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Collaboration grew out of EU RTD Project:
HRPI-CT-1999-50009

Title: “X-Ray FEL Pump Probe Facility”

Partners:
Orsay, DCU, Lund, MBI, BESSY & DESY

Collaboration - Origin
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• FLASH Overview

• Atoms & Molecules in Intense XUV + NIR Fields 
Coherent Photoionization Processes in Superposed Fields
Optically probing fragments in XUV dissociated H2

• Next steps - Two Colour Resonant Processes

• Technological Developments for Next Phase 
AMOP Experiments

Outline of the Talk
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Part 1 - FLASH Overview
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• Energy range: ~ 0.3 – 1 GeV 
���� ~ 6.5 – 60 nm

• Reached:  700 MeV ���� 13 nm
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water windowWavelength range (fundamental): 
13-48 nm (6 - 60 nm Nov 2007)

FEL harmonics (@13.7 nm): 
3 rd : 4.6 nm (270 eV)
5 rd : 2.7 nm (450 eV)

Spectral width (FWHM): 
0.5-1 % 

Pulse energy: 
up to 70 µJ (average),  
170 µJ (peak)

Pulse duration (FWHM): 
10-50 fs 

Peak power (fundamental): 
Few GW

Average power (fundamental): 
0.1 W (up to 3000 pulses / sec)

Photons per pulse: 
~ 1013

FLASH: 
Key Performance Indicators

Ackermann et al., Nature Photonics 1 336 (2007)



FEL output builds up from spontaneous emission (photon noise)  => SASE –
‘Self Amplified Spontaneous Emission’
� Fluctuations in beam profile, pointing stability, i ntensity, spectral 
distribution and pulse duration !!

O/P Profile and Spectral Distribution

W. Ackermann et al., Nature Photonics 1 336 (2007)
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FEL output builds up from spontaneous emission (photon noise)  
=> SASE – ‘Self Amplified Spontaneous Emission’

O/P Profile and Spectral Distribution

Spectral Fluctuations Temporal Fluctuations
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FEL output builds up from spontaneous emission (photon noise)  
=> SASE – ‘Self Amplified Spontaneous Emission’

O/P Profile and Spectral Distribution

Raw EUV Spectrum Corrected EUV Spectrum
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Part 2 - Atomic Physics 
Experiments with FLASH
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Part 2. Atoms & Molecules in Intense 
(Non-Resonant) XUV + NIR fields

1. Photoionization of rare gas atoms 
dressed by intense optical fields

2. Optical probing XUV dissociated H 2
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Summary of AMOP@FLASH
http://hasylab.desy.de/science/user_collaborations/amopflash

Photoionization Experiments with the Ultrafast EUV Laser FLASH - Free Electron Laser in Hamburg
J T Costello, J Phys Conf Ser 88 Art No 012057 (2007)



FLASH NIR/Vis and EUV Beam Layout

PG2
BL1

BL3

BL2
visible laser light
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25th ICPEAC, Freiburg 2007

Pump-Probe 
Studies

DCU/QUB/ORSAY @ FLASH



Time-Resolved Two Colour ATI and 
Pump-Probe Experiments with FLASH

Major Technical Challenge for 
these experiments:

Need to synchronise, measure and 
control the overlap of two ultrashort 
(~ 20 fs and ~100 fs ) and intense 
(GW level ) pulses from two 
independent light sources, one 
emitting in the EUV (25 - 200 eV) 
and the other in the NIR (~1.5 eV) 
on a timescale of �r�r�r�r 50 fs and on a 
spatial scale of ~10 mmmmm.
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E.S. Toma et al.  PRA 62 061801 (2000)

Two colour ATI/ Laser Assisted PES

Electron
Spectrometer

gas jet

Visible
fs laser pulse

VUV

Superposition of visible and VUV 
pulses in a noble gas jet

Ar(IP) 15.76 eV

hwwwwir =1.55eV

Sideband
intensity very 

Sensitive to
overlap



P. Radcliffe, et al., Nucl. Instr. and Meth. A 83, 516-525 (2007) 

Two colour ATI/ Laser Assisted PES
Experimental Layout at FLASH - (EU-RTD)



Two colour ATI/ Laser Assisted PES

M Meyer et al. PRA 74 011401R (2006) 
P Radcliffe,  et al., APL 90 131108 (2007)
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Xe Sidebands - 25.5 nm + 800 nm

Xe 5p6 + hu ®  
Xe+ 5p5 (2P3/2,1/2) + e-

Averaging Mode -
Jitter Determination



Two colour ATI/ Laser Assisted PES

M Meyer et al. PRA 74 011401R (2006) 
P Radcliffe,  et al., APL 90 131108 (2007)

Femtosecond EUV-NIR Cross Correlation

Measurement made 
using He sidebands

Jitter below 1 ps - design 
goal of EU-RTD project !550 fs

New ultrafast EUV-modulated optical-reflectivity methods:
1. C. Gahl et al., Nature Photonics 2 165-169 (2008)
2. T. Maltezopoulos et al., New J Phys 10 Art. No. 033026 (2008)



Two colour ATI/ Laser Assisted PES

P. Radcliffe, et al., Nucl. Instr. and Meth. A 83, 516-525 (2007) 
P Radcliffe,  et al., APL 90 131108 (2007)

Sideband number/intensity depend strongly on EUV/NIR overlap � by comparison 
with theory we should be able to determine relative time delay to better than 50 fs

Single Shot LA-PES in Xe: Dt < 50 fs



Two colour ATI/ Laser Assisted PES

P Radcliffe,  et al., APL 90 131108 (2007)

He Sidebands - 25.5 nm + 800 nm (Intensity)

FEL: 25.5 nm, >10 µJ, 
50µm focus, <50 fs  
F ~ 1013 Wcm2

Laser : 800 nm, 25 µJ, 
~50 µm Focus, ~100 fs, 
F ~ 2 x 1012 Wcm2

Theory - TDSE
A Maquet & R Taieb

PMC - Paris

Two Colour ATI yields:
XUV / NIR intensities 
& time delay/jitter



Atomic Dichroism in Two colour ATI
Strong Polarisation Dependence of Sidebands (Low Fi eld)
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Atomic Dichroism in Two colour ATI - He

He 1s2 + hnnnnXUV + hnnnnNIR

Ü He+ 1s + eeees, eeeed

Low Optical Laser Field High Optical Laser Field 

Theory: A Grum-Grzhimailo
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SPA Theory: A Maquet/ R Taieb



Current Work: Sideband Z-Dependence
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FLASH: 20 mJ, 10 - 50 fs

800 nm, 0.6 mJ, 3 ps 800 nm, 1.6 mJ, 3 ps

Comparison with Soft 
Photon Approximation 
(SPA) in first instance -
work in progress - results 
soon

B a 0kn( )= Sinqdq
ds
dq0

p

� Jn
2 a 0knCosq( )



Very High Field: Photoelectron Redistribution

NLS Electron Dynamics Workshop, IC, May 13 - 2008

FLASH: 20 mJ, 10-50 fs
800 nm, 0.6 mJ, 120 fs

F = 4 x 1013 W.cm-2

800 nm, 1.6 mJ, 120 fs
F = 2 x 1014 W.cm-2

Ab-initio theory 
(very) challenging. 
Comparison with 
SPA in progress



Challenges/Questions

1. Is theory beyond Soft Photon Approximation 
needed for sideband scaling and dichroism?

2. If so, must it account for all angular momentum 
couplings/ electron correlations to high order

3. Not easy for He and would be perhaps quite 
(very) difficult for Xe

4. He, SB1 (eeees, eeeed). SPA and ab-initio calculations 
with full angular momentum coupling give the 
same final results. For Xe, SPA in agreement 
with experiment. Ne, Kr under analysis.
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Optical Probes of H 2 Dissociation
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( )

( ) -+

++-+

+¾¾¾¾¾¾¾ ®¾

+®�+¾¾¾¾¾ ®¾

enl

nle
eVnmlaserOptical

eVnmFEL

H)(H

)(HHHHH
55.1,800*

*
22

5.90,7.13
2



Part 3. Current and Future Interests
Two Colour Resonant Photoionization Processes

1. To date we have looked only at one and two 
colour non-resonant processes

2. Next phase - FEL tunable and so we can 
explore resonant two colour processes 
where inner shell electrons dominate
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First Effort:
Resonant Auger Spectrum

TOF (ns)

4p4s

SB

FEL+las

FEL

Kr (3d 94d) 2 Colour Resonance Auger
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Next Expt: hnnnnFEL (89 eV) + hnnnnOL(3.1 eV)
Kr 3d 10 4s 2 4p6

Kr + 3d9 2D5/2

4d

5p

XUV
13.7 nm

Auger

Kr + 4p4 4d, 5d

?

92.0eV

1.55 eV



R P Madden and K Codling
PRL 10 516-518 (1963)

‘New Knobs’
FEL Frequency
FEL Intensity

Tunable XUV FEL -
Driving autoionising transitions in intense XUV fie lds
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Upgrade -
Optical Parametric Amplifier - (fs OPA)

Experiments for (early) 2009
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Laser coupling/spectroscopy 
of autoionization states -

'Autler-Townes' meets 
‘Codling-Madden’



Bachau & Lambropoulos, PRA (1986)
Themelis, Lambropoulos, Meyer, JPB (2005) 

‘New Knobs’
1. Laser Frequency
2. Laser Intensity

Tunable Optical Laser - Laser Coupling of autoionization 
states - 'Autler Townes' Autoionizing Resonances - He

NLS Electron Dynamics Workshop, IC, May 13 - 2008

Laser Coupled Autoionising
State Dynamics



Next Steps for AMOP at FLASH -
Technical Developments

EUV stabilisation - Seeding option
Optical Laser Intensity - 1 - 20 mJ/ 0.1 - 20 ps
OPA Upgrade - 0.01 - 1 mJ/ 0.1 - 20 ps
Synchronisation - New FIR Undulator
Wavelength  - 6 - 60 nm (20 -200eV)
Seeding with HHs - Full coherence
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Even Further Steps for AMOP at FLASH -
Solutions to the timing jitter problem ?

NLS Electron Dynamics Workshop, IC, May 13 - 2008

Nature Physics March 2008

Done -
Markus Drescher !!



Even Further Steps for AMOP at XFEL -
Attosecond Pulses ?
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In Conclusion

1. To date we have looked only at one and two colour non-
resonant photoionization processes

2. Next phase - FEL tunable and so we can explore resonant
two colour processes where inner shell electrons dominate

3. Study fragmentation and ionization from vibrationally 
excited/selected wavepackets in simple molecules

4. Beyond 2008: Seeding, fs jitter and attosecond pulses 
(XFEL): Photoionization - Dissociation Imaging Dynamics

Thanks to Eugene Kennedy (DCU), Ciaran Lewis (QUB), 

Michael Meyer (LIXAM), the Photon Diagnostics Group at 

FLASH and the postgrads/postdocs who have explored 

FLASH with us to date.
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