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We show that the electronic dynamics in a molecule driven by a strong field is complex and potentially

even counterintuitive. As a prototype example, we simulate the interaction of a dissociating Hþ
2 molecule

with an intense infrared laser pulse. Depending on the laser intensity, the direction of the electron’s motion

between the two nuclei is found to follow or oppose the classical laser-electric force. We explain the

sensitive dependence of the correlated electronic-nuclear motion in terms of the diffracting electronic

momentum distribution of the dissociating two-center system. The distribution is dynamically modulated

by the nuclear motion and periodically shifted in the oscillating infrared electric field.
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The formation and rupture of chemical bonds is deter-
mined by the correlated motion of electrons and nuclei on
an attosecond time scale. With recent advances in laser
technology and the advent of subfemtosecond (fs) laser
pulses [1,2], it has become feasible to resolve in time the
electronic motion in chemical reactions. This has spurred
the investigation of a variety of elementary processes at
unprecedented sub-fs time resolution, such as tunnel ion-
ization [3], charge resonance enhanced ionization [4],
electron correlation [5,6], electron localization [7], high
harmonic generation [8,9], and the emission of core and
conduction-band electrons from metal surfaces [10].

Investigation of the electron dynamics in a molecule
or a chemical reaction requires the study of the corre-
lated electronic and nuclear motion during the inter-
action with an ultrashort intense laser pulse. The most
elementary molecule Hþ

2 and its isotopes are accessible
to experimental studies and ab initio calculations [11–18].
Its dissociation therefore constitutes an ideal prototype
reaction for understanding bound electronic motion dur-
ing the breakup of chemical bonds in more complex
chemical reactions.

Current sub-fs laser technology allows for the control of
the final localization of the electron in a dissociating
hydrogen molecular ion [7,19–21], which is the first step
to understand the control of a chemical reaction in any
larger molecule. However, the complex dynamics of the
active electron in the time-dependent fields of both nuclei
and external laser pulse(s) before the electron is localized
on one of the nuclei by the rising interatomic barrier is not
understood to the best of our knowledge. One may expect
that the electron dynamics in the dissociating molecule is
an interplay of, at least, field-induced and structural (i.e.,
interference) effects. Indeed, the mechanism is subtle, and,
as we show in this Letter, the expected direction of the
electron motion inside the dissociating Hþ

2 can follow or
oppose the external laser-electric field, depending on the
laser intensity.

We study the electronic motion inside Hþ
2 molecules by

numerically solving the time-dependent Schrödinger equa-
tion in three dimensions [13,19,20,22]. In our model, the
molecular ion is assumed to remain aligned with the line-
arly polarized laser pulses. Rotation of the molecule is not
included. The interaction of the laser field, given by an
external potential VðtÞ, andHþ

2 can be expressed as (we use
Hartree atomic units, e ¼ m ¼ @ ¼ 1 unless indicated
otherwise)
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The reduced masses are M ¼ 918 and �e ¼ 2M=ð2Mþ
1Þ, z and � designate cylindrical electronic coordinates
oriented along the laser polarization, and R is the internu-
clear distance. The soft-core parameters are � ¼ 0:0109
and � ¼ 0:1 [20,22].
We are interested in the field-driven electron dynamics

in the dissociating Hþ
2 and launch a dissociating wave

packet from the initial 1s�g state onto the 2p�u potential

curve in a resonant single-photon transition [20], using a
2-cycle (FWHM) Gaussian attosecond pump pulse. At the
end of this UV pump pulse (t ¼ t0), we project � onto the
2p�u state, resulting in the projected state �IRðR; z; �; t0Þ.
Subsequently, for t > t0, we propagate �IR under the
influence of a time-delayed IR pulse. Note that test calcu-
lations have shown that the propagation of the full wave
function � yields the same final dissociation probability
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and electron localization asymmetry, since the IR pulse
does not generate substantial dissociation from the 1s�g

state as well as ionization. In the present simulations, the
wavelength, peak intensity, and duration of the first UV
pulse are 106 nm, 1013 W=cm2, and 0.7 fs, respectively.
The wavelength and duration of the IR pulse are fixed at
800 nm and 5.3 fs (2 cycles at FWHM), respectively, while
its time delay and intensity are variable. In dipole approxi-
mation and in the length gauge, the interaction of the
electron with the two pulses is given by

VðtÞ ¼ ½E1ðtÞ þ E2ðt� �tÞ�
�
1þ 1

1þ 2M

�
z; (3)

with EiðtÞ ¼ E0;i exp½�8 ln2ðt=�iÞ2� sinð!itÞ. �i are the

pulse durations, !i the central frequencies, and E0;i the

peak electric field amplitudes for the attosecond UV pulse
(i ¼ 1) and the IR pulse (i ¼ 2). Further details of the
simulation can be found in [20].

Figure 1 shows the evolution of the dissociation proba-
bility pðz; tÞ ¼ R

dR
R
�d�j�IRðR; z; �; tÞj2, integrated

over the positive or negative half-space, yielding PþðtÞ ¼Rzmax

0 dzpðz; tÞ and P�ðtÞ ¼
R
0
�zmax

dzpðz; tÞ, respectively,
with 2zmax ¼ 60 a:u: designating the numerical grid size
along the z direction. For all laser intensities, the electron
at first oscillates between the two nuclei, as one would
expect classically. During the latter part of the laser field,
the increasing interatomic barrier eventually blocks the
electron transfer between the nuclei [7,20,22], and the
electron localization probabilities in the two half-spaces
stabilize. Details of the electron motion are strongly
intensity-dependent and yield electron localization on op-
posite centers at different laser peak intensities. For ex-
ample, the comparison of Figs. 1(b) and 1(c) near 5.5 fs

shows that the electron is moving to the (b) negative and
(c) positive z axis even though the laser profiles are the
same. This surprising result shows that the expected elec-
tronic motion does not necessarily follow the direction of
the laser field. By increasing the intensity further, to
1014 W=cm2, the electronic transfer dynamics again
changes dramatically [Fig. 1(d)].
To gain more insight in the electron motion in the IR-

laser field, we Fourier transform the dissociative wave
packet along the laser polarization (i.e., in the z direction)
and obtain the (partial) momentum representation
~�IRðR;pz; �; tÞ. Integration over R and � yields the mo-
mentum evolution for t > t0

PMðpz; tÞ ¼
Z

�d�
Z

dRj ~�IRðR;pz; �; tÞj2 (4)

that is shown in Figs. 2(a)–2(c) for the same intensities as
in Figs. 1(b)–1(d). The black dashed line is the momentum
of a free electron with zero initial momentum in the IR-
laser field: PfðtÞ ¼ �R

t E2ðt0Þdt0.
All panels of Fig. 2 show two main symmetrical mo-

mentum streams at the beginning of the IR-laser field and
weak side bands at higher momenta. This corresponds to
the electron momentum distribution in the initially pre-
pared 2p�u excited orbital, which in terms of a linear
combination of atomic orbitals (LCAO) �, can be factor-

ized as ~�ðpzÞ sinðpzR=2Þ, i.e., into an atomic momentum

distribution ~�ðpzÞ and a structure factor sinðpzR=2Þ. The
interaction with the IR field leads to various degrees of
admixture between the 1s�g and 2p�u electronic states of

Hþ
2 . At the lowest and highest intensity, the momentum

distribution at large times mainly oscillates with the sin

FIG. 1 (color online). Scaled IR laser-electric field for a time
delay of 5.8 fs (a). Dissociation probability P�ðtÞ (solid line) and
PþðtÞ (dashed line) for the electron to remain in the z < 0 and
z > 0 half-space, respectively, for IR-laser intensities of 3�
1012 (b), 2� 1013 (c), and 1014 W=cm2 (d). Stars in (a) corre-
spond to the times selected in Fig. 3.

FIG. 2 (color online). Electron momentum distribution PM

along the laser-electric field during the dissociation of Hþ
2 in a

5.3 fs IR-laser pulse with a time delay of 5.8 fs and intensities of
3� 1012 (a), 2� 1013 (b), and 1014 W=cm2 (c). Dashed lines
indicate the classical free-electron momentum in the IR-laser
field with zero initial momentum.
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[Fig. 2(a)] and cos [Fig. 2(c)] structure factor, indicating
that the nuclear wave packet primarily dissociates along
diabatic and adiabatic potential curves, respectively. The
structure factors generate in pz oscillating momentum
distributions and define sidebands that converge as time
(that is, R) increases, clearly pointing to electronic
diffraction.

Most interestingly in the present context, for the com-
paratively low IR-laser intensity in Fig. 2(a), the momen-
tum streams do not change direction (no change in the sign
of pz), while the intermediate intensity in Fig. 2(b) induces
larger amplitude oscillations that lead to a change in the
direction of the most intense momentum components. This
corresponds to the electronic motion observed in Fig. 1(c).
At the highest laser intensity in Fig. 2(c), the momentum
shift induced by the IR-laser field is large enough to not
only change the momentum direction in the main stream
but also to pull the sidebands to low momenta. The inten-
sity of these sideband components increases strongly once
they reach low momenta. At the same time, the main-band
components that closely follow the classical free-electron
momentum (dashed curve) get depleted when shifted to
higher momenta. The gain in intensity for low momenta is
explained based on the LCAO representation of the mo-

mentum distributions as due to ~�ðpzÞ, which is strongly
enhanced at pz ¼ 0. The extreme momentum shifts of both
main and sidebands across the pz ¼ 0 line, together with
the intensity gain for low momenta, therefore explain the
sub-fs oscillations in the electron motion in Fig. 1(d).

The separate investigation of the electronic dynamics in
the dissociating molecular ion in either configuration space
(Fig. 1) or momentum representation (Fig. 2) can be en-
hanced by a phase-space analysis in terms of a Wigner
distribution (WD) [23]. In order to represent the electronic
motion in the z� pz cut of the total phase space, we
integrate the WD over R and � and display

Wðz; pz; tÞ ¼ 1

�

ZZ
�d�dR

Z 1

�1
dy��ðR; z

þ y; �; tÞ�ðR; z� y; �; tÞ expð2ipzyÞ (5)

in Fig. 3 for a sequence of 4 times and the three IR-laser
intensities used above (cf. Figs. 1 and 2). The selected
times are indicated in Fig. 1(a).

A harmonically oscillating electron would move anti-
clockwise along an ellipse through phase space. By follow-
ing the evolution of theWD in the IR field [24], we observe
that part of our electron distribution also moves anticlock-
wise along an approximately elliptical path. Figure 3
shows enhanced intensities near the nuclei at z ¼
�hRi=2. The red spots (positive values) that are centered
at z ¼ 0 and at discrete momenta that equal integer multi-
ples of 2�=hRi correspond to electronic diffraction peaks.
These peaks occur at the reciprocal lattice points of the two
nuclei and express the intrinsic two-center interference in
Hþ

2 . The blue spots (negative values) centered at z ¼ 0
disappear when the WD is integrated over z (yielding the

momentum distribution) yet are physically relevant by
defining inaccessible regions in phase space.
In order to transfer between the nuclei, the electron is

subjected to two-center diffraction constraints that restrict
the electronic flux in phase space to cross the z ¼ 0 line
through one of the ‘‘allowed’’ diffraction momentum spots.
These spots therefore act as ‘‘momentum gates.’’ We label
the field-free gates with positive (pz > 0) and negative
(pz < 0) integers. The gate initially centered at pz ¼ 0 is
labeled ‘‘0.’’
The momentum gates shift back and forth with the IR-

laser period [24], as indicated by the dashed lines in Fig. 3.
Their oscillation amplitude depends on the laser intensity.
For the small IR intensities (left column), no gate crosses
the pz ¼ 0 line during the interaction with the IR pulse.
For example, electronic flux that starts with some positive
momentum in gate 1 of Fig. 3(a) moves to the nucleus at
z ¼ R=2 and continues to flow anticlockwise along an
approximately elliptical path. Next, this flux passes
gate �1 [Fig. 3(b)] and approaches the nucleus at z ¼
�R=2 [Fig. 3(c)]. Hereafter, the interatomic barrier has
become high enough to block electron transfer, and the
electron remains localized near z ¼ �R=2 [Fig. 3(d)].
The scenario is different at the intermediate laser inten-

sity (middle column of Fig. 3). The first step in Fig. 3(e) is
the same as in Fig. 3(a), except for an increased intensity of
the counterclockwise moving electronic flux. Starting with
Fig. 3(f), the dynamics is distinctly different from the
lower-intensity scenario in the left column: The electronic
flux does not continue to move counterclockwise. Instead,
it attempts to move toward the nucleus on the negative

FIG. 3 (color online). Wigner distribution (see text) for IR-
laser intensities of 3� 1012 (left column), 2� 1013 (middle
column), and 1014 W=cm2 (right column) and time delays of
4.5, 5.2, 5.8, and 6.5 fs [in increasing order from the top to the
bottom row; cf. stars in Fig. 1(a)]. The dashed lines indicate the
oscillations of the momentum gate initially centered at pz ¼ 0.
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z axis, through gate �1 that is being shifted across the fa-
vored pz ¼ 0 region [cf., interpretation of Fig. 2(b) above].
As gate�1 has shifted to positive momenta [Fig. 3(g)], the
direction of the electronic flux has reversed before the
rising ultrafast potential-barrier shutter disables internu-
clear electron transfer. This leads to electron localization
on the nucleus at z ¼ R=2 [Fig. 3(h)], i.e., on the opposite
nucleus as in the lower-intensity example in the left col-
umn of this figure. At the highest laser intensity of
1014 W=cm2 (right column of Fig. 3), not only gate �1
but also gates �2 and �3 cross the pz ¼ 0 line. This
bunching of electric flux leads to the pronounced high
frequency oscillations in Fig. 1(d).

In order to quantify the degree of electron localization,
we define the asymmetry parameter A ¼ ½P�ðtfÞ �
PþðtfÞ�=½P�ðtfÞ þ PþðtfÞ�, where tf is the time when

the dissociation probability in each nuclear side becomes
stable. Figure 4(a) shows A as a function of time delay and
IR-laser intensity, while Fig. 4(b) is the cut at �t ¼ 5:8 fs.
For a fixed intermediate delay, the electronic localization
can be controlled very effectively, but not straightfor-
wardly, by tuning the IR intensity. The high amplitude
and low-frequency change of A facilitates the experimental
control of electron localization even if the laser intensity is
not exactly known. We have estimated that a robust control
can be achieved for intensity uncertainties up to 10%,
which can be realized with current laser technology [16].

In conclusion, depending on the IR-laser intensity, the
direction of the electron motion in the dissociating Hþ

2 can
follow or oppose the IR laser-electric force. Our interpre-
tation of this effect in phase space is based on the passage
of electronic flux through diffracting momentum gates that
may or may not allow the electron to transfer to the other
nucleus. It reveals that the IR-laser field dynamically shifts

the gates, causing the electron to explore different gates at
different laser intensities. Our results show how the inter-
nal electron dynamics in Hþ

2 is driven by both the external
laser field and the diffraction effects. Looking ahead, we
expect that the dynamics and control of electronic motion
at a sub-fs time scale in any other molecule should also be
affected by at least these two effects. Indeed, diffraction
effects have been found to play an important role in the
phenomenon of suppressed molecular ionization in fuller-
enes [25].
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