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a b s t r a c t

Laser pulses with stable electric field waveforms establish the opportunity to achieve coherent control on
attosecond timescales. A first successful example of electron localization and its control could be demon-
strated for the molecules Dþ

2 and HDþ. These molecules constitute simple model systems with only one
electron and left the question open, whether electron localization in multi-electron systems can be
achieved and controlled. In this context, we recently reported results where a high degree of light-wave-
form control over the directional emission of Cþ and Oþ fragments from the dissociative ionization of CO
was observed [1]. Here, we compare and analyze the mechanisms leading to electron localization in the
two different molecular systems Dþ

2 and COþ. We use our recently introduced method for multi-electron
systems that allows us to describe the formation of an electronic wavepacket and to follow its evolution
during the dissociation process.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

Coherent control of chemical reactions and photobiological pro-
cesses has been achieved within the last decade [2,3] using pulse
shapers to manipulate the light field parameters frequency, phase
and polarization. Typical timescales of these processes lie in the
femtosecond range. The recent accessibility of pulses with a dura-
tion of a few femtoseconds or even attoseconds [4] sparked the
interest to control the dynamics of the much faster electrons.
One exciting idea is to steer a chemical reaction by guiding an elec-
tronic wavepacket to the wanted position inside the molecule to
form or break bonds. At least two requirements must be fulfilled,
first the formation of a localizable electronic wavepacket and sec-
ond its stabilization at the wanted position. An electronic wavepac-
ket can be formed by superimposing two or more electronic states
by an electric field. The sign of the applied field determines
whether the positive or negative linear combination is created at
the beginning of the reaction. This new paradigm of coherent con-
trol is accessible by controlling the electric field waveform
EðtÞ ¼ E0ðtÞ cosðxt þ /Þ, with envelope E0ðtÞ and frequency x,
through the carrier envelope phase (CEP) / [5].

CEP-stabilized few-cycle pulses have only recently been used to
steer the electron motion in the dissociative ionization of the mol-
ecule D2 and its isotopologues [6,7]. The asymmetric DþðHþÞ ion

ejection in the dissociative ionization of D2 and HD was also theo-
retically studied (see e.g. [8–13] and references cited therein). After
the initial ionization, these prototype systems contain a single
electron. The steering of this electron originates from a CEP con-
trolled coherent superposition of the two electronic states X2Rþ

g

and A2Rþ
u (see Fig. 1a) that localize the electron density and finally

controls the directional emission of charged and uncharged frag-
ments upon the dissociation of the molecule.

These initial results stimulated an important question: is it pos-
sible to control the localization of electrons during reactions in
more complex systems using a similar scheme? And moreover,
can we identify and understand the underlying processes in the
observed control? The knowledge about the processes involved is
an important step towards the control of electron dynamics in
molecules of chemical or biological interest. Along this line exper-
iments on CO were performed showing encouraging results in
terms of the CEP controlled electron localization during the disso-
ciation. Control of dissociative reactions has been achieved previ-
ously by different approaches relying, e.g either on the control of
the nuclear dynamics [14,15] or on the control of multipath mul-
ti-photon processes [16]. Here we focus on the reaction control
through electron localization via the CEP.

The dynamics of molecules in strong laser fields typically in-
cludes ionization, recollision excitation or recombination and dis-
sociation. In principle all these processes are steerable by the
electric field waveform, and have to be considered in order to
understand or even predict the outcome of a strong field experi-
ment. While there is a wealth of work on the strong field dissocia-
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tion of small molecules (see, e.g. [17] and references cited therein),
only a few studies have been performed on carbon monoxide (CO)
[18,19]. Very recently we reported first experimental and theoret-
ical results on the influence of the CEP on the strong field dissocia-
tive ionization of the CO molecule [1].

In this paper we present a detailed and comparative theoretical
analysis of the electron localization in the dissociative ionization of
the two molecules D2 and CO. These two molecules can be re-
garded as prototypes for homo- and heteronuclear systems as well
as for single and multi-electron systems. We shortly refer to the
experimental setup and results, as they define the initial conditions
for the theoretical treatment. For the theoretical analysis, we ap-
plied our recently developed method to describe the coupled nu-
clear and electron dynamics simultaneously for multi-electron
systems [11].

2. Experimental setup

The laser and vacuum setup used for the experiments was de-
scribed in detail in [20]. The parameters for the experiments on

D2 and CO were as follows: we generated 5 fs ðD2Þ and 4 fs (CO) lin-
early polarized, phase-stabilized pulses at 760 nm ðD2Þ and 740 nm
(CO) with 3 kHz repetition rate. The few-cycle pulses were focused
into the center of the ion optics of a velocity-map imaging (VMI)
spectrometer using a spherical mirror (f = 500 mm ðD2Þ/
f = 125 mm (CO)). The D2 and CO experiments with linear polariza-
tion of the laser were carried out at intensities of 1.2 and
0:8% 1014 W=cm2, respectively. Ions and electrons that were gen-
erated at the crossing point of the laser (x-axis) and an effusive
atomic/molecular beam were accelerated and focused (along the
z-axis) with the ion optics (see Fig. 2 consisting of a repeller,
extractor and grounded time-of-flight region (from left to right in
the figure) onto an MCP-phosphor screen assembly (Hamamatsu,
F2226-24PX). The polarization of the laser was chosen along the
y-axis, i.e. parallel to the xy-plane of the MCP detector. Images
were recorded with a CCD camera. Inversion of the recorded
images using an iterative inversion procedure [21] allowed recon-
structing the original 3D ion momentum distributions. The pulse
duration and CEP of the pulses were adjusted by insertion of fused
silica into the laser beam via a pair of wedges. In the case of CO the
CEP was calibrated by reference measurements in Xe and compar-
ison to calculations based on quantitative rescattering theory
according to a recently published method [22]. From the evalua-
tion of this data the CEP is determined with an error of &0:04p.
For D2 the data was recorded as a function of a relative CEP-change.

3. Experimental results

The formation of fragment ions occurs in both cases (D2 and CO)
via a two-step mechanism (schematically shown in Fig. 1a for D2

and (b) for CO) in which initially the molecule is ionized by the la-
ser field (Fig. 1a and b, orange arrows) and a vibrational wavepac-
ket is created in the low-lying bound potential energy surfaces
(PES) X2Rþ

g for D2 (X and A in COþ). The dissociation is triggered
by excitation to repulsive electronic states either by laser induced
coupling (LC) or by recollision excitation (RCE).

The emission of fragment ions from the dissociation of D2 and
CO in intense few-cycle laser fields was monitored with VMI allow-
ing to retrieve their full 3D-momentum distribution. Previous
studies have revealed several pathways in the dissociation of D2

and its isotopes in intense laser fields [17]. In the double ionization
of these systems, two momentum-matched ions are produced that
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Fig. 1. (a) Potential energy surfaces (PES) of D2;Dþ
2 obtained by calculations

described in the text. Pathway for the formation of Dþ ions from D2 by dissociation
of the molecular ion through ionization ðhmÞ and recollision excitation (RCE). (b) PES
of CO, COþ and Franck–Condon point (FC) for the ionization from neutral CO
obtained by calculations described in the text. Pathway for the formation of CþðOþÞ
ions from CO by dissociation of the molecular ion through ionization ðhmÞ and
recollision excitation (RCE). For both figures it is indicated which electronic states
are coupled by the remaining laser field (solid orange line). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Schematic of velocity-map imaging (VMI) of the directional emission of ionic
fragments from the dissociative ionization of D2 and CO with phase-stable few-
cycle pulses. The CEP is shifted by the insertion of fused silica into the laser beam
using a pair of wedges. Ions that are created at the crossing point of an effusive
molecular jet and the focused laser beam are projected by the ion optics of the VMI,
consisting of a repeller, extractor and ground plate with a grounded time-of-flight
region (from left to right), onto an MCP/phosphor screen assembly. The projections
(Cþ ions from CO in the schematic) are recorded by a CCD camera.
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are symmetrically emitted along the molecular axis, irrespective of
the evolution of the driving fields. Light-waveform control of the
dissociation of D2 thus requires to avoid double ionization path-
ways. The important remaining channels in the dissociative ioniza-
tion of D2 at our laser conditions are bond softening and recollision
excitation [6]. Bond softening is visible by contributions to the ki-
netic energy spectrum of Dþ ions between 0 and 2 eV. Recollision
excitation (by the electron that is emitted upon ionization of D2)
gives higher Dþ kinetic energies between 3 and 8 eV. The spectral
contribution from recollision excitation vanishes with circular
polarization. Fig. 3a shows the kinetic energy spectrum for the
Cþ fragments from the dissociation of CO in an intense few-cycle
laser field. Three main spectral peaks are visible in energy ranges of
0.15–1.5 eV, 2–2.8 eV and 3.2–3.9 eV. In the low kinetic energy
range between 0.15 and 1.5 eV a distinct structure can be seen
(see inset of Fig. 3a). Comparison with experiments using circular
polarized (CP) light at twice the intensity as for linear polarization
to achieve the same field strength, which suppresses the recollision
excitation, reveal a distinct decrease of the observed Cþ ions. The
resulting kinetic energy spectrum (CP) is shown in Fig. 3a. We con-
clude that recollision excitation is the dominant process leading to
the observed fragmentation pattern while laser induced excitation
from bound electronic states to dissociative states of COþ plays
only a minor role.

No difference in the emission along the laser polarization axis
(up versus down in the recorded images) is observed with a ran-
domly varying phase. With CEP stabilization a pronounced phase
dependence in the directional ion emission is found throughout
the measured CEP range for Dþ ions from D2 and Cþ=Oþ ions from
CO. The directional emission is represented by the angle-integrated
asymmetry

AðW ;/Þ ¼ PupðW;/Þ ' PdownðW;/Þ
PupðW;/Þ þ PdownðW;/Þ

ð1Þ

as a function of the fragment kinetic energy W and the laser phase
/. PupðW;/Þ and PdownðW;/Þ are the measured ion yields in the up
and down directions along the laser polarization axis. The ion yields
were integrated over an angular range of 120" around the polariza-
tion axis over which we observed a pronounced asymmetry for both
molecules (see, e.g. Fig. 4a in Ref. [7]) with almost the same ampli-
tude. Fig. 4 shows the evolution of the asymmetry parameter Að/Þ
that has been obtained by integration of AðW;/Þ over chosen energy
intervals for Dþ ions from D2 (panel a) and Cþ (panel b)/Oþ (panel c)

ions from CO. In all cases the asymmetry oscillates as a function of
the phase representing conditions where the direction of the ionic
emission is effectively controlled. We will elaborate here further,
how the mechanisms for the observed control differ for the these
homo- and heteronuclear systems.

ForD2 thehighestdegreeof control is observed for Dþ fragments,
whose creation has involved recollision excitation (i.e. in the energy
range between 3 and 8 eV). It has been argued in [6] that the bond
softening contribution might have been affected by a temporally
longer (10–20 fs) pedestal to the few-cycle pulses (of ca. 10% in
intensity). Still a weak oscillation of the asymmetry in the range be-
tween 0 and 2 eV is visible and is observed to be phase-shifted with
respect to the asymmetry oscillation at higher energies. Fig. 4b
shows the asymmetry for Cþ ions integrated over energy ranges
corresponding to the three main contributions in Fig. 3a. The ob-
served asymmetry in the directional emission of the Cþ ions is al-
most equally strong throughout the whole kinetic energy
spectrum with a maximum value around 0.2. Analogous to the
dependence of the asymmetric emission of Oþ ions was recorded
for CO, showing the same features (see Fig. 4c). Due to a 20 times
weaker Oþ signal, however, the data exhibit a lower signal-to-noise
ratio. Thus it is difficult to determine the phase-shift between the
points, where a maximum asymmetry is found for Cþ and Oþ ions.

4. Theoretical method

A theoretical description of electron dynamics in multi-electron
molecules is still a challenge. Most approaches use time-dependent

Fig. 3. (a) Experimentally observed Cþ kinetic energy spectra for CO dissociative
ionization by linear (LP) and circular (CP) polarized light pulses without phase
stabilization (integrated over 120"), (b) calculated Cþ kinetic energy spectrum
including recollision excitation (RCE) and laser induced coupling (LC) of the bound
and repulsive electronic states at the same conditions; the insets in (a) and (b) show
the enlarged lower energy range for experimental and calculated spectra.

Fig. 4. Experimental asymmetry Að/Þ integrated over several energy ranges (as
indicated) versus the CEP for Dþ ions from D2 (a) and Cþ ions (b)/ Oþ ions (c) from
CO. For D2 the data were recorded as a function of a relative CEP-change (rel. phase).
In the case of CO the CEP was calibrated by reference measurements in Xe and
comparison to calculations based on quantitative rescattering theory [22] (abs.
phase).
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analogs of well-established quantum chemical methods. Based
upon the time-dependent Hartree–Fock theory [23] and the
(explicitely) time-dependent density-functional theory [24] there
are many expansions to incorporate the correlation of the electrons
and make use of post-Hartree–Fock methods like TD-CI [25,26],
TD-MCSCF [27] and MC-TDHF [28]. In other approaches the elec-
tronic wavefunction is directly propagated using Green’s function
formalism [29] or in the basis of electric eigenstates [30]. While
these methods describe the electronic motion very accurately, a
simultaneous quantum mechanical treatment of the nuclear mo-
tion is computationally demanding. Calculations along this line
has very recently been presented for bound 4-electron system
LiH [31]. The group of Takatsuka [32] therefore introduced an an-
satz to couple electron dynamics in the eigenstate system to clas-
sical nuclear motion.

Recently we presented a new method to treat electron and nu-
clear quantum dynamics simultaneously for multi-electron sys-
tems [11]. This method was tested for the control of electron
localization in Dþ

2 and then applied to describe the experimental
results on the dissociative ionization of CO [1]. Here, we focus on
a comparison of the mechanisms leading to the electron localiza-
tion observed in the dissociative ionizations of D2 and CO and
the consequences for the CEP controlled asymmetry. For both pro-
totype molecules the ionization step determines the angular distri-
bution of the ionic fragments recorded by the VMI spectrometer
(see Fig. 2). The Dþ ion distribution from D2 is aligned along the
laser polarization, while Cþ and Oþ fragments from CO show dis-
tinct maxima around 45", 135", 225" and 315" [1]. The angular dis-
tribution also defines the optical transitions addressable for a given
laser polarization. For the heteronuclear molecule, one can expect
orientational dependent ionization probabilities for phase-stabi-
lized lasers and thus a contribution from the ionization to the total
observed asymmetry [1]. Homonuclear diatomic molecules always
show a symmetric angular distribution in the ionization step. The
contributions from the recollision are still unknown and their cal-
culation is currently out of scope for many electron molecules [9].

For the calculations of the asymmetry produced in the dissoci-
ation process, we follow the dominant recollision excitation path-
way, assuming ionization at the electric field maximum of the
strong ultrashort laser pulse and recollision of the electron 1.7 fs
later (corresponding to the first recollision time [33]). Thereby
the initially formed nuclear wavepacket is excited from the X
(and A state in case of COþ) to higher electronic states. Simulta-
neously, the electronic and nuclear wavepacket motion is
launched. Important for the starting conditions of our theoretical
analysis are the differences in the recollision excitation between
the two molecular ions Dþ

2 and COþ. In the case of Dþ
2 the recolli-

sion excitation only populates the repulsive A2Rþ
u state (see

Fig. 1a). In contrast, the recollision can excite various close lying
electronic states in the COþ molecule (see Fig. 1b). Our quantum
dynamical simulations start after the recollision event. We sum-
marize briefly our method [11] and highlight the expressions espe-
cially important for the aspired comparison. The molecular
wavefunction Wmol is set up in a product ansatz as the sum over
the electronic states i involved in the subsequent laser pulse
interaction:

WmolðR; r; tÞ ¼
X

i

uiðr; t;RÞviðR; tÞ

¼
X

i

uiðr; t0;RÞe'iEiðRÞt
X

j

cijnijðRÞe'imij t

¼
X

i

uiðr; t0;RÞ
X

j

cijnijðRÞe'iðEiðRÞþmijÞt ð2Þ

with vi the nuclear wavepackets in the ith electronic state com-
posed of the nij vibrational eigenfunctions, uiðr; t0;RÞ the stationary

electronic wavefunction defined at time zero ðt0 b¼ t ¼ 0Þ; EiðRÞ the
electronic eigenenergy, mij the relative energy of the vibrational lev-
els, the nuclear and electronic coordinates R and r and the time t. To
follow first the nuclear wavepacket motion we, multiply the time-
dependent Schrödinger equation from left with u(

i ðr; t0;RÞ and inte-
grate over the electronic coordinate r. This leads to the usual time-
dependent Schrödinger equation for the selected coupled electronic
states:

i
@

@t

v1

v2

v3

..

.

0

BBBB@

1

CCCCA
¼

Tnuc þ V1 'l12!ðtÞ 'l13!ðtÞ . . .

'l12!ðtÞ Tnuc þ V2 'l23!ðtÞ . . .
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.

0
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.

0
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1
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ð3Þ

with the kinetic Hamiltonian Tnuc, the Born–Oppenheimer poten-
tials Vi and the dipole coupling which is treated semiclassically
with the transition dipole moment lij times the electric field !ðtÞ.
lij depends on the internuclear separation and on the angle be-
tween the molecular and the laboratory frames. The transition di-
pole moment is a vector defined in the molecular frame. We
project the total vector for a given alignment angle onto to the
polarization axis defined in the laboratory frame. For the nuclear
quantum dynamics we used this projection. The time-dependent
Schrödinger equation for the nuclei (Eq. (3)) is solved numerically
on a one-dimensional grid with the split operator scheme [34].
For the D2 calculations we used a spatial grid with 1200 points
ranging from 0.25 to 13.23 Å. The nuclear wavefunctions were
propagated for 23 fs with a time step of 0.0096 fs. The COþ calcula-
tions were performed on a spatial grid with 1200 points ranging
from 0.5 to 10.0 Å. For the coupled electron and nuclear dynamics,
the nuclear wavefunctions were propagated for 24 fs with a time
step of 0.0096 fs.

The derived total nuclear wavefunction vtot ¼ ðv1;v2;v3; . . .Þ is a
multi-dimensional vector, spanned by the coupled wavefunctions.
Their square gives the probability density of the nuclei as a func-
tion of the nuclear coordinates R.

With the help of vtot the electronic density qðr1; t;RðtÞÞ is ex-
pressed as a function of the electronic coordinate r1 and time t.
The total molecular wavefunction is integrated over the nuclear
and over the N ' 1 electronic coordinates (with N the total number
of electrons), thereby extracting explicitly the time dependence of
the electronic wavefunctions:

qðr1; t;RðtÞÞ ¼
Z

W(
molWmol dRdr2; . . . ;drN

¼
Xk

i¼1

aiðtÞ2juiðr1; t0;RðtÞÞj
2

þ
Xk

i¼1

Xk

j>i

2RefhviðR; tÞjvjðR; tÞiRuiðr1; t0;RðtÞÞ

%ujðr1; t0;RðtÞÞe'iDEjiðRðtÞÞDtþ/ðt'DtÞg ð4Þ

where qðr1; t;RðtÞÞ indicates the parametric dependence of the
electron density on the nuclear coordinate R, with
RðtÞ ¼ hv totðR; tÞjRjvtotðR; tÞi which is the total expectation value of
the internuclear distance of the nuclear wavepacket [11]. The coef-
ficients aiðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hviðtÞjviðtÞiR

p
and a2

i ðtÞ trace the population evolu-
tion of the electronic states, hviðtÞjvjðtÞiR is the interference term
and DEijðtÞ ¼ EjðtÞ ' EiðtÞ the energy difference between the elec-
tronic states i and j. k is the total number of included electronic
states. The electronic wavefunctions uiðr; t0;RðtÞÞ are represented
as Slater determinants. At t ¼ 0 they are completely real wavefunc-
tions as calculated from quantum chemistry. They will oscillate
through phase space with a velocity given by their eigenenergies.
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The electron density of the electronic state i is given by
juiðr1; t0;RðtÞÞj

2 ¼
Pm

n¼1c
i
njfnðr1; t0;RðtÞÞj

2, with cin the occupation
number of the molecular orbital fn in the electronic state i and
the sum is over all occupied orbitals. The time evolution of the elec-
tronic wavepacket is defined by the last term of Eq. (4) and is calcu-
lated by propagation in the eigenstate basis. The coupling of the fast
electron to the slower nuclear dynamics enters through the time-
dependent population aiðtÞ2, through the interference term
hviðtÞjvjðtÞiR, which weights the degree of electronic coherence
ðuiðr1; t0;RðtÞÞujðr1; t0;RðtÞÞe'iDEjiðRðtÞÞDtþ/ðt'DtÞÞ induced in the molec-
ular system. The phase factor e'iDEjiðRðtÞÞDtþ/ðt'DtÞ in Eq. (4) has to be
calculated recursively to retain the memory of the progressing elec-
tronic phase evolution during the propagation of the nuclear wave-
packets. This is necessary as we need the absolute phase factor in
Eq. (4), which is multiplied by the calculated (completely real) elec-
tronic wavefunctions at each time step of the nuclear wavepacket
propagation. Here, /ðt ' DtÞ is the absolute phase of the previous
time step needed for the recursive calculation. Moreover this proce-
dure allows us to adjust the time step (Dt in Eq. (4)) to the much
faster electron dynamics. We used a one-hundredth of the time step
applied in the nuclear dynamics. For EjðtÞ we take the eigenenergy
at time t at RðtÞ. This approximation is justified as the nuclear wave-
packets, produced by ultrashort laser pulses, are highly localized
and the energy values corresponding to the faster and slower com-
ponents of the nuclear wavepackets compensate each other. Note,
the time-dependence of EjðtÞ can lead to a change of the group
velocity of the electronic wavepacket. In case non-adiabatic cou-
pling terms are needed to describe the system dynamics, they can
be included according to the method published in [35].

From Eq. (4) it is evident that two terms, the overlap of the nu-
clear wavepackets propagating on different potential energy sur-
faces and the product of the different electronic wavefunctions
are important for the electronic coherence and thus for the survival
of the electronic wavepacket. If one of the terms in the double sum
vanish the electron dynamics collapses. These terms also play an
important role in the comparison of the electron localization in
both molecules. In case one of the nuclear wavepacket separates
during the propagation only the part, relevant for the described
dissociative process, has to be included.

Fourier-transformation of the total nuclear wavefunction after
the dissociation gives the momentum spectrum of the molecular
system. It can be used to calculate the momentum distribution
for the individual fragments, as both nuclei are accelerated during
the dissociation with the identical force but have different masses.
The kinetic energy spectra for given fragments can be obtained
from their momentum distribution. Thus the kinetic energy spec-
trum will reflect contributions from all involved electronic states
with their specific dissociation dynamics.

5. Theoretical results

5.1. Nuclear dynamics and kinetic energy spectra

For our analysis, we first have to decide, which electronic states
should be included in the calculation. In the case of Dþ

2 this is trival
under the current laser conditions, here only two electronic states
can interact through the light field. The PES for the Dþ

2 electronic
ground state ðX2Rþ

g ) and the repulsive A2Rþ
u state have been calcu-

lated with the quantum chemistry package Molpro [36] on the
CASSCF(1,2)/6-311++G** level of theory (see Fig. 1a). The Dþ

2 ions
are taken to be aligned along the laser polarization axis in accor-
dance with the maxima found in the experimental ionic fragment
distribution. The kinetic energy spectrum derived from the nuclear
dynamics shows only one broad contribution produced by recolli-
sion excitation between 3 and 8.0 eV in good agreement with the

experimental result. The experimentally observed spectrum be-
tween 0 and 2.0 eV originates from bond softening [8,37] and is
not considered in the theoretical treatment.

In case of COþ the choice of the electronic states is more
demanding and guidance from the experiment is needed. Selection
criteria are the energy distribution of the recolliding electron and
the kinetic energy of the ionic fragments (e.g. Cþ ions from the dis-
sociation of COþ into Cþ þ O). The first criterium defines the upper
energetic limit for the excited states participating in the dissocia-
tive ionization. The cut-off energy for this excitation for the present
laser parameters is about 13 eV (3.17 Up where Up is the pondero-
motive potential). Therefore the PES for the CO electronic ground
state, the first three 2R states and the first six 2P states for the
COþ molecular ion (Fig. 1b) are calculated with the quantum chem-
istry package Molpro [36] on the CASSCF(6,12)/aug-cc-pVQZ and
CASSCF(5,12)/aug-cc-pVQZ level of theory. This selection includes
the highest lying r and p electrons in the active space for the elec-
tron correlation. From the reachable excited state manifold we
chose three potential curves to represent the induced dissociative
dynamics resulting in the observed asymmetry and kinetic energy
spectrum of the ejected ionic fragments. A further selection crite-
rium was that all transitions among the selected states were al-
lowed. We performed test calculations by exchanging the
electronic states. From comparison with the experimental kinetic
energy spectrum we could deduce that the C2Rþ and H2P states
are needed, the C state as a weakly bound state to obtain the struc-
ture in the low kinetic energy spectrum and the H state, as the first
and only reachable state leading to the Cð3PÞ þ Oþð4SÞ channel, to
allow localization of the electron density also on the C-atom (deliv-
ering Oþ fragments). The E2P state is included to mimic the man-
ifold of similar repulsive states. Exchange of this state with any
other state in the reachable energetic region does not change nei-
ther the underlying mechanism nor the features of the kinetic en-
ergy spectrum. For the recollision excitation we assume a gaussian
energy distribution for the returning electron performing the exci-
tation likewise an ultrashort electric light field and start with a
55:38:7 distribution of the states involved (ordered in increasing
energy). This population distribution was chosen as it delivers
the experimentally observed ratio between Cþ and Oþ fragments.
Whether the initial population of the excited states caused by
the recollision is slightly dependent on the CEP or not is an open
question, but its calculation is currently out of scope for larger mol-
ecules [9]. Multiple recollisions of the ejected electron from subse-
quent half-cycles are less probable under the current laser
conditions and are thus neglected in the calculations [33,38].

The COþ ions are taken to be aligned at an angle of 45" to the
laser polarization, allowing on one hand all transitions between
the R andP states. On the other hand the 45" orientation coincides
with the angle for the maximum number of experimentally de-
tected ionic fragments. Field-free rotation is neglected in the calcu-
lations as it takes place on a much longer timescale (approx. 8.5 ps
for a full rotation of CO at its equilibrium distance). Also dynamic
alignment before dissociation induced by the laser field is ne-
glected because of the extremely short pulse duration used in
the experiments on CO (4 fs).

The kinetic energy spectrum for the Cþ ions derived from the
nuclear dynamics is shown in Fig. 3b and is in reasonable qualita-
tive agreement with the experimental data supporting again the
selection made for the representative states. On the basis of these
results, we can explain the origin of the observed energy distribu-
tion. The low kinetic energy spectrum (0.15–1.5 eV) arises from the
dynamics on the weakly bound C2Rþ state and the spectrum in
the range between 2.0 and 2.8 eV from the purely repulsive E2P
state. Both states correlate with the second dissociation channel
ðCþð2PÞ þ Oð1DÞÞ. The high energy spectrum reflects the dynamics
of the second repulsive H2P state correlating with the third
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reaction channel ðCð3PÞ þ Oþð4SÞÞ. The reason why this channel,
leading to Oþ fragments, is observable in the recorded Cþ signal
lies in the quantum nature of the nuclear wavefunction involved
and was explained in Section 4. The structure in the low kinetic en-
ergy spectrum follows from interference effects in the nuclear
wavepacket on the C2Rþ state and can also be seen in the experi-
mental spectrum. This interference appears because the recollision
excitation produces a high energy wavepacket consisting of both
bound and continuum vibrational states on the C2Rþ surface. Dur-
ing the break-up of COþ the bound vibrational states are trapped in
the potential well and interfere with the outgoing part of the wave-
packet (see Fig. 5). The temporal evolution of the interference pat-
tern can be directly connected to the vibrational levels of the C2Rþ

state (likewise demonstrated in Ref. [39] for Dþ
2 ). The kinetic en-

ergy spectrum of the Oþ fragments (not shown here) reveals sim-
ilar features.

The minor route of laser induced excitation from low lying
bound electronic states X2Rþ and A2P to the dissociative states
of COþ that was observed in the experiments using circular polar-
ization (CP) was also included in the calculations. Fig. 3b (LC)
shows the resulting kinetic energy spectrum. Only small contribu-
tions are recognizable in the kinetic energy ranges 0.15–1.5 eV and
2.0–2.5 eV (not visible within the graphical resolution of the
figure).

5.2. Electron localization and asymmetry

The temporal evolution of the electronic state population dur-
ing the laser pulse interaction is shown in Fig. 6a and c for both
molecules. In the case of Dþ

2 the nuclear dynamics starts in the
A2Rþ

u state prepared after the recollision excitation event. Here
the nuclear dynamics is fast enough to reach the region where
the energy difference between the X2Rþ

g and A2Rþ
u state comes

into resonance with the light field. As a result, we observe a strong
molecule light interaction with a large population exchange, nearly
leading to a population inversion. Almost the same population
transfer is found when the CEP is flipped by p (see Fig. 6a). Con-
trarily, in COþ the population of the individual states is mirrored
when the CEP is flipped by p. Moreover only a weak coupling be-
tween the electronic states is achieved because the conditions for
resonance are never fulfilled (see Fig. 6c).

In Fig. 6b and d we show the magnitudes derived from the elec-
tron density, which visualize the electron wavepacket motion and
are connected to the experimentally observed asymmetry (see Eq.
(1)). In Dþ

2 we plotted the asymmetry in the electron density A

A ¼ Pup ' Pdown

Pup þ Pdown
ð5Þ

directly connected to the experimentally measured asymmetry,
with Pup and Pdown the probability density to find the electron on
the upper or lower D atom, respectively, given by

Pup ¼
Z xmax

xmin

dx
Z ymax

ymin

dy
Z 0

zmin

dzjutotðr; tf ;Rðtf ÞÞj
2 ð6Þ

Pdown ¼
Z xmax

xmin

dx
Z ymax

ymin

dy
Z zmax

0
dzjutotðr; tf ;Rðtf ÞÞj

2 ð7Þ

The overall dynamics of the asymmetry in Dþ
2 (Fig. 6b) results from

a competition between the influence of the light pulse, the time
evolution of the linear combination which oscillates with DEijðtÞ
and the interference term of the nuclear wavefunctions, which
weighs the degree of electronic coherence. During the dissociation
the amplitude of the oscillation increases as the two states involved
couple most efficiently. The electron dynamics stops when the two
states become degenerate. By flipping the CEP by p the evolution of

Fig. 5. Time evolution of the probability amplitude of the nuclear wavepacket in
the C2Rþ state of COþ as a function of the internuclear distance.
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Fig. 6. (a) Time-dependent population of the X2Rþ
g and the A2Rþ

u -state of Dþ
2 during

the dissociation. (b) Temporal evolution of the asymmetry of Dþ
2 starting from the

time of recollision (solid: CEP = 0; dotted: CEP ¼ p). (c) Time-dependent popula-
tions of the C2Rþ; E2P and H2P states of COþ after recollision excitation (solid:
CEP = 0; dotted: CEP ¼ p). (d) Temporal evolution of the probability measuring a Cþ

fragment Pþ
C for the dissociative ionization of COþ after recollision (solid: CEP = 0;

dotted: CEP ¼ p).
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the asymmetry is exactly mirrored. The maximum value for the
resulting asymmetry is around 0.2 and thus close to the experiment.

In case of COþ the definition of the asymmetry is slightly more
complex. Here the experimentally measured asymmetry arises
from the ensemble of randomly oriented CO molecules. Thus Pup

and Pdown, respectively, are assigned to the different orientations.
From both orientations Cþ and Oþ fragments can be detected and
the asymmetry cannot be derived directly from the electron den-
sity of a single molecule with only one specific orientation. In
our calculations we have direct access to the probability Pþ

C ðtÞ of
measuring a Cþ fragment for a given orientation. This probability
is given by

Pþ
C ðtÞ ¼

Z xmax

xmin

dx
Z ymax

ymin

dy
Z 0

zmin

dzqðr1; t;RðtÞÞ ð8Þ

where x; y and z refer to the molecular frame with z along the
molecular axis and the O-Atom oriented along negative z-values.
Now the CEP dependent asymmetry as observed in the experiment
can be approximated by the final Pþ

C ðtÞ values from two different
orientations.

The electron dynamics reflected in Pþ
C ðtÞ (e.g. solid curve in

Fig. 6d) results like in Dþ
2 , but only in the first 6 fs, from a compe-

tition between the influence of the light pulse, the time evolution
of the linear combination and the interference term of the nuclear
wavefunctions. As soon as the light induced population transfer
between the electronic states stops (approximately after 8 fs, see
Fig. 6c), the oscillation in Pþ

CðtÞ decreases rapidly converging after
12 fs to its final value. Responsible for the decay is the reduced
overlap of the superimposed electric wavefunctions. This effect
can be visualized by the molecular orbitals which discriminate
the different Slater determinants and become soon located on
the two different nuclei during the dissociation (see Fig. 7b). There-
fore the term containing the overlap of the Slater determinants
(uiðr1; t;RÞujðr1; t;RÞ see Eq. (4)) becomes zero. Consequently, the
last term of Eq. (4) vanishes and with it the dynamics of the elec-
tronic linear combination. The damping of the oscillations in Pþ

C ðtÞ
reflects the decay of the initially prepared electronic wavepacket.
The probability Pþ

C ðtÞ upon the break up of the molecule is given
by the final population distribution of the coupled reaction chan-
nels leading either to Cþ or Oþ fragments. This ratio is steered very
precisely by the CEP of ultrashort laser pulses. A shift of the CEP by
p while keeping the molecular orientation leads to a different re-
sult (dotted curve in Fig. 6d). Changing the orientation of the mol-
ecule by 180" is equal to shifting the CEP by p as the transition
dipole moment changes the sign. Thus in practise, the CEP depen-
dent asymmetry in the dissociation step can be calculated by Pþ

C ðtÞ
for two CEP values shifted by p. The maximum value for the result-
ing asymmetry due to the electron localization is around 0.03, but
is not directly comparable to the experimental values as the ioni-
zation has significant contributions to the total asymmetry [1].

5.3. Mechanisms for electron localization

Comparison of the attosecond control mechanisms for electron
localization in both molecules shows three major differences. The
first one occurs already in the preparation step. In Dþ

2 the superpo-
sition of the electronic states is created by the interaction with the
light pulse. Thus the sign of the initial superposition is directly con-
trolled by the CEP. Consequently, the electronic wavepackets pre-
pared with opposite CEP values show already from the beginning
exactly mirrored asymmetry values. In the case of COþ, the elec-
tron localization dynamics is triggered by the recollision excita-
tion. Thus the oscillation in Pþ

C ðtÞ for the different CEP values is
prepared and proceeds almost in phase in the beginning of the dis-
sociation and is controlled later by the laser pulse interaction. As a

second difference the electron localization in Dþ
2 shows much lar-

ger amplitudes compared to COþ, because only for the lighter mol-
ecule the nuclear dynamics is fast enough to hit the resonance with
the laser frequency.

The third major difference lies in the ending of the electron
dynamics. In the case of the Dþ

2 molecule the dynamics only stops
when the two electronic states involved become degenerate and
consequently the exponent in Eq. (4) becomes zero. Simulta-
neously, the dissociation process is completed and the degree of
electron localization is determined, beside the mixing ratio of the
electronic states, by the final phase of the exponential factor. For
the COþ molecule the dynamics stops because the overlap of the
electronic wavefunctions becomes zero as soon as the outer orbi-
tals localize on one atomic center. This mechanism is shown in
Fig. 7. For internuclear distances around the minimum geometry
the valence molecular orbitals of both molecules are delocalized

Fig. 7. (a) r';r(-orbitals of the Dþ
2 molecule at internuclear distances 1.43 (left)

and 22 au (right). The solid line separates the initial orbitals (upper half) from the
calculated linear combinations of these orbitals (lower half). The positive linear
combination is plotted first. For both internuclear distances the linear combinations
are localized on one atomic center. (b) px';p(

x-orbitals of the COþ molecule at
internuclear distances 2.13 (left) and 22 au (right). The solid line separates the
initial orbitals (upper half) from the calculated linear combinations of these orbitals
(lower half). The positive linear combination is plotted first. For internuclear
distances around the minimum geometry (left) the linear combination can localize
the electron density on one atomic center. For larger distances (right) the linear
combinations are delocalized.
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over both centers (Fig. 7a and b left side above solid line). By form-
ing the positive or the negative linear combination of the corre-
sponding Slater determinants, the electron density in both cases
is localized on one atom (Fig. 7a and b, left side below solid line).
For larger internuclear distances the situation changes completely
(Fig. 7a and b, right). In the case of the homonuclear Dþ

2 the two
orbitals are still delocalized over the molecule (Fig. 7a right side
above solid line) and the linear combination still localizes the elec-
tron density (Fig. 7a right side below solid line). The same effect
will appear for its isotopologues HDþ and HDþ

2 as the electronic
structure does not change compared to Dþ

2 . For the heteronuclear
COþ the molecular orbitals localize during the dissociation
(Fig. 7b right side above solid line). Thus the electron density of
the superposition state delocalizes (Fig. 7b right side below solid
line). Consequently, the degree of electron localization is not deter-
mined by the phase evolution (second term of Eq. (4)) but by the
populations of the electronic states which localize the electron
on one or the other nucleus in their asymptotic limits (e.g. Cþ or
Oþ channels). These populations are controllable by the CEP on
the attosecond timescale.

6. Conclusion

For two different types of molecules, we compared the attosec-
ond control mechanism of electron localization observed in the
dissociative ionization with intense ultrashort phase-stabilized
light fields. We chose the molecules D2 and CO, which can be re-
garded as representatives for homo- and heteronuclear diatomics.
In addition these molecules differ in the complexity of the elec-
tronic structure and most notably for both molecules experimental
data were available to us [1,6]. To follow the process of electron
localization during the dissociation, we applied our method for
the simultaneous treatment of the coupled nuclear and electron
wavepacket dynamics. Our analysis revealed significant differences
in the attosecond control mechanisms. They occur already in the
formation of the electronic wavepacket. In Dþ

2 the electronic wave-
packet is created exclusively through the light field induced cou-
pling of only two electronic states. Thus the sign of the initial
superposition is defined and controllable by the CEP. In COþ it is
essential that the electronic wavepacket is already formed in the
recollision step. Here the CEP control arises from the subsequent
interaction of the laser pulse with the previously prepared elec-
tronic wavepacket and is due to the interplay of the signs of the
light field and the transition dipole moments. The explanation for
the differences in the preparation step can be found in the elec-
tronic structure of both molecules. In the multi-electron system
many close lying electronic states exist, which are simultaneously
populated by recollision excitation. We also observed differences
in the electron dynamics during the dissociation. Crucial for driv-
ing the electron motion in Dþ

2 is that the oscillation frequency of
the electronic wavepacket comes into resonance with the laser fre-
quency. As this never happens in the case of COþ the decay of the
electronic wavepacket is much faster and the dominant feature.
Decisive for the final degree of localization is again the electronic
structure of the molecules. In Dþ

2 the structure of the molecular
orbitals hold the localization of the electron density in the super-
position upon the break up of the molecule. This is not possible
for COþ. Here, the electronic structure results in a delocalized elec-
tron density. For the final asymmetry we can state that for Dþ

2 the
phase of the superposition (exponent in Eq. (4)) imprinted by the
CEP defines its final value. In the case of COþ the asymmetry arises
from the CEP controlled population ratio between the coupled
reaction channels leading either to Cþ or Oþ. It should be noted that
the experimentally observed asymmetry in the case of CO is also
affected by the ionization in a few-cycle phase-stable laser field

as described in [1]. With the current experimental data it is not
possible to distinguish clearly between contributions from the ion-
ization and laser-induced electron localization mechanisms in CO.
Future studies are aimed into this direction. We have shown that
electron localization is not restricted to one-electron systems but
can be found also in multi-electron systems and understood by
our theoretical calculations. Moreover, we can deduce that multi-
ple molecular dependent pathways exist to realize electron locali-
zation. However, it will still be a great challenge to guide and
stabilize an electronic wavepacket inside a given molecule to con-
trol the outcome of a reaction.
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