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Vibrational degrees of freedom:

• Dependence of the intense-field ionization yield on nuclear geometry.
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Overview

Introduction

Vibrational degrees of freedom:

• Dependence of the intense-field ionization yield on nuclear geometry.

• Imaging nuclear motion:

? using the Lochfraß effect (total ion yield),

? using PACER (high harmonics).

• Vibrational effects in low-intensity, high-frequency fields.

Rotational degrees of freedom:

• Alignment-dependent ionization in strong fields.

• Imaging electronic (orbital) densities.
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Motivation:

Understand the strong-field behaviour (ionization and excitation) of
molecules in intense laser fields

−→ relate molecular response to (instantaneous) molecular structure.

Such relations would provide the basis for imaging!

Time-resolved imaging:

The advantage of strong-field imaging schemes would be the, in principle, possible
time-resolution, e. g. by pump-probe experiments.

Note, the original goal was to study “interesting”, not (only) field-induced
dynamics!
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Chemical reaction mechanisms (I)

Further identified were two isomers of a compound with a
connectivity as in Cp*FvTiCMedCH2 (3a,b). The 2-propylene
unit gives rise to an ABX3 spin system. The olefinic resonances
are observed at 3.44 and 5.34 ppm for isomer3a and at 3.65
and 5.15 ppm for isomer3b. Based on the NOESY spectrum,
the high-field shifts are assigned to the positions pointing toward
the metal (proximal, Figure 1). The isopropenyl methyl group
of 3a and3b resonates at 1.15 and 1.16 ppm, respectively (at
10 °C). These shifts are somewhat dependent on the temper-
ature. Also, small differences in shifts were observed for the
methyl groups of the fulvene in3a and3b, and the same shift
was observed for the Cp* ligand. The two possible geometric
isomers are depicted in Figure 1. They differ only in the relative
orientation of the vinyl groups of the 2-propylene group and

the exocyclic methylene of the fulvene ligand. It is assumed
that rotation around the Ti-C bond is hindered. Restricted
rotation is not uncommon in sterically congested Cp*2TiIV

compounds.11 The assignment of the signals to a mixture3a,b
was additionally confirmed by the independent synthesis of these
rotamers from Cp*FvTiCl and LiCMedCH2 (and from BrMg-
CMedCH2; a 1:1 mixture is formed in both cases).
We have assigned one set of signals to the first structure in

Figure 1 (3a) and the other set to the second structure (3b).
This choice is based on observations made during the ther-
molysis (vide infra) and cannot be proven conclusively. The
assignment, however, is in accordance with the following. By
examination of the structures in Figure 1, the methyl group of
the C3 fragment in3a seems closer to the fulvene methylene
group, whereas in3b the methylene group would have the
smallest distance. A NOESY spectrum of a mixture of3a,b,
however, was not particularly informative: as in1 and2, no
strong cross relaxation between the C3 and Fv-bound protons
is present. In both3a and 3b, cross relaxation between the
C-H resonance of the exocyclic methylene of the fulvene and
the proximal C3 vinylic protons is observed (3.45 to 1.68 and
3.67 to 1.93 ppm; it was previously inferred from1H NMR
shifts and NOESY cross signals in a number of Cp*FvTiR
derivatives1 that the fulvene methyl resonating around 2.01-
(30) ppm and the methylene proton at 1.92(30) ppm are most
likely in the proximity of group R), but this does not allow a

(11) Luinstra G. A.; Vogelzang, J.; Teuben, J. H.Organometallics1992,
11, 2273.

Scheme 1

Table 1. Proton NMR Data of Cp*FvTiR in Benzene-d6 at 10°C

compound
assign-
ment

δ,
ppm

int
(H) m

J(HH),
Hz

Cp*2Ti(CH2dCdCH2) (2) Cp* 1.68 15 s
dCH2 2.45 2 t 3.4
dCH2 3.86 1 dt 2.4, 3.4

5.8 1 dt 2.4, 3.4
Cp*FvTi(2-propenyl) (3a) Cp* 1.77 15 s

C5Me4 1.26 3 s
1.41 3 s
1.68 3 s
2.02 3 s

dCH2 1.36 1 d 4.5
1.68 1 d 4.5

CMedCH2 1.15 3 ps t 1.3
CMedCH2 3.45 1 dq 3.1, 1.2
CMedCH2 5.34 1 dq 3.1, 1.4

Cp*FvTi(2-propenyl) (3b) Cp* 1.77 15 s
C5Me4 1.21 3 s

1.43 3 s
1.69 3 s
2.06 3 s

dCH2 1.41 1 d 4.3
1.93 1 d 4.3

CMedCH2 1.16 3 ps t ∼1.4
CMedCH2 3.67 1 dq 2.8, 1.1
CMedCH2 5.18 1 dq 2.8, 1.4

Cp*2Ti(HCtCMe) (4) Cp* 1.7 15 s
HCtCMe 1.77 3 d 2.1
HCtCMe 6.83 1 q 2.1

Figure 1. Two isomers of Cp*FvTiC(Me)dCH2 (3a,b) with their 1H
NMR signals.

2856 J. Am. Chem. Soc., Vol. 120, No. 12, 1998 Brinkmann et al.
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Determination of a reaction mechanism by following intermediates in time.

[Brinkmann, Luinstra, and A. S.; JACS 120 2854 (1998).]
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Chemical reaction mechanisms (II)

the higher barrier between3aand3b than that between3aand
2 or 3b and 4. Likewise, the concentration of4 reaches a
substantial level before the final product is formed, demonstrat-
ing the high free energy of activation for the last forward step.
It is remarkable that the rotation3a to 3b and vice versa has a
higher barrier than some of the CH activation processes. There
are no obvious reasons for this fact; it may reflect the steric

congestion at the metal center: C-H activation proceeds with
less steric interaction than rotation of the isopropenyl fragment
past the methyl groups of Cp* and Fv ligands and, therefore,
may have a lower Gibbs energy of activation.
A striking feature is that the Gibbs energies of activation at

300 K (Table 4) for the forward and reverse reactions are very
similar, even though very different C-H bonds are involved.
A couple of comparisons are made. The first concerns the
transition between complexes3a and3b. The free activation
energy for interconversion is the same in both directions. For
the forward direction, however, the entropy contribution is much
larger. This may reflect the fact that, in3a, two close contacts
between fulvene methyl and C3 ligand methylene are present,
whereas, in3b, two methyl and two methylenessof the fulvene
and isopropenylsare confined to the same space. The latter
arrangement seems more hindered, giving3b apparently a
smaller degree of freedom. Therefore, entropy is liberated
toward the transition state to3a. This is in accordance with
the tentatively assigned structures of3a and3b. Remarkable
is that the formations of2 from 1 and of5 from 4 have negative
activation entropies but, adversely, that the formation of3a from
2 and of4 from 3b havepositiVeactivation entropies. The same
is found for the reverse of these reactions. This indicates that
formation of (and transitions from) the sterically congested3a,b
isomers proceeds through considerable bond stretching with
concomitant liberation of entropy. This is the opposite of what
is usually found for processes at formally d0 complexes with
tight transition states, characterized by negative activation
entropies and small activation enthalpies with respect to bond
energies and, indeed, is observed for the transitions not involving
3a,b.21 It is, however, unlikely that free radicals are formed,
since activation enthalpies are still substantially below Ti-C
bond dissociation energies.22 It is, therefore, assumed that the
hydrogen atom is transferred through the usualσ-bond metath-

Table 4. Eyring Activation (kx, k-x) and Thermodynamic
Parameters (K) of the Isomerization of Cp*FvTi(η3-C3H5) (1) to
Cp*FvTiCHdCHMe (5)

transition ∆Yxq a ∆Y-x
q a ∆Yb

1 to 2, x) 1 ∆H 78(3) 74(3) 7(2)
∆S -51(12) -73(12) 34(3)
∆G 93(7) 96(7) -3(3)

2 to 3a, x) 2 ∆H 100(4) 101(4) -1(1)
∆S 30(15) 23(15) 6(2)
∆G 91(9) 93(9) -3(2)

3a to 3b, x) 3 ∆H 91(5) 96(10) -5(5)
∆S -17(17) 0(15) -16(20)
∆G 96(10) 96(15) ∼0(11)

3b to 4, x) 4 ∆H 102(9) 111(8) -9(2)
∆S 35(31) 49(28) -2(10)
∆G 91(18) 96(17) -8(5)

4 to 5, x) 5 ∆H 75(2) 84(2) -9.1(3)
∆S -72(5) -70(5) -2.0(1)
∆G 97(3) 105(3) -8.5(4)

1 to 5 ∆H -17(6)c
∆S +8(20)
∆G -20(12)

a ∆Y(-)x corresponds to enthalpies (∆H, kJ/mol), entropies (∆S,
J/(mol‚K)), and Gibbs energy (∆G, kJ/mol, at 300 K) for transitionx.
b Equilibrium constants were calculated from-RT ln(kx/k-x) ) ∆G0.
Errors in the kinetic and thermodynamic parameters were calculated
on the basis of the linearity of the Eyring plots. The difference between
two experimental data sets obtained at the same temperature is estimated
to have a smaller impact onkx than those otained from the fitting
procedure.c From-RT ln(∏kx/∏k-x) ) ∆G0.

Figure 3. Gibbs free energy profile at 300 K for the isomerization of Cp*FvTi(allyl) (1) to Cp*FvTi-(E)-CHdCHMe (5).

Isomerization of anη3-Allyl to an (E)-1-Propenyl J. Am. Chem. Soc., Vol. 120, No. 12, 19982859

D
ow

nl
oa

de
d 

by
 H

U
M

B
O

L
D

T
 U

N
IV

 o
n 

A
ug

us
t 2

6,
 2

00
9 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 M
ar

ch
 1

8,
 1

99
8 

| d
oi

: 1
0.

10
21

/ja
97

28
67

b

Sequence of intermediates, kinetics and thermodynamics may (!) be disclosed.

However, the transition states remain invisible!

[Brinkmann, Luinstra, and A. S.; JACS 120 2854 (1998).]
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Corkum’s 3-step model used for imagingPROGRESS ARTICLE

382 nature physics | VOL 3 | JUNE 2007 | www.nature.com/naturephysics

of the optical pulse controls the kinetic energy2, amplitude17 and 
phase18 of the recollision electron and therefore the attosecond 
pulse19 that it produces.

In addition to producing attosecond electron and photon pulses, 
the recollision simultaneously encodes all information on the 
electron interference. Once the amplitude and phase of the electron 
interference is encoded in light, powerful optical methods become 
available to ‘electron interferometry’.

Classical trajectory calculations show that fi ltering a limited 
band of photon energies near their maximum (cut-off ) confi nes 
emission to a fraction of a femtosecond17. Such a burst emerges at 
each recollision of suffi  cient energy. Th e result is a train of attosecond 
bursts of extreme ultraviolet (XUV) light spaced by Tosc/2 (ref. 1).

For many applications, single attosecond pulses (one burst per 
laser pulse) are preferred. Th ey emerge naturally from atoms driven 
by a cosine-shaped laser fi eld comprising merely a few oscillation 
cycles (few-cycle pulse)3. Th en only the electron pulled back by 
the central half-wave to its parent ion possesses enough energy to 
contribute to the fi ltered high-energy emission (Fig. 3). Turning 
the cosine waveform of the driving laser fi eld into a sinusoidally 
shaped one (by simply shift ing the carrier wave with respect to the 
pulse peak8) changes attosecond photon emission markedly: instead 
of a single pulse, two identical bursts are transmitted through the 
XUV bandpass fi lter. Controlling the waveform of light8 has proved 
critical for controlling electronic motion and photon emission on an 
attosecond timescale and permitting the reproducible generation of 
single attosecond pulses19.

Th e shortest duration of a single attosecond pulse is limited by 
the bandwidth within which only the most energetic recollision 
contributes to the emission. In a 5-fs, 750-nm laser pulse this 
bandwidth relative the emitted energy is about 10%. At photon 
energies of ~100 eV this translates into a bandwidth of ~10 eV, 
allowing pulses of about 250 attoseconds in duration17. At a photon 
energy of 1 keV (ref. 20) a driver laser fi eld with the above properties 
will lead to single pulse emission over roughly a 100-eV band, which 

may push the frontiers of attosecond technology near the atomic unit 
of time, 24 attoseconds. Manipulating the polarization state of the 
driver pulse17 enables the relative bandwidth of single pulse emission 
to be broadened21,22 by ‘switching off ’ recollision before and aft er the 
main event. Together with dispersion control23, this technique has 
recently resulted in near-single-cycle 130-attosecond pulses at photon 
energies below 40 eV (ref. 24). Confi ning tunnel ionization to a single 
wave crest at the pulse peak constitutes yet another route to restricting 
the number of recollisions to one per laser pulse. Superposition of a 
strong few-cycle near-infrared laser pulse with its (weaker) second 
harmonic25,26 is a simple and eff ective way of achieving this goal.

Th is attosecond-pulsed XUV radiation emerges coherently from 
a large number of atomic dipole emitters. Th e coherence is the result 
of the atomic dipoles being driven by a (spatially) coherent laser fi eld 
and the coherent nature of the electronic response of the ionizing 
atoms discussed above. Th e pulses are highly collimated, laser-like 
beams, emitted collinearly with the driving laser pulse. Th e next 
section addresses the concepts that allowed full characterization of 
the attosecond pulses.

MEASUREMENT TECHNOLOGY

Any pulse measurement method must directly or indirectly 
compare the phase of diff erent Fourier components of a pulse. 
Autocorrelation, SPIDER and FROG, three extensively used 
methods to characterize optical pulses27, use nonlinear optics 
to shift  the frequency of the Fourier components diff erentially 
so that neighbouring frequency components can be compared. 
Th e electron-optical streak camera — an older ultrafast pulse 
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Figure 1 Shorter and shorter. The minimum duration of laser pulses fell continually 
from the discovery of mode-locking in 1964 until 1986 when 6-fs pulses 
were generated. Each advance in technology opened new fi elds of science for 
measurement. Each advance in science strengthened the motivation for making even 
shorter laser pulses. However, at 6 fs (three periods of light), a radically different 
technology was needed. Its development took 15 years. Now attosecond technology 
is providing radically new tools for science and is yet again opening new fi elds for 
real-time measurement. Reprinted in part, with permission from ref. 65.

Ψg

Ψc = a(k )eikx–iωt

30 Å

Figure 2 Creating an attosecond pulse. a–d, An intense femtosecond near-infrared or 
visible (henceforth: optical) pulse (shown in yellow) extracts an electron wavepacket 
from an atom or molecule. For ionization in such a strong fi eld (a), Newton’s 
equations of motion give a relatively good description of the response of the electron. 
Initially, the electron is pulled away from the atom (a, b), but after the fi eld reverses, 
the electron is driven back (c) where it can ‘recollide’ during a small fraction of the 
laser oscillation cycle (d). The parent ion sees an attosecond electron pulse. This 
electron can be used directly, or its kinetic energy, amplitude and phase can be 
converted to an optical pulse on recollision12. e, The quantum mechanical perspective. 
Ionization splits the wavefunction: one portion remains in the original orbital, the other 
portion becomes a wave packet moving in the continuum. The laser fi eld moves the 
wavepacket much as described in a–d, but when it returns the two portions of the 
wavefunction overlap. The resulting dynamic interference pattern transfers the kinetic 
energy, amplitude and phase from the recollision electron to the photon.

nphys620 Krausz Progress.indd   382nphys620 Krausz Progress.indd   382 21/5/07   14:56:2121/5/07   14:56:21

from P. B. Corkum and F. Krausz, Nature Phys. 3, 381 (2007)

1. Electron escapes through or over the electric-field lowered Coulomb potential (a).

2. Electronic wavepacket moves away until the field direction reverses (b)

and is (partly) driven back to its parent ion (c).

3. The returning electron may (d)

• scatter elastically (electron diffraction)

• scatter inelastically (excitation, dissociation, double ionization, . . . )

• recombine radiatively (high-harmonic radiation).

Outcome of both the 1st and the 3rd step reveals time-resolved structure!
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Proposed strong-field molecular imaging schemes:

Rescattering based (3rd step):

• orbital tomography using high harmonics [Nature 432, 867 (2004)],

• PACER (nuclear geometry from high harmonics) [Science 312, 424 (2006)],

• electron diffraction (using rescattered electrons) [Science 320, 1478 (2008)].

A. Saenz: Molecules in Intense Laser Fields: Influence of the Nuclear Degrees of Freedom (9) KITP Santa Barbara, 22.08.2014



Proposed strong-field molecular imaging schemes:

Rescattering based (3rd step):

• orbital tomography using high harmonics [Nature 432, 867 (2004)],

• PACER (nuclear geometry from high harmonics) [Science 312, 424 (2006)],

• electron diffraction (using rescattered electrons) [Science 320, 1478 (2008)].

Direct-ionization based (1st step):
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Proposed strong-field molecular imaging schemes:

Rescattering based (3rd step):

• orbital tomography using high harmonics [Nature 432, 867 (2004)],

• PACER (nuclear geometry from high harmonics) [Science 312, 424 (2006)],

• electron diffraction (using rescattered electrons) [Science 320, 1478 (2008)].

Direct-ionization based (1st step):

• “Lochfraß” (nuclear motion from ions or electrons) [PRL 97, 103003 (2006)],

• alignment-dependent ionization (orbital shapes) [PRL 98, 243001 (2007)],

• nuclear motion from energy-resolved e− spectra [PRA 82, 011403(R) (2010)].

Advantages of direct-ionization-based imaging:

• It delivers the image directly!

• It is the by far dominating process!
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Example electron spectrum (ATI)
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Technical details of the TDSE calculation:

Hydrogen atom

Laser parameters: 1300 nm; 6 cycles; cos2; Imax = 1014 W/cm2.

Direct electrons: 0 to about 2 times the ponderomotive energy Up = I/(4ω2).
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Approximate models: tunneling ionization

Direct ionization for imaging: tunneling regime (low frequency, high intensity).
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Approximate models: tunneling ionization

Direct ionization for imaging: tunneling regime (low frequency, high intensity).

Tunneling ionization (e. g., Ammosov-Delone-Krainov (ADK) model):

ΓADK(F ) ∝ exp

[
−2 (2Eb)

3/2

3F

]
with field strength F and electron’s binding energy Eb.
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with field strength F and electron’s binding energy Eb.

Advantage: Ionization at field maxima −→ sub-lasercycle time resolution!
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Approximate models: tunneling ionization

Direct ionization for imaging: tunneling regime (low frequency, high intensity).

Tunneling ionization (e. g., Ammosov-Delone-Krainov (ADK) model):

ΓADK(F ) ∝ exp

[
−2 (2Eb)

3/2

3F

]
with field strength F and electron’s binding energy Eb.

Advantage: Ionization at field maxima −→ sub-lasercycle time resolution!

Molecules: Nuclear-geometry dependence of tunnel ionization?
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Molecular effects: R-dependence (extnd. ADK/SFA/. . . model)
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Molecular rate
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Atomic rate

eq, neutralR

= >

ADK model:

ΓADK

∝ exp
(
−2 (2 IP )

3/2

3F

)
with

ΓADK: ionization rate

F : field strength

IP : ionization potential

Extended ADK model:

Replace ionization

potential IP with

EA+
2 (R)− EA2(R)

No Franck-Condon distribution for, e. g., H2 or O2 [A.S., J. Phys. B 33, 4365 (2000)].
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R-dependent ab initio dc ionization rate for H2

14.

10 V
m= 3.085 10.

H(1s)+H(1s)

H  + H  −+

F = 0.06 a.u.

Quasi−diabatic ionization rate

Ammosov−Delone−Krainov (ADK) rate

Adiabatic ionization rate

( I = 1.26 10        )
cm2
W

Ab initio calculation (dc field) confirms: ionisation rate of H2 strongly R dependent.

[A.S., Phys. Rev. A 61, 051402 (R) (2000); Phys. Rev. A 66, 063408 (2002).]
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H+
2 vibrational distribution (theory vs. experiment)
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(ns-Laser)

Experiment

1. Only detection of undissociated H+
2 ions. Theory and experiment:

2. Alignment of H2 is pulse-length dependent. X. Urbain, . . . , A.S. et al., Phys. Rev. Lett. 92, 163004 (2004).
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Validity of quasi-static approximation for H2
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10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3

Io
ni

za
tio

n 
Y

ie
ld

TDSE
ADK ( times 25 )
ADK

E = 1.55 eV , 6 cycles
I = 3.5 x 1013 W/cm2

Full-dimensional solution of TDSE: M. Awasthi, Y. V. Vanne, A.S., J. Phys. B 38, 3973 (2005) [method];
M. Awasthi and A.S., J. Phys. B: 39, S389 (2006) [R dependence].
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Frequency-corrected ADK (I)

• For 800 nm pulses with intensities between I = 2 · 1013 − 1.3 · 1014 W/cm2:

Keldysh parameter γ = ω

√
2Ip

F varies between γ = 0.67 and 2.6

→ transition regime between the multiphoton and the quasi-static regime.
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Frequency-corrected ADK (I)

• For 800 nm pulses with intensities between I = 2 · 1013 − 1.3 · 1014 W/cm2:

Keldysh parameter γ = ω

√
2Ip

F varies between γ = 0.67 and 2.6

→ transition regime between the multiphoton and the quasi-static regime.

• Comparison to yields obtained from tunneling rates using
YADK(R) = 1− exp

{
−
∫

ΓADK[F (t), Ip(R)]dt
}

.
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Frequency-corrected ADK (I)

• For 800 nm pulses with intensities between I = 2 · 1013 − 1.3 · 1014 W/cm2:

Keldysh parameter γ = ω

√
2Ip

F varies between γ = 0.67 and 2.6

→ transition regime between the multiphoton and the quasi-static regime.

• Comparison to yields obtained from tunneling rates using
YADK(R) = 1− exp

{
−
∫

ΓADK[F (t), Ip(R)]dt
}

.

• Validity condition γ � 1 for ADK not strictly fulfilled.
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Frequency-corrected ADK (I)

• For 800 nm pulses with intensities between I = 2 · 1013 − 1.3 · 1014 W/cm2:

Keldysh parameter γ = ω

√
2Ip

F varies between γ = 0.67 and 2.6

→ transition regime between the multiphoton and the quasi-static regime.

• Comparison to yields obtained from tunneling rates using
YADK(R) = 1− exp

{
−
∫

ΓADK[F (t), Ip(R)]dt
}

.

• Validity condition γ � 1 for ADK not strictly fulfilled.

• FC-ADK: frequency-corrected ADK based on PPT

ΓFC−ADK = ΓADK × exp
[
−2κ3

3F
g(γ)

]
/ exp

[
−2κ3

3F

]
g(γ) =

3

2γ

{(
1 +

1

2γ2

)
arcsinhγ −

√
1 + γ2

2γ

}
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Frequency-corrected ADK (II)

TDSE (points) vs. ADK (dashed lines) and FC-ADK (full lines)
(Laser parameters: 40-cycle cos2, 800 nm.)
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Incorporation of nuclear motion

Different levels of approximation:

FNA: fixed-nuclei approximation, ion yield/rate YFNA = Y (~Req) with equilibrium

geometry vectors ~Req

−→ complete neglect of vibrational motion.
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Incorporation of nuclear motion

Different levels of approximation:

FNA: fixed-nuclei approximation, ion yield/rate YFNA = Y (~Req) with equilibrium

geometry vectors ~Req

−→ complete neglect of vibrational motion.

FROZ: frozen-nuclei approximation, ion yield/rate YFROZ =
∫
Y (~R ) |χ(~R )|2 dVR

with initial-state vibrational wavefunction χ(~R )

−→ considers initial (quantum) spread of nuclear wavefunction, but no nuclear
dynamics initiated by the laser pulse.
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Incorporation of nuclear motion

Different levels of approximation:

FNA: fixed-nuclei approximation, ion yield/rate YFNA = Y (~Req) with equilibrium

geometry vectors ~Req

−→ complete neglect of vibrational motion.

FROZ: frozen-nuclei approximation, ion yield/rate YFROZ =
∫
Y (~R ) |χ(~R )|2 dVR

with initial-state vibrational wavefunction χ(~R )

−→ considers initial (quantum) spread of nuclear wavefunction, but no nuclear
dynamics initiated by the laser pulse.

FULL: full inclusion of nuclear dynamics in the TDSE solution.
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Incorporation of nuclear motion: example H2
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Incorporation of nuclear motion: example H2
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Incorporation of nuclear motion: example H2
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Nuclear motion in H2 (800 nm, 20 cycles, parallel)
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Nuclear motion in H2 (800 nm, 20 cycles, perpendicular)
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Comparison TDSE vs. ADK and fc-ADK (H2, 800nm, 20 cycles)

Ion yields in fixed (FNA, left) and frozen (FROZ, right) nuclei approximation.

A. Saenz: Molecules in Intense Laser Fields: Influence of the Nuclear Degrees of Freedom (24) KITP Santa Barbara, 22.08.2014



Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield

−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield

−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the

neutral(!) molecule is created.
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield

−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the

neutral(!) molecule is created.

RR

X 1Σ+
g

X 1Σ+
g

Lochfrass

(t=0: maximum field)(t<0: before pulse, no field)
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield

−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the

neutral(!) molecule is created.
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield

−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the

neutral(!) molecule is created.

• Purely quantum-mechanical effect:

A Schrödinger cat state of the ionized and the neutral molecule!
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield

−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the

neutral(!) molecule is created.

• Purely quantum-mechanical effect:

A Schrödinger cat state of the ionized and the neutral molecule!

• Absolutely non-resonant process: very robust and quite independent on exact
pulse shape, wavelength, phase . . .
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield

−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the

neutral(!) molecule is created.

• Purely quantum-mechanical effect:

A Schrödinger cat state of the ionized and the neutral molecule!

• Absolutely non-resonant process: very robust and quite independent on exact
pulse shape, wavelength, phase . . .

• Highly non-linear process:

A second (probe) pulse should detect a time-dependent ionization signal.
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Wave-packet study (results)
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Peak intensity: I = 6 · 1014 W/cm2, Wavelength: λ = 800 nm, Length: 8 fs.

Formation of a H2 wavepacket by “Lochfrass” (“eating a hole”).
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Wave-packet detection: Pump-probe
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Identical pulses, Peak intensities: I = 6 · 1014 W/cm2, Wavelength: λ = 800 nm.

[E. Goll, G. Wunner, and A. Saenz, Phys. Rev. Lett. 97, 103003 (2006)]
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Pump-probe experiment (MPI Heidelberg)
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Figure 2

Parameters:

Two identical pulses,

I = 4(1) · 1014 W
cm2,

λ = 795 nm,

7 fs (FWHM).

[Fig. from Ergler et al.

Phys. Rev. Lett. 97, 103004

(2006)]

−→ Experiment observes the theoretically predicted oscillation!!!

[Note: expected oscillation period for D2: 11 fs (H2: 8 fs).]
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Strong-Field Control: “Lochfrass” (summary)

In the case of H2 (D2):

• Rather simple v = 0 and v = 1 vibrational wavepacket.
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Strong-Field Control: “Lochfrass” (summary)

In the case of H2 (D2):

• Rather simple v = 0 and v = 1 vibrational wavepacket.

• Resulted in fastest vibrational motion observed so far

(faster than the one in H+
2 ).
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Strong-Field Control: “Lochfrass” (summary)

In the case of H2 (D2):

• Rather simple v = 0 and v = 1 vibrational wavepacket.

• Resulted in fastest vibrational motion observed so far

(faster than the one in H+
2 ).

• Extremely long-lived wavepacket (vibrational deexcitation requires two-photon
transition):

−→ “molecular clock” or “pendulum”.
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Strong-Field Control: “Lochfrass” (summary)

In the case of H2 (D2):

• Rather simple v = 0 and v = 1 vibrational wavepacket.

• Resulted in fastest vibrational motion observed so far

(faster than the one in H+
2 ).

• Extremely long-lived wavepacket (vibrational deexcitation requires two-photon
transition):

−→ “molecular clock” or “pendulum”.

For other molecular systems:

• Occurrence of “Lochfrass”: whenever there is a (clear) nuclear-geometry depen-
dence of the difference between the electronic ground state (hyper-)potential
surfaces of the neutral and the ion.
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Strong-Field Control: “Lochfrass” (summary)

In the case of H2 (D2):

• Rather simple v = 0 and v = 1 vibrational wavepacket.

• Resulted in fastest vibrational motion observed so far

(faster than the one in H+
2 ).

• Extremely long-lived wavepacket (vibrational deexcitation requires two-photon
transition):

−→ “molecular clock” or “pendulum”.

For other molecular systems:

• Occurrence of “Lochfrass”: whenever there is a (clear) nuclear-geometry depen-
dence of the difference between the electronic ground state (hyper-)potential
surfaces of the neutral and the ion.

• For larger molecules “Lochfrass” may excite different coupled vibrational modes
and allows their real-time observation.

[E. Goll, G. Wunner, and A. Saenz, Phys. Rev. Lett. 97, 103003 (2006)]
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Lochfraß in NH3

[J. Förster, A.S., in preparation.]
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Alternative scheme based on high harmonics (PACER)

Real-time observation of nuclear motion using high harmonics.

Concept (M. Lein PRL 94, 053004 (2005)):

1. Unique mapping of high harmonic photon frequency ω on emission time t (within
three-step model and for one cycle).
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Alternative scheme based on high harmonics (PACER)

Real-time observation of nuclear motion using high harmonics.

Concept (M. Lein PRL 94, 053004 (2005)):

1. Unique mapping of high harmonic photon frequency ω on emission time t (within
three-step model and for one cycle).

2. High-harmonic spectrum:

Smol(ω) =
∑
α

|Cα(ω)|2 sα(ω)

with orbital contribution sα(ω) =
∫∞
−∞ dt eiωt ω dα(t) with the dipole-

expectation value dα(t) for the time-dependent orbital α and

the nuclear correlation function Cα(t) = 〈χ(t = 0) | χ̃(+)(t) 〉 between the

nuclear wavefunctions of the neutral (χ) and the ion (χ̃
(+)
α ).
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Alternative scheme based on high harmonics (PACER)

Real-time observation of nuclear motion using high harmonics.

Concept (M. Lein PRL 94, 053004 (2005)):

1. Unique mapping of high harmonic photon frequency ω on emission time t (within
three-step model and for one cycle).

2. High-harmonic spectrum:

Smol(ω) =
∑
α

|Cα(ω)|2 sα(ω)

with orbital contribution sα(ω) =
∫∞
−∞ dt eiωt ω dα(t) with the dipole-

expectation value dα(t) for the time-dependent orbital α and

the nuclear correlation function Cα(t) = 〈χ(t = 0) | χ̃(+)(t) 〉 between the

nuclear wavefunctions of the neutral (χ) and the ion (χ̃
(+)
α ).

3. Taking the ratio for a molecule and its isotope-substituted counterpart, e. g.
H2O and D2O, cancels electronic part sα(ω).
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Nuclear Imaging with PACER

[S. Baker et al., Science 312, 424 (2006)]
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PACER: Scheme and application example (H2/D2)

We have previously applied PACER to probing nuclear motion in the rearrangement

of CHþ
4 , with encouraging results [5]. Calculations of the dynamics of these systems

are not currently available, and thus the direct measurement of these dynamics is an

exciting possibility.

3. Comparing PACER with alternative techniques

An alternative but related technique for probing vibrational wavepackets in Dþ
2 was

reported by Niikura et al. in 2003 [2]. The main components of both techniques are

shown in figure 3. As in PACER, the technique reported by Niikura et al. involves

ionization (and simultaneous launch of the vibrational wavepacket) followed by

recollision of the electron wavepacket, the temporal delay between which two events

provides the pump–probe time delay necessary for the system to evolve. However, in

this measurement recollision-induced ionization, followed by Coulomb explosion, is

used as the probe signal, rather than harmonic emission: the kinetic energy of the Dþ

fragments yielding information about the internuclear separation at the instant of the

Dþ
2 ! D2þ

2 ionization step. To vary the pump–probe time delay, this measurement

was repeated at a number of wavelengths in the range 800–1850 nm (the electron

return time depending on the period of the electric field). This allowed the

intramolecular nuclear dynamics to be followed over the temporal window roughly

1.5–4.5 fs after ionization, with sub-fs temporal resolution.
This work is thus very closely related to the PACER technique, and yields

comparable information regarding the nuclear dynamics. Both techniques offer very

good temporal resolution, because the electronic and nuclear wavepackets are

automatically synchronized in time by the nature of their production. However,

the temporal spread of the electron wavepacket, which is exploited in the PACER

1

2

3
1. Pump:  laser ionisation of D2
2. Probe: spectrally resolved harmonic
    emission
3. Simultaneous range of pump-probe 
    delays defined by temporal spread
    of recolliding wavepacket

(a)

1
2

3
(b)

1
2

3(c)

1. Pump: laser ionisation of D2
2. Recollision induced ionisation of

D2
+

3. Probe: kinetic energy of D+

fragments produced in coulomb
explosion

Pump-probe delay varied by changing
laser wavelength

1. Pump: laser ionisation of D2
2. Laser ionisation of D2

+

3.  Probe: kinetic energy of D+

fragments produced in coulomb
explosion

Pump-probe delay varied by
changing time delay between
two laser pulses

Figure 3. Three techniques for imaging vibrational wavepackets in Dþ
2 . (a) PACER [5].

(b) Recollision-KER [2]. (c) Laser-KER [4]. (The colour version of this figure is included in the
online version of the journal.)
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contributions from both the ionization step, and the subsequent acceleration of the
wavepacket in the laser field. In PACER, the effect of the nuclear motion is isolated
by the comparison of harmonic emission in two isotopes of the same species,
circumventing the need to determine a(k). As an example, harmonic signals in
both H2 and D2 were recorded, and any difference in the spectra attributed to the
different nuclear dynamics in the two species. Care was taken to ensure that both
gases were delivered to the interaction region at an equal density: this was confirmed
by interferometric measurements of the electron density. Figure 1(a) shows the
experimental data obtained using 8 fs pump pulses centred at roughly 775 nm, and
focused to an intensity of 2:4� 1014 Wcm�2 [5]. An increase in the ratio of harmonic
signals is clearly observed as the harmonic order (and therefore electron return time)
increases. This measurement is made over a time window 0.9–1.6 fs after the
ionization event, at a temporal resolution of roughly 100 as. Use of a genetic
algorithm (GA) can then reliably retrieve the internuclear separation versus time
information for both gases (figure 1(b)). The GA generates the optimum ionic BO
potential by calculating the wavepacket motion, and minimizing the sum of squared
deviations of the correlation ratio from the measured result [8]. The initial nuclear
wavepackets are assumed to be identical to the vibrational ground state wavefunc-
tions in each molecule.

We compare our experimental results to calculations based equation (1), using
Born–Oppenheimer potentials for the molecular ion. The blue line in figure 1(a)
shows the ratio jcD2 ð�Þ=cH2ð�Þj2 for a randomly aligned sample. This curve has been
scaled to account for the slight difference in photoionization cross-sections of the two
gases. The agreement with our experimental results is very good.
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Figure 1. (a) Measured ratio of harmonic signals in D2 and H2 (black points). Red points
show ratio of harmonic signals in the same gas on two independent data runs, being
constant at a value of 1. Blue line: calculated ratio, for a randomly aligned sample, including
two-centre interference. (b) Nuclear dynamics retrieved from experimental data by use of a
genetic algorithm (red curves). Blue curves show result calculated using the exact BO
potentials for Hþ

2 and Dþ
2 . (The colour version of this figure is included in the online version

of the journal.)
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[Figures taken from S. Baker et al., J. Mod. Optics 54, 1011 (2007).

(left original:) S. Baker et al., Science 312, 424 (2005)]
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Remarks on the PACER method:

• Observation of the (field-induced) motion in the formed ion,

more accurately the autocorrelation function of the ionic wavepacket with the
initial-state wavefunction.
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Remarks on the PACER method:

• Observation of the (field-induced) motion in the formed ion,

more accurately the autocorrelation function of the ionic wavepacket with the
initial-state wavefunction.

• For such motion to occur, there must be a strongly nuclear-geometry dependent
ionization probability as for “Lochfraß”.

• Requires isotope substitution (in the “relevant”, i. e. the active vibration(s)).

• Harmonic frequency to (emission) time mapping is only within a short time
interval (half cycle of driving laser photons) possible: short time window for
observation (≈ 1.5 fs at 800 nm)

−→ longer wavelengths extend the time window.
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PACER on NH3 (I)

• PACER experiment on NH3 and ND3 with 1800 nm radiation

[P. M. Kraus and H. J. Wörner, ChemPhysChem 14, 1445 (2013)]:

monotonically increasing ratio is found (as for H2/D2, CH4/CD4, H2O/D2O).

A. Saenz: Molecules in Intense Laser Fields: Influence of the Nuclear Degrees of Freedom (36) KITP Santa Barbara, 22.08.2014



PACER on NH3 (I)

• PACER experiment on NH3 and ND3 with 1800 nm radiation

[P. M. Kraus and H. J. Wörner, ChemPhysChem 14, 1445 (2013)]:

monotonically increasing ratio is found (as for H2/D2, CH4/CD4, H2O/D2O).

• Theoretical simulation using a reduced-dimensionality model

[J. Förster und A.S., ChemPhysChem 14, 1438 (2013)]:

good agreement with the experimental result is found,

A. Saenz: Molecules in Intense Laser Fields: Influence of the Nuclear Degrees of Freedom (36) KITP Santa Barbara, 22.08.2014



PACER on NH3 (I)

• PACER experiment on NH3 and ND3 with 1800 nm radiation

[P. M. Kraus and H. J. Wörner, ChemPhysChem 14, 1445 (2013)]:

monotonically increasing ratio is found (as for H2/D2, CH4/CD4, H2O/D2O).

• Theoretical simulation using a reduced-dimensionality model

[J. Förster und A.S., ChemPhysChem 14, 1438 (2013)]:

good agreement with the experimental result is found,

but non-monotonically ratio predicted for later times.

A. Saenz: Molecules in Intense Laser Fields: Influence of the Nuclear Degrees of Freedom (36) KITP Santa Barbara, 22.08.2014



PACER on NH3 (I)

• PACER experiment on NH3 and ND3 with 1800 nm radiation

[P. M. Kraus and H. J. Wörner, ChemPhysChem 14, 1445 (2013)]:

monotonically increasing ratio is found (as for H2/D2, CH4/CD4, H2O/D2O).

• Theoretical simulation using a reduced-dimensionality model

[J. Förster und A.S., ChemPhysChem 14, 1438 (2013)]:

good agreement with the experimental result is found,

but non-monotonically ratio predicted for later times.

• Model: Nuclear motion along the inversion coordinate x in the cation after the
ionization step

Ĥneutral =
1

2
p̂

1

µ(x)
p̂ + Vneutral(x)

Ĥion =
p̂2

2µ
+ Vion(x)
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PACER on NH3 (II)
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PACER on NH3 (III)

[J. Förster und A.S., ChemPhysChem 14, 1438 (2013)]
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PACER on NH3 (III)

[J. Förster und A.S., ChemPhysChem 14, 1438 (2013)]
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PACER on NH3 (III)

[J. Förster und A. Saenz, ChemPhysChem 14, 1438 (2013)]
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PACER on NH3 (III)

[J. Förster und A.S., ChemPhysChem 14, 1438 (2013)]
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PACER on NH3 (IV): long-time behavior

[J. Förster und A.S., ChemPhysChem 14, 1438 (2013)]
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A closer look at the autocorrelation function (I)

• Needed: nuclear autocorrelation function

C(t) = 〈Ψneutral(t = 0)|Φion(t)〉
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A closer look at the autocorrelation function (I)
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• Ionic wave packet expressed in the stationary ionic eigenstates
∣∣∣Φ̃n,ion〉:

|Φion(t)〉 =
∑
n
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∣∣∣Φ̃n,ion〉 exp
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t
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A closer look at the autocorrelation function (I)

• Needed: nuclear autocorrelation function

C(t) = 〈Ψneutral(t = 0)|Φion(t)〉

• Ionic wave packet expressed in the stationary ionic eigenstates
∣∣∣Φ̃n,ion〉:

|Φion(t)〉 =
∑
n

cn

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)

• This leads to the autocorrelation function

C(t) = 〈Ψneutral(t = 0)|Φion(t)〉

=
∑
n

cn

〈
Ψneutral(t = 0)

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)
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A closer look on the autocorrelation function (II)

C(t) =
∑
n

cn

〈
Ψneutral(t = 0)

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)
• The coefficients cn of the ionic wave packet come from the ionization step!
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A closer look on the autocorrelation function (II)

C(t) =
∑
n

cn

〈
Ψneutral(t = 0)

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)
• The coefficients cn of the ionic wave packet come from the ionization step!

• Franck-Condon: cFCn =

〈
Φ̃n,ion

∣∣∣∣Ψneutral(t = 0)

〉
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A closer look on the autocorrelation function (II)

C(t) =
∑
n

cn

〈
Ψneutral(t = 0)

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)
• The coefficients cn of the ionic wave packet come from the ionization step!

• Franck-Condon: cFCn =

〈
Φ̃n,ion

∣∣∣∣Ψneutral(t = 0)

〉
• Note: in Franck-Condon approximation one finds:

C(t) =
∑
n

cFCn

〈
Ψneutral(t = 0)

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)
=
∑
n

|cFCn |2 exp

(
−iEn

h̄
t

)
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A closer look on the autocorrelation function (II)

C(t) =
∑
n

cn

〈
Ψneutral(t = 0)

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)
• The coefficients cn of the ionic wave packet come from the ionization step!

• Franck-Condon: cFCn =

〈
Φ̃n,ion

∣∣∣∣Ψneutral(t = 0)

〉
• Note: in Franck-Condon approximation one finds:

C(t) =
∑
n

cFCn

〈
Ψneutral(t = 0)

∣∣∣Φ̃n,ion〉 exp

(
−iEn

h̄
t

)
=
∑
n

|cFCn |2 exp

(
−iEn

h̄
t

)

• In Franck-Condon approximation, all necessary data are available from standard
photoelectron spectroscopy!
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A closer look on the autocorrelation function (III)

• Strong-field ionization: strong dependence of the ionization rate,

e.g. Γ(R) ∝ exp

(
−2

3
(2Ip(R))3/2

F

)
, on nuclear geometry via Ip(R)

cSFn ∝
〈

Φ̃n,ion(R)
∣∣∣Γ1

2(R)
∣∣∣Ψneutral(R, t = 0)

〉
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A closer look on the autocorrelation function (III)

• Strong-field ionization: strong dependence of the ionization rate,

e.g. Γ(R) ∝ exp

(
−2

3
(2Ip(R))3/2

F

)
, on nuclear geometry via Ip(R)

cSFn ∝
〈

Φ̃n,ion(R)
∣∣∣Γ1

2(R)
∣∣∣Ψneutral(R, t = 0)

〉

• Further approximation (if wavefunction not available):

cSF,apprn ∝
〈

Φ̃n,ion

∣∣∣∣Ψneutral(t = 0)

〉
Γ

1
2(Ip(n)) = cFCn Γ

1
2(Ip(n))

where Ip(n) = Ip(0) + (En − E0).
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A closer look on the autocorrelation function (III)

• Strong-field ionization: strong dependence of the ionization rate,

e.g. Γ(R) ∝ exp

(
−2

3
(2Ip(R))3/2

F

)
, on nuclear geometry via Ip(R)

cSFn ∝
〈

Φ̃n,ion(R)
∣∣∣Γ1

2(R)
∣∣∣Ψneutral(R, t = 0)

〉

• Further approximation (if wavefunction not available):

cSF,apprn ∝
〈

Φ̃n,ion

∣∣∣∣Ψneutral(t = 0)

〉
Γ

1
2(Ip(n)) = cFCn Γ

1
2(Ip(n))

where Ip(n) = Ip(0) + (En − E0).

• Does this approximation work?
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A closer look on the autocorrelation function (IV)

• practically no difference between the weighting with Γ(R) and Γ(n) (same for
H2), but Γ(n) may be extracted from photoelectron spectra
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A closer look on the autocorrelation function (V)

In conclusion, one may use

C(t) =
∑
n

|cFCn |2 Γ
1
2(Ip(n)) exp

(
−iEn

h̄
t

)
where all data can be obtained from photoelectron spectra!
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A closer look on the autocorrelation function (V)

In conclusion, one may use

C(t) =
∑
n

|cFCn |2 Γ
1
2(Ip(n)) exp

(
−iEn

h̄
t

)
where all data can be obtained from photoelectron spectra!

That is great!

However, why does one need PACER, if all information is contained (for
arbitrary time t!!!) in standard photoelectron spectra?

Only an additional time component like a chemical reaction makes it
interesting!

Requires pump-probe schemes to initiate an (e.g. photochemical)
time-dependent process.
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H2: low-intensity, high frequency regime

Ionization probability (frequency scan). Pulse parameters: duration T = 10 fs
(cos2-envelope), peak intensity I = 1012 W cm−2, alignment: ‖.
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H2: low-intensity, high frequency regime

Contributions Y (R)|χ(R)|2. Pulse parameters: duration T = 10 fs
(cos2-envelope), peak intensity I = 1012 W cm−2, alignment: ‖.
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H2: low-intensity, high frequency regime

Ionization probability (frequency scan). Pulse parameters: duration T = 10 fs
(cos2-envelope), peak intensity I = 1012 W cm−2.

Yavg,X =

∫
dθ sin(θ)YX(θ) with X = FNA or FROZ

−→ FNA breakdown also for randomly aligned H2.
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Summary:

• The nuclear degrees of freedom are very important!

• Many important effects may already be included when considering geometry
dependent IP (~R ) and the frozen-nuclei approximation (FROZ)

(should be especially true for very short pulses).

• Nuclear wavepackets in (neutral) initial electronic state may be imaged using
Lochfraß.

• Nuclear wavepackets of the formed ion (more accurately the autocorrelation
function) can be imaged by PACER.

• A PACER experiment without separately initiated dynamics may be substituted
by simple time-unresolved photoelectron spectroscopy.
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