Young'‘s double slit experiment : Ischebeck, 2003
Vartanyants, 2008

Interference of partial beams :  Mitzner, 2008

westriuscre Data averaged over several pulses

WILHELMS -UNIVERSITAT
MINSTER




Coherence Theory

G(r,,r,,1) =<E r E (.t +# )> Mutual correlation function

G (£):=(E ()E (t +)) For fixed (r,r,)

mee®> Mutual time correlation function

9,(1)=Gy(t)! G,(0)

V= {2 11, 7(1,+ }|912 Visibility V yields an experimentally
accessible value for the
_ normalized mutual coherence function
V_(Imax_ Imin)/(I max-l_I min)

2
g(r,r.) | (&)l (x,))dxdx
7= 9. <( )1><2 ), Degree of transverse coherence
| (x)dx




Experimental set-up

« Geometrical wavefront splitting
beam Sp”tter e Grazing incidence angles
 Mirrors with carbon coating

30 to 220 eV
* 3D geometry of beam paths

Delay: (-5 to 20) ps
\

Total transmission (exp.)
13 nm / 3 mm diaphragms: 60%
24 nm / 3 mm diaphragms: 48% Step resolution: 40 as



Realization
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4-axis adjustable
split ratio adjustable

Wavefront beam splitter Characterisation of FEL Beam
+ high efficiency + Spatial and temporal coherence
+ cooling possible + Pulse duration

+ high stability

Pump-Probe Experiments
- diffraction from the edge + Excitation of ice
+ Excitation of clusters



Autocorrelator

4 axis alignment
split-ratio between the two partial beams is adjustable

wavelength from 20 eV to > 200 eV

step resolution: nominal 40 as
scan range: -5to+ 20 ps

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

all motions under full computer control

Installation before the first mirror of the beam lines BL1 — BL3
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Measurement

e Linear autocorrelation
» Single shot detection of interference patterns

Mirror chamber X-ray camera

Autocorrelator Experimental set-up

X-Ray Camera

Distance: 20 m

Fringes

ML-Mirror Variable

24 nm /8 nm Fix

EEL

Autocorrelator
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CCD Camera

Modulation Transfer Function

Periodlength of the interferences in um
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« Distance between autocorrelator and X-Ray Cam ~ 20 m
 Resolution: 13,5 um/Pixel

* Period of interferences: d = |/ sin(a) ~ 35 - 200 um (ratio of 3 to 12)
« For short period lenghts the visibility decreases by a factor k

* Influence of the modulation transfer function (MTF)



Two beam interference

24 nm: fundamental 8 nm: fundamental 8 nm: third harmonic
wavelength wavelength of 24 nm

Single shot exposures

High contrast ratio is observed

Fringe spacing is determined by the wavelength and the crossing angle a
Intensity of the third harmonic ~ 0,5 % of the fundamental
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Results — FLASH at 24 nm

Ct/A
o N SR L Estimates for 24 nm:
t.,=53fs ;
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*Temporal pedestal of the coherence due to several temporal modes in
each pulse (see also R. Mitzner, Optics Exp. 16, 19909 (2008) )



Temporal Coherence at 8 nm
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*Cooperation length L.~ 0.6 um * FEL theory: £, scales with 1/H
enumber of modes M~1-2 * lower maximum coherence

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



FLASH Temporal Coherence
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 Temporal coherence decreases absolutely with decreasing wavelength

« Measured in wavelength, the coherence increases for shorter |
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Experimental set-up

TOF
Mo/Si T —
......... — e ™
A FEL
— Variable | Aytocorrelator | «m—
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Area of lonization

| =23.9nm,h = 51.8eV

R=30% =—— aboutlto?2pJinthe focus @ ~3to5um



Nonlinear medium: He = He 2*

eV > 79 eV > 395 eV > 27.2 eV

54,42
52,24
48,38

40,82

-24,58

One-photon Direct Sequential
double two-photon double
lonization  double ionization lonization



Non-Linear Autocorrelation

[l =24 nm,
h =50.8eV

— Gaussian t~29fs

—— multiple pulse, chirp ~ 50 fs?
finite crossing angle leads coherence time: 3to 6 fs

to a peak / background ratio <3:1

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



Focal overlap

Cross beam set-up:

(High Harmonics)

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



Nonlinear medium: He = He 2*

eV > 79 eV > 395 eV > 27.2 eV

54,42
52,24
48,38

40,82

-24,58

One-photon Direct Sequential
double two-photon double
lonization  double ionization lonization



Multiple 1onization pathways

total intensity [TW/cm?]

single beam intensity [TW/c#h

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



Multiple 1onization pathways

sequential
He?2* jons
direct

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






Spatial coherence

Transverse coherence : (r,rt) = E(y,t) E(r,,t+1)

Young's double slit experiment : t = 0 ; Ischebeck (2003), Vartanyants (2008)

e Spatial coherence is evalutated for different Dr = r;- 1,

 Number of modes M in the high-gain linear regime M _1

Z

90,1,) | (1 &x))(1 (,))dx dx,
I (x) dx 2

ZzZ =



Young’s double slit

Coherence width: 300 um

at a beam diameter of 764 pm

m)  40% of the beam diameter

~ 6 spatial modes

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



Transverse Coherence
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Overlap of the two partial beams Drl < D'2 < D3
/

Period length L of the interference-fringes L =——
Sina



Spatial Coherence

24 nm 8 nm 8 nm as 3@ harm.



Spatial Coherence

24 nm fundamental wavelength

[ o= 3900 pm =45 %

M=4-5 of beam

diameter
e



Spatial Coherence

8 nm fundamental wavelength

[ eon = 4200 pIm

Average visibility of 20 single shots
=52 %
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Spatial Coherence

8 nm as
3rd harmonic

of 24 nm . .
Average visibility of 10 single shots

s

leoh=2700pm = 35%

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



Fundamental and Third Harmonic

Filter:

Al
24 nm

Zr

8 nm

Same FEL pulse !



Fundamental and Third Harmonic

Dt=-3.5fs Dt=+8.5fs
Filter:

Al
24 nm

Zr

8 nm



Correlation

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



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

39 harmonic shows less spatial coherence than fundamental

correlation between fundamental and harmonic






Hard X-ray Multilayer Mirrors

single
multilayer

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

S. Braun, Fraunhofer IWS Dresden, private communication



Multilayer Mirrors

Experimental data

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



Halbwertsbreite der Reflektionskurve in eV

Spectral Width
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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

and Mo/Si

Length: 310 mm

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



Two-pulse correlator for the European XFEL

XFEL

»
o o
beam splitter [ & ) beam splitter

fine tuning
< 100as resolution

large delay:
t= 12ps at ,=1,5°

single instruments covers
the range from 500 to > 8.000 eV = 100ps at ;=45°



XFEL

* Integration possible in SASE 3 beamline (250 eV — 3,1 keV) and SASE 2

« Coherencetimes: 0.2t00.4fs,0.3to~1.4fs

» Challenges:
— splitting the beam (FWHM ~ 2 - 3 mm at a possible point of integration)
— surface figure of mirrors



Acknowledgements

K. Tiedtke R. Mitzner A. Sorokin S. Roling
P. Juranic T. Noll (design) M. Richter B. Siemer
F. Siewert M. Wostmann
W. Eberhardt S. Eppenhoff
F. Wahlert

Many thanks to the FLASH —team ! (Vitaly Kocharyan, Ch. Gerth for the 8 nm)
T. Feigl, M. Perske

Financial support by the BMBF via Grant No. 05-KS4PMC/8
within the BMBF Research Program FSP 301



Time — resolved desorption in the XUV

O,* from water ice/graphite

n XUV pump - XUV probe unequal pulse intensities

nuclear motion involved



