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The coherent control of field-free molecular orientation of CO with combined femtosecond single- and dual-color
laser pulses has been theoretically studied. The effect of the delay time between the femtosecond single- and dual-color
laser pulses is discussed, and the physical mechanism of the enhancement of molecular orientation with pre-alignment of
the molecule is investigated. It is found that the basic mechanism is based on the creation of a rotational wave packet by the
femtosecond single-color laser pulse. Furthermore, we investigate the interference between multiple rotational excitation
pathways following pre-alignment with femtosecond single-color laser pulse. It is shown that such interference can lead to
an enhancement of the orientation of CO molecule by a factor of 1.6.
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1. Introduction

Controlling rotation degrees of freedom of gas-phase
molecules has been an important subject in the study of re-
action dynamics and photochemistry as it provides a way to
overcome the averaging over randomly oriented molecules. It
is classified into two types: alignment and orientation. Per-
fect alignment implies that a molecular axis is completely par-
allel to a space fixed axis. Perfect orientation implies not
only perfect alignment, but also that the molecular dipole
moment points in the same direction as a chosen oriented
spaced fixed axis.['~# Molecular alignment has become popu-
lar in revealing molecular structures,>~’1 controlling and trac-

[8-101 generating high-order harmonics

11-13] 14]

ing chemical reactions,
from aligned molecules,| compressing optical pulses,|
modulating THz generation,[!>-16 generating few-cycle pulse
generation,!!”] and measuring ultrashort laser pulses based on
the M-XFROG. [18-20]

Compared to the tremendous progress in molecular align-
ment mentioned above, the molecular orientation with distin-
guishable “head versus tail” orders is much more challeng-
ing but needed for various applications such as chemical re-
action control?!l and molecular nanomaterial design.!??! In
order to realize molecular orientation, several methods based
on inducing an asymmetric potential with respect to the an-
gle between the molecular axis and the laser polarization and
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breaking angular symmetry so as to achieve molecular orien-

23-33] and experimentally 34401

tation have been theoretically!
studied. The basis mechanism is based on the creation of a
rotational wave packet which consists of a superposition of ro-
tational states with even and odd angular momentum quantum

numbers J. 41

Recently, it was experimentally shown that molecular
orientation can be realized using femtosecond (fs) two-color
laser pulse.[*3-3%1 Furthermore, the enhancement of field-free
molecular alignment and orientation could be obtained though

[42-46] Tn this paper, we theo-

pre-alignment of the molecule.
retically investigate the field-free molecular orientation with
combined fs single- and dual-color laser pulses, with the CO
molecule as an example. We first discuss the effect of the delay
time between the fs single- and dual-color on molecular orien-
tation. Then, we track the populations of the rotational states
to demonstrate the physical mechanism of the enhancement of
molecular orientation due to the pre-alignment of the molecule
and find that the basic mechanism is based on the creation of a
rotational wave packet by fs single-color laser pulse. Finally,
we analyze the role of quantum interference between multiple

excitation pathways.
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2. Theoretical method

We consider the control of a linear molecule by use of a
hybrid laser pulse with the combination of single- and dual-
color laser pulses given by

12
E(t) = Esexp <—21n2r2> COS (st

S

t—Ar)?
+ Eqexp (—21n 2(2)>
T4

X [cos wgr+cos (2wqt+9¢)] (1)

where g and @y are the carrier wave frequency, Es and Eq4
are the field amplitude, 7 and 74 are the pulse duration, At is
the delay time between the fs single- and the dual-color laser
pulse. ¢ is the phase of the fs dual-color laser pulse, which
determines the electric field structure of the fs dual-color laser
pulse. When a linear molecule is exposed to the hybrid laser
field E(¢), the time-dependent Schrédinger equation can be ex-

pressed based on a rigid-rotor model as %!
s dCR;
Vinl6)E°(0)] #(0.0), @
with
Ho=BJ, 3)
Vu(0) = —pcos, )
o —a))cos?0+ o
Via(0) = — )2 , 5)
Bi—3B.)cos’ 0 +3B cosb
Vhyp(e):_( “ ) 6 ;o (0

where B is the rotational constant, J2 denotes the squared an-
gular momentum operator, U is the permanent dipole moment,
0 is the angle between the molecular axis and the laser po-
larization, ¢y and @, are the polarizability components par-
allel and perpendicular to the molecular axis, and 3| and |
are the hyperpolarizability components parallel and perpen-
dicular to the molecular axis. The centre frequencies of the
single- and dual-color laser pulse @, and wy are both set to be
12500 cm™!, corresponding to the laser centre wavelength of
800 nm.

We expand the rotational wave function using the finite
basis set of |J,M), which is a set of the eigenfunctions of a
rigid rotor in a field-free space. Because we defined the polar-
ization axes of the laser pulse as the laboratory-fixed Z axis,
the Hamiltonian is cylindrically symmetric about the Z axis.
Therefore, the magnetic quantum number M is conserved, that
is AM = 0, and then the wave function is expressed as

Jmax E
vi) = ¥ e lmnes (<i20). @)
J=0

where Jmax is set at the value which far exceeds the highest
rotational states excited by the fs laser pulse, and Ej is an
eigenenergy of the |J,M) state, which depends on J and not
on M. By inserting the Hamiltonians in Eqgs. (3)—(6) and the
wave function in Eq. (7) into Eq. (1), it can be recast as an en-
semble of coupled differential equations about the coefficient
cjm. We solve these equations by applying the split-operator
method.[47-48]

The molecular alignment and orientation dynamics can
be estimated from the obtained wave function as follows:

!
Jmax Jmax

(cos0) (1) = Y. Y |eymesm| (I, M|cos6|J, M)

J=0J'=0
X exp |:1 ( ;:l]/l'l]l‘ — (p‘]/v]):|
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=2 |CJ+]7MCJ7M|<J+17M‘COSO‘J,M>
J=0
AEji1,
X COS (7; t— @17 |, (8)

where we use the evaluations of matrix elements
(J',M|cos0|J,M) when |[J'—J| # 1, employing properties

of spherical harmonics the following notations:

AEJ+1’J:EJ+17EJZZB(J+1), )
Q1410 = arg(cyr1.m) —arg(cypm)- (10)

From Eq. (8), it is obvious that the orientation dynamics in-
cludes several frequency components that correspond to en-
ergy differences between neighboring rotational states and the
orientation dynamics is determined by the modulation ampli-
tude of each component |c J+1,mcym| and the relative phase
between rotational states Q41 ;.

3. Numerical results and discussion

Based on the method described in the previous section,
we performed simulations using CO as the target molecule.
The molecular parameters of the CO molecule are yu =
0.112D, 0 =2.294 A3, o) =1.77 A3, B =2.748 x 10° A3,
and B, = 4.994 x 108 A3 149501 The rotational constant in
its vibronic ground state and the rotational period are B =
1.93 cm™! and T, ~ 8.642 ps. In the calculations, we use
a fs single-color laser pulse with a peak intensity of 5.0 x
10'3 W/ecm? and pulse duration of 100 fs in intensity. The
intensity and pulse duration of the dual-color laser pulse is the
same as that of the single-color laser pulse and the phase ¢ = 0.

Figure 1 shows the calculated results of molecular orien-
tation obtained by assuming that the CO molecule is initially
in its ground rotational state |J = 0,M = 0). The horizontal
axis in Fig. 1(a) represents the time delay of the single-color
laser pulse with respect to the dual-color laser pulse. The ver-
tical axis represents a moment at which we define the envelop
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peak of the dual-color as an origin of the coordinate. The two
dashed lines in Fig. 1(b) illustrate the maximum degrees of
the positive and negative orientation created by only the dual-
color laser pulse. The molecular orientation created by the
single- and dual-color laser pulses is studied in a time delay
over a full rotational period, and thus all kinds of cases can
be included. The maximum degree of negative value under
field-free conditions reaches (cos 0)min = —0.785 at the de-
lay time of At = 4.24 ps denoted by A in Fig. 1(b) and the
time of 13.66 ps. In our simulations, (cos 8) < 0 corresponds
to the case when the C atoms are directed in the positive di-
rection of the laboratory-fixed Z axis, i.e., the positive direc-
tion of the fs two-color laser fields. The maximum degree
of positive value, which corresponds to the C atom directed
in negative direction, is determined to be (cos 0)max = 0.727.
Thus, the orientation dynamics is asymmetric. The only way
to achieve (cos8)max = 0.785 is to reverse the sign of the
dual-color field (that is ¢ = w). We performed another sim-
ulation with the same parameters but without the single-color
laser pulse. In this case, the maximum orientation parame-
= 0.540. Thus, we conclude that the pre-
excitation with the single-color laser pulse enhances the de-

ter is |(cos 0) .«

gree of molecular orientation.

0.73

—-0.79

At/ps

Fig. 1. (color online) (a) Two-dimensional plot of orientation dynamics
with respect to the time delay At between the fs single- and dual-color
laser pulses (x axis), and the time after the peak intensity of the fs dual-
color laser pulse (y axis) in the upper panel. (b) The maximum degree
of positive and negative molecular orientation with respect to the the
time delay Ar. The optimal time delay Ar = 4.24 ps, denoted by A.

Figure 2 shows the calculated results when the delay time
between the single- and dual-color pulses is At = 4.24 ps (de-
noted by A in Fig. 1(b)) and the parameters of the single- and
dual-color laser pulse are the same as that in Fig. 1. Figure 2(a)
shows the time-dependent angular distribution. Figures 2(b)
and 2(c) display the time evolution of the molecular alignment
(cos? 8) and molecular orientation (cos 8). We can see that the
molecular alignment and orientation reaches its peak shortly
after the dual-color laser pulse and recurs at full rotational pe-
riods t = nT,o, where n is an integer number, and T;y is the

rotational period of the CO molecule with i, ~ 8.642 ps, as
shown in Figs. 2(b) and 2(c). It can be seen from Figs. 2(b)
and 2(c) that the maximum degrees of alignment and the neg-
ative orientation value under field-free conditions reach 0.887
and —0.785, respectively. The molecular alignment and orien-
tation value do not reach the maximum at the same time.
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Fig. 2. (color online) (a) Time-dependent angular distribution, (b) time
evolution of molecular alignment (cos? 8), (c) time evolution of molec-
ular orientation (cos 8), and (d) polar plot representation of the angular
distribution at different times indicated in (b) and (c) for an ensemble
of CO molecules by the combined fs single- and dual-color laser pulses
when time delay At = 4.24 ps. The linear polarizations of the fs two-
color laser pulse are aligned vertically in the plane of the figure.

In order to give an intuitive explanation of field-free
molecular alignment and orientation, polar plot representation
of angular distributions of the rotational wave packets at the
times denoted by A-H in Figs. 2(b) and 2(c) is depicted in
Fig. 2(d). The angular distributions display a rich variety of
spatial asymmetries with periodic inversion which indicates
that the rotational wave packet evolves freely after the kicks
are over and the evolution of the field-free alignment and ori-
entation depends on the distribution of rotational states. As
shown in Figs. 2(b) and 2(c), the fs dual-color laser pulse is
applied when the molecular alignment almost reach its max-
imum (marked as B), which is opposite to the case of half-
cycle!* and THz!*% laser pulses. At C and E, the maximum
degree of molecular orientation reaches a negative value with
(€08 0) max = 0.694 and positive with (cos 0) i, = —0.785. In-
terestingly, the transition between (cos 8)max and (cos 0) i, is
very fast compared to the time scale of rotational dynamics.
At D, the molecules are anti-aligned and (cos ) = 0.148. In
addition, it should be noted that the achieved orientation in
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Fig. 2(c) has a finite duration of 660 fs for |(cos 8)|,.., > 0.5.
From the viewpoint of applications, the achieved duration is

max

long enough to probe electron dynamics via photoemission or
high-order harmonic generation, or vibrational dynamics us-
ing fs laser pulses.
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Fig. 3. (color online) (a) Time-evolution of the populations of rotational
states under the action of the combined fs single- and dual-color laser
pulse. (b) The rotational state distribution after the interaction with the
fs single-color laser pulse and before the fs dual-color laser pulse. (c)
The rotational state distribution after the interaction with the fs dual-
color laser pulse. The parameter of the fs single- and dual-color laser
pulses are the same as that of Fig. 2.

To demonstrate the physical mechanism of the enhance-
ment of molecular orientation with pre-alignment of molecule,
we further track the populations of the rotational states. Fig-
ure 3(a) shows the time evolution of the populations of ro-
tational states when the delay time Ar = 4.24 ps. First, the
molecules are excited to J = 2, 4, 6, 8 states by the fs single-
color laser pulse and then transferred to J =1, 3, 5, 7 by
the fs dual-color laser pulse as shown in Figs. 3(b) and 3(c).
After the irradiation of both pulses, the populations remain
unchanged and the ratio of each rotational state is shown in
Fig. 3(c). As shown in Fig. 2(c), there is no molecular ori-
entation before the dual-color laser pulse. Therefore, the fact
that the dual-color laser pulse including a DC component can
induce molecular orientation is because that it can change the
parity of the molecular rotational wave function and both even
and odd rotational states are excited. The molecular align-
ment and orientation degree, depending on both populations
and relative phases, change with time, as plotted in Figs. 2(b)

and 2(c). This is a signature of coherent excitation and quan-
tum interference. The aligned molecule consists of a coher-
ent superposition of rotational states (J =0, 2, 4, 6, ..., see
Fig. 3(b)) with time-dependent phase factors. The final ori-
entation depends on the interference between these states in-
duced by the dual-color laser pulse. In order to show the im-
portance of quantum interference between pairs of pathways,
we calculate an incoherent average of the orientation over the
rotational distribution in Fig. 3(b), as shown in Fig. 4. Com-
paring with the result in Fig. 2(c), we deduce that the orienta-
tion can be enhanced by a factor close to 1.6 due to quantum
interference.
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Fig. 4. The degree of field-free orientation (cos 6) for different initial
rotation quantum number: (a) J =0, (b) J =2, (¢) J =4, (d) J =6, (e)
J =38, and (f) J = 10. Panel (g) shows the overall orientation after the
fs dual-color laser pulse as an incoherent averaged over the rotational
distribution in Fig. 3(b).

4. Conclusion

We theoretically study the coherent control of field-free
molecular orientation of CO with combined fs single- and
dual-color laser pulses and find that the fs dual-color laser
pulse can orient molecules because it can change the parity
of molecular rotation wave function, and thus both the even
and the odd rotational states are excited. We discuss the ef-
fect of the delay time between fs single- and dual-color on
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molecular orientation and find that the optimal delay time is

At =

4.24 ps. Then we track the populations of the rotational

states to demonstrate the physical mechanism of the enhance-

ment of molecular orientation with pre-alignment of molecule

and find that the basic mechanism is based on the creation of

a rotational wave packet by fs single-color laser pulse which

consists of a superposition of rotational states. Finally, the role

of quantum interference between multiple excitation pathways

is quantified.
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