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Orthogonally polarized two-color sequential laser pulses are used to control the electron localization in the
dissociation of H,™. The first single attosecond pulse, whose polarization axis is perpendicular to the molecular
axis, excites H,* from 1so, to 2pm,, and the time-delayed infrared pulse, whose polarization axis is parallel to
the molecular axis, steers the electron between two nuclei. The simulation of the time-dependent Schrédinger
equation predicts the control degree of the electron localization can be up to 90% with the current laser technology.
In this article, we reveal that the mechanism for this asymmetric localization is due to the mixture of 2pm, and

2pm,, instead of 1so,and 2po, in the previous studies.
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The control of the electron localization in the dissociating
molecule attracted great of interest in past years, mainly
because such control may provide a way to selectively break
and form molecular bonds in chemical reactions [1]. Several
control strategies are raised [2] with the advent of new laser
technologies [3]. The shorter laser pulses make the control
strategy work in the femtosecond time scale, and even in the at-
tosecond time scale, most recently. In 2004, Roudnev et al. [4]
proposed the use of a few-cycle phase-stabilized femtosecond
laser pulse to steer the electron between nuclei during the
dissociation of H,* and HD™, which has been realized in
experiment by Kling et al. [5]. To track the dynamics of the
asymmetric localization, the attosecond pulse is much needed
since the time scale for the electron hopping between nuclei
is subfemtoseconds. Bandrauk et al. [6] suggested that the
electron hopping between two nuclei induced by the infrared
laser pulse can be detected by the attosecond laser pulse. In
2007, He et al. [7] used the single attosecond pulse plus the
time-delayed few-cycle phase-stabilized femtosecond pulse
to control the excitation and the electron localization, and
they predicted the electron localization can be controlled in
an unprecedented high degree by changing the time delay
between two pulses. This prediction has been achieved in
experiment by Sansone et al. [8] in 2010. Most recently,
Znakovskaya et al. [9] developed the control technique to the
few-cycle midinfrared laser pulse. Though studies about the
electron localization have been extended to bigger molecules,
such as carbon monoxide [10,11], H, ™ is still the favorite target
of theoreticians for its simplicity.

Generally, the electron localization depends on the laser
parameters [12,13], nuclear masses [7], and kinetic energy
release of fragments [14—16]. We may have two illustrations to
understand the asymmetric electron localization in the dissoci-
ation of Hy ™. The first one is based on the quantum interference
of 1so, and 2po, states [13,17-19]. In this illustration, the
relative phase between these two states decides which nucleus
has the larger probabilities to capture the electron, and the
relative probability of the two states decides the asymmetric
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degree. The second illustration is semiclassical [7,20,21]. It
says that the electron localization is frozen when the growing
interatomic barrier is high enough to stop the electron hopping
between two nuclei in the attosecond time scale.

However, the physical explanation of the electron localiza-
tion inside H,™ is still far from being completely discovered.
Is the asymmetric electron localization in the dissociation
of H,* always due to the superposition of 1so, and 2po,?
Is it possible to selectively excite the molecule to the m
orbits and to control the electron localization in the following
dissociation? Are there some general control methods which
can be extended to bigger molecules directly? In this article, we
raise a new strategy to control the electron localization using
orthogonally polarized two-color pulses. The polarization axis
of the first ultraviolet (UV) pulse is perpendicular to the
molecular axis. The time-delayed infrared (IR) laser pulse,
whose polarization axis is parallel to the molecular axis,
steers the electron between two nuclei during the dissociation.
Different from before, where only the two lowest molecular
orbits are involved [5,17,18,22], more states participate in this
dynamics. This strategy can be practiced with the current laser
technology, and can be applied to many big molecules.

We solve the time-dependent Schrodinger equation in the
Cartesian coordinate (atomic units, ¢ = m = h = 1 are used
unless indicated otherwise):

0
iE‘P(X,Z,R;f)=(H0+H1)‘I’(X,Z,R;l‘), (1)

where Hj is the field-free Hamiltonian:
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and H, is the coupling between the electron and external fields:
H; = xEyv(t) + zEr(1), 3)

where M is the reduced nuclear mass and M = 918. We
introduce the soft-core parameter s to remedy the Coulomb
singularity. By setting s = 0.64, we obtain the ground-state
energy —0.59 and the equilibrium internuclear distance 3. Note
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FIG. 1. (Color online) The potential curves of several quantum
states within the Born-Oppenheimer approximation.

that the R-dependent soft-core parameter [23] would be helpful
to obtain a more realistic equilibrium internuclear distance.
We neglect the rotation of the molecule. Since the dynamics
of the electron, including the coupling with two nuclei and
the external fields, all happen in the x-z plane, it is a reliable
approximation to ignore the expansion of the wave packet
in the y dimension. In the simulation, the spatial grids are
8x =6z = 0.3 and §R = 0.04, and the time step is 6 = 0.15.
The grids in the x, z, and R dimensions are 300, 300, and
1000, respectively. To suppress the unphysical reflection from
the simulation borders, we introduce the mask function [7] in
the border of the simulation box. Actually, this mask function
is only used to absorb the ionized fragments, as the simulation
box is big enough that the dissociative wave packets have not
yet reached the borders by the end of our calculations. We
tested and found that no observable reflections come from the
borders in all the simulations. Both the UV and IR laser fields
in our simulations are expressed, respectively, as follows:

Tt
EUV = EO,UV Sin(vat) SiIl2 (_>, t e [Oa TUV]» (4)

Tyv
w(t — At)i|
TIR '
t € [At,At + tR]. (5)

ERr = EO,IR sin[a)m(t — At) + 9] sin2 [

The intensity and wavelength for the UV (IR) pulse are
10" W /cm? (10'> W/cm?) and 100 nm (800 nm), respectively.
0 is the carrier envelope phase (CEP) of the IR pulse. Both
UV and IR pulses contain four cycles, i.e., Tir = 87 /wr and
v = 87 /wyv.

Taking R as a static parameter in Eq. (1), we calculate the
potential surfaces of several quantum states. Figure 1 presents
the molecular energy as a function of the internuclear distance
for several states. Several excited states, such as 2po,, 2pm,,
2pm,, 2504, and 250, are marked in the figure. The molecular
excitation depends sensitively on the laser parameters, among
which the cross angle between the molecular axis and the laser
polarization axis plays a very important role [24-26]. When
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FIG. 2. (Color online) The logarithmic distribution of the wave
function in the representations (a) (R,z), (b) (R,x), and (¢) (Pg,2).
(d) The asymmetry parameter as a function of the proton energy. The
time delay is Ar = 500 and the CEP is 6 = 0. The snapshots are
taken at ¢+ = 1350.

the polarization axis of the UV pulse is perpendicular to the
molecular axis, the molecule is very likely to be excited from
the 1so, to the 2pm, state if the photon energy is proper.
However, if the laser polarization axis parallels the molecular
axis, the transition between 1so, and 2 po,is dominant.

In our strategy, we first use the UV pulse to excite
the molecule from the 1so,to the 2pm, state, resulting in
the dissociation. Then, a time-delayed IR field will steer the
electron between two nuclei. After the IR field is off, we
propagate the wave function continuously until the nuclear
momentum and the electron localization are converged. The
wave-function distribution W(z,R;t) and W(x,R;t) in the
(z,R) and (x, R) spaces are, respectively,

W(z,R;t) = /a’x|‘-Il(x,z,R;t)|2, (6)

W, R:t) = /dzl‘lf(x,z,R;t)lz- )

Figures 2(a) and 2(b) show W(z,R;t) and W(x,R; ), respec-
tively, when r = 1350. The time delay is Az = 500. The bound
states, locating in the regions R < 8, are clearly separate from
the dissociative states. The node in the vicinities of x = 0 in
(x, R) space confirms that the electron is in the 7 orbit. The dis-
sociative states in the (z, R) space present distinct interference
patterns along the R axis. Following the movie [27], we may
clearly see that at first the UV pulse launches the dissociating
wave packet without the interference structure; however, the
time-delayed IR field repeatedly drives the electron back and
forth between two nuclei, bringing in the interference struc-
tures. One may clearly see that the electron localization on both
nuclei depends on the internuclear distance sensitively, where
the internuclear distance reflects the nuclear momentum.

To directly look into the dependence of the electron
localization on the nuclear momentum Py, we first project out
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the vibrational states and then only transform the dissociative
states into the phase space (x,z,Pgr). The obtained wave
function is written as W(x,z, Pg;t), and its distribution in
(z, Pg) space is

W(z, Pg;t) = /dXI‘TJ(x,z,PR;t)IZ- (®)

Figure 2(c) shows W(z, Pg;t) at t = 1350. At this moment,
Pr is already converged. Accordingly, the dependence of the
electron distribution on the proton energy may be written as

W, Epit) = /dx|\i/<x,z,PR;t)|2/|PR|, ©)

where Ex = P32/4M is the individual proton energy.
To express the degree of the asymmetry, we define the
asymmetry parameter as

Q1(Eg) — Qa2(ER)

AER = 5 (B + 0x(Ex)’ (10)
where
400
Ql(ER)=/0 dz W(z, Eg; 1), (1)
0
0:(Eg) = / dz W(z,Eg;1). (12)

Here t must be large enough to guarantee the convergency of
all the detectable quantities. Figure 2(d) shows the asymmetry
parameter as a function of proton energies, where all the
parameters are the same as those in Fig. 2(c). The very
large amplitude shows the strong dependence of the electron
localization on the proton energy.

The asymmetry parameter may be controlled by the laser
parameters, such as the CEP 6 and the time delay At between
UV and IR pulses. Figure 3(a) shows the dependence of
the asymmetry parameter as functions of the proton energy
E and 6 when the time delay is fixed at At = 500. Similarly,
by fixing & = 0 while tuning the time delay Az, we may obtain
the dependence of the asymmetry parameter as functions of
the proton energy and the time delay, as shown in Fig. 3(b). The
simulation results show the control degree is up to 90% for the
proper laser parameters. The asymmetry varies periodically
with Atf, 0, and Eg, as shown by the stripes in Figs. 3(a)
and 3(b).

Similar to the superposition of 1so, and 2po, resulting in
the asymmetric localization, the mixture of 2pmgand 2pm,
is responsible for the asymmetric localization in this control
strategy. Figures 4(a) and 4(b) show the 2pm, and 2pm,
wave function when the internuclear distance is set at R = 10.
The superposition states 2pm, — 2pm,and 2pm, + 2pm, are
shown in Figs. 4(c) and 4(d), respectively. Comparing with
Figs. 2(a) and 2(b), or following the wave function evolution
[27], we may conclude that the IR field exchanges 2pm, and
2pm,states and builds a superposition a(1)2pm, + B(t)2pm,,
resulting in asymmetric localization. Here the complex time-
dependent amplitudes «(¢) and S(¢) govern the relative phase
and relative probability between the two states. In the IR
field-dressed H,*, the electron is hopping between two nuclei
with the Rabi frequency. When the laser field is off and
the internuclear distance is very large, the energies of 2prw,
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FIG. 3. (Color online) (a) The asymmetry parameter as functions
of the CEP and proton energy when the time delay is fixed at Ar =
500. (b) The asymmetry parameter as functions of the time delay and
proton energy when the CEP is fixed at & = 0.

and 2pm, states almost degenerate, so the electron hopping
ceases. Comparing with the dissociation directly from 2po,,,
the fragment dissociating through 2pr, gains smaller kinetic
energies. Moreover, the energy gap between 2prw, and 2pm,
varies slowly with the internuclear distance. According to
the above two factors, the IR field may steer the electron
very effectively within several optical cycles, making the
interference pattern in Fig. 2(a) very distinct.
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FIG. 4. (Color online) Molecular orbits. (a) 2pm,, (b) 2pm,,
(c)2pmy, — 2pm,, and (d) 2pm, + 2pm,.
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After accepting the principle of the superposition of 2p,
and 2pm,, we may refer back to the slopes of the stripes in
Figs. 3(a) and 3(b). Fundamentally, the asymmetry parameter
is governed by the phase term wr(f — At) 4+ 6. For the
components of the dissociating nuclear wave packets with
different momenta, they reach Riesonane at different moments,
where Riesonant 18 the internuclear distance at which the energy
gap between 2pm, and 2pm, is equal to the IR photon
energy, therefore the resonant transition between the two states
happens. The component with the higher kinetic energy arrives
at Riesonant €arlier, which is equivalent to being dressed by
an IR field with a smaller time delay Atf or, alternatively,
with a larger CEP 6. Consequently, the associations of the
higher kinetic energy and the larger CEP, or the higher kinetic
energy and the larger time delay, are expressed by the positive
and negative slopes of the stripes in Figs. 3(a) and 3(b),
respectively.

By directly counting on the probability on two nuclear sides,
one may obtain the energy-independent asymmetry parameter

B— JIQI(Eg) — Q2(ER)dER
JIQI(ER) + Q2(ER)ER

Our simulations with the same parameters in Fig. 3 show
that B is always very close to O for all the time delays and
CEPs. This phenomenon can be explained intuitively by the
aid of the interatomic barrier in the classical picture. Note that
the evolution of a(¢)2pm, + ()2 pm, represents the classical
hopping between two nuclei. If the IR pulse is exerted when
the internuclear distance is small and the interatomic barrier
is low, the electron is driven by the IR field back and forth,
in which process the low interatomic barrier does not affect
the electron motion obviously. The actions of the first and
second half IR optical cycles nearly cancel out, resulting in the
symmetric electron localization. If the laser pulse is introduced
very late, when the internuclear distance of the dissociating
nuclear wave packets is very large and the interatomic barrier
is high enough to block the electron movement, the electron
localization is similar to the case that no IR field is added. If the
IR field is introduced by the time the dissociating nuclear wave
packet reaches R = 17, where the interatomic barrier crosses
the 2pm, potential curve, the quiver radius of the electron
in such a laser field (102 W/ cm?, 800 nm) is much smaller
than 17, so that the laser field hardly drives the electron from
one nucleus to the other and the symmetric localization is
preserved. However, in Refs. [7,14,20] the interatomic barrier
crosses the 2po, potential curve at R = 6.3, in which case
the interatomic barrier works as an ultrafast shutter to block
the electron motion and freeze the electron localization finally.

13)
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In the current strategy, to amplify the quiver radius to allow
the electron hop between two nuclei with R ~ 17, we may
increase the laser intensity or use the pulse with the longer
wavelength. In order to avoid the ionization, we fix the laser
intensity at 10'> W/cm? but lengthen the wavelengths to
2400 and 3200 nm, and our simulations show the energy-
independent asymmetry parameter B can be up to 0.08 and
0.1, respectively. This analysis is consistent with the quantum
mechanical explanation, in which frame the pulse with alonger
wavelength or higher intensity is also necessary to make a
substantial transition between 2p7, and 2pm, at R ~ 17 since
the energy gap is already very small.

It is worth emphasizing that our control strategy is clearly
different from all the existing methods. In the old methods,
only the two lowest states, i.e., 1so, and 2po,, are involved in
the dissociative process, therefore the two-state model almost
presents the same simulation results with the full quantum
simulations if the ionization may be neglected. However, in
our strategy, the attosecond pulse directly excites Hy™ from
Iso, to 2pm,, and completely skips 2po,,. Totally, three states
are involved in the process although the later dynamics is
not relevant to 1so, anymore. The current laser technology is
ready to examine our predictions.

In conclusion, the orthogonally polarized two-color laser
pulses can be used to effectively control the electron localiza-
tion during the dissociation of Hp". The electron localization
depends on the time delay between UV and IR pulses, the CEP
of the IR pulse, and the proton energy. In the quantal picture,
the IR pulse builds the superposition of 2pm, and 2pn,, and
such two-state interference causes the preference (as high
as 90%) of the electron localization. In the complementary
classical picture, the interatomic barrier does not break the
symmetry appreciably, therefore, the total probabilities on
each nucleus are almost equal. Though the CEP and time
delays between pulses have been studied extensively, we bring
in the third parameter, the polarization direction, as the robust
controlling protocol for the electron localization. This strategy
is even greater for the control of the electron localization during
the dissociation of bigger molecules, such as O, " [28,29] and
N,* [30,31], in which the 7 orbit plays an important or even
decisive role.
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