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Pump - Probe - Experiments
photoexcited states (atomic case)
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Pump - Probe - Experiments
photoexcited states (molecular case)
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Characteristics of laser and synchrotron sources 

laser SR

∆E / E 10 -9 10 -5

ph/s
ph/pulse

1018
1011

1012
105

hν IR - UV
(1µm - 300nm)

IR - X-Ray
(≈1eV - keV)

limited easy

c.w. or pulsed
8.32 MHz

pulsed
8.32 MHz

pulse
width

Ar+ : 250 ps
dye  : <10 ps

600ps
---> 50ps

FEL

10 �3

1015

1014

VUV -XUV
15 - 200eV

limited

pulsed
10 Hz

50 - 200 fs

tuneability

rep.
rate



Synchronization FEL - optical Laser
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Characterization of Pump-Probe time-structure

and stability using cross correlation experiments

Ar 3p6

Ar+ 3p5

VUV

IRe-

Photoionization of Ar
presence of IR:

- shift of IP
- broadening of PES peaks
- sidebands

----> ∆t(max) = 3fs

E.S. Toma, H.G. Muller, P.M. Paul, P. Berger, 
M. Cheret, P. Agostini, C. LeBlanc, G. Mullot, 
G. Cheriaux
Phys. Rev. A 62, 061801 (2000)

Ti:Saph:  800nm, 40fs, 1 kHz
dressing beam: up to 50µJ --> 13 TW/cm2



Two-photon (femtosecond)photoionization of Ar
XUV-IR Cross-Correlation
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Γ(sideband)2 = Γ(IR)2 + Γ(VUV)2
∆T (laser) = 30fs
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Cross correlation experiments using high order harmonics

∆E(∆T)

∆I(∆T)

Ieff ~   ∆T  ------>  ∆E (∆T)

ISB (∆T)  ~  ∫ f [ IIR( t - ∆T)] IVUV(t) dt
+∞

-∞



High Intensity Regime: Effect of the 
ponderomotive shift on the harmonic peak

IIR (max) = 10 TW/cm2

τIR = 200 fs
τXUV = 100 fs

Resolution Ekin = 125 meV

IR and XUV pulsesPhotoelectron

Ar+ 2P3/2
Ar+ 2P1/2

LLC - experiment (HHG):
I (VUV) ≈ 106 - 107 ph. / pulse
Single pulse :  ~ 3 e- / pulse

--->   Σ 30 000 shots

I (FEL) ≈ 1013 ph. / pulse

Single shot experiments



Electronic Correlation 
in Excited Atomic States

Application:



Two-photon double-resonant ionization ( SR + Laser )
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Two-photon excitation of even-parity states (SR + Laser)

Xe* 6d --> nf�, mp�Xe* 5d --> 4f�
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Auger decay
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Two-photon (femtosecond) double-resonant 
excitation of autoionization states

Xe* 4d9 5p6 6p (Γ=0.11eV, τ = 6 fs)   ---->    Xe* 4d9 5p6 7d
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H. Aksela et al., Phys.Rev.A51,1291(1995)

5s

alternatives:
Li* 1s(2s2p 3P) 2P    (2.6meV, 250fs)  

---->   Li* 1s(2p2) 2D

Ar* 2p54s, 3d    (hν (exc.) = 245 eV)
----> Ar* 2p5 np, mf

--> resonant Auger decay of even-parity AIS
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Dynamics of autoionization states

coupling of two AIS by a (strong) laser field
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Dynamics of autoionization states

Effect of intermediate state and its lifetime
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Dynamics of
Molecular Fragmentation

Application:



Laser Induced Fluorescence spectroscopy on N2
+   (SR + Laser)

N2 + hν(S.R.) ---> N2
* (Rydberg)

---> N2
+ (X 2Σ, v = 0, J��) + e-

60

40

20

0

io
n 

si
gn

al
 (a

rb
.u

ni
ts

)

17.517.016.516.015.5
photon energy of S.R. (eV)

3 41 2v= 0

A 2ΠuX 2Σg

3

4

4

A+ ndδg
1Πu

A+ ndσg
1Πu

3

3

3

excitation
v� = 0 --> v� = 4
λ (laser) = 610nm

relaxation
v� = 4 --> v� = 1
λ (fluo) = 710nm

N2
+

ion yield spectrum



Analysis of rotational structure of N2
+ (SR + Laser)
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∆J = -1, 0, +1   

P, Q, R branch

relative intensity:

exp (-B J(J+1) / kT)

c.w. laser
high resolution laser spectroscopy on species 
prepared by synchrotron radiation



Resonant Core Excitations in molecules

N*NO
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Dissociation dynamics of core excited molecules

Time-resolved studies

Fe (CO)2 (NO)2 +   hν (S.R.) ------->     Fe (CO)2 (NO)2 
2+

Fe (CO)2 (NO) 2+ +      NO Fe (CO) (NO)2 
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Dynamics of molecular fragmentation

H2 + hν (FEL)  ---> H + H* (2s , 2p, 3s, 3p �) 

S. Lauer et al.,J.Phys.B 31, 3049 (�98),
Fluorescence Hα, hν (exc) = 16.6 eV

Y. Kimura et al., Phys.Rev.A56, 4612 (�97),
calculation, beamfoil-experiment

2p 2P3/2

2p 2P1/2

1s 2S1/2

Lα

∆E

theory

Lα
∆E = 10 GHz
≈ 0.04 meV

quantum beats:
Ω ≈ 100 ps

laser
Exp.:
H* + hν --> H+ + e-

IP(2p ) = 3.4 eV
λ(las) < 365 nm

Ionization by laserFluorescence decay



Interference effects in molecular fragmentation
Example: H2

+

+H H
H+ H*

H+ H+

+

H2 + hν (FEL) ---> H+ + H* (2l , 3l �) ---> H+ + H+

Experiment:
H*(3l)  + hν (laser) -->   H+ +   e-

Doppler-Interference
       λ(las) ≈ 800 nm        -->  Ekin (e-) = 0.1 eV

hν(FEL) = 16.8 eV --> Ekin (H*) = 0.3 eV

2π / Ω = 2 ps
flu

or
es

ce
nc

e

Ω = 2 ω0 (v / c)

2 v = 1100 m/s
2π / Ω = 385 ps

Ca2 --> Ca* + Ca

P. Grangier, A. Aspect, J. Vigue, PRL 54, 418 (1985)



Conclusion

Pump-Probe experiments using femtosecond-X-Ray sources

Ultrafast dynamics of Photoionisation and Photodissociation

- Characterization of FEL pulses
Cross correlation experiments

- Electronic Relaxation
Photoexcitation of Autoionization States 
Coupling of Autoionization States 
Dynamics of Rydberg Wavepackets

- Molecular Fragmentation
Time-Resolved Spectroscopy of Dissoziation
Interference Effects in Dissoziation
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