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Rotational dynamics simulations of neutral O, molecules driven by linearly, elliptically and circularly polarized fem-
tosecond pulsed lasers are carried out using a full quantum time-dependent wave packet evolution method. Here, the
direction of laser propagation is set along the z axis, and the polarization plane is restricted to the xy plane. The results
indicate that the alignment of O, molecules in the z direction is weakly affected by varying the ellipticity when the total
laser intensity is held constant. For rotation within the xy plane, the linearly polarized laser significantly excites rotational
motion, with the degree of excitation increasing as the ellipticity increases. In contrast, under the influence of a circularly
polarized laser, the angular distribution of O, molecules in the xy plane remains isotropic. Additionally, the effects of the
initial rotational quantum number, the temperature of the O, molecules and the nuclear spin on laser-induced alignment are

discussed.
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1. Introduction

Rotation, as one of the most sensitive modes of molec-
ular motion, can be easily excited even by long-range and
weak interactions, significantly influencing the dynamical pro-
cesses of molecules and their ions.!'=8 For example, at low
temperatures the weak van der Waals interaction between neu-
tral atoms and molecules can exceed the molecular rotational
energy. This, in turn, restricts molecular rotation and re-
sults in the formation of stable molecular clusters.” Addi-
tionally, the long-range Coulomb interaction between atomic
and molecular ions can cause molecular fragments to rotate

rapidly, 1%

with rotation periods being reduced to the order
of 100 fs. Even in the case of ultrafast electron/heavy ion—
molecule collisions! =131 that occur on attosecond time scales,
molecular rotational states can be excited due to the anisotropy
of the molecular electron density distribution. Comprehending
and controlling the rotational behavior of molecules and their
ions is of particular significance for the study of molecular
structure and reaction dynamics.!!*13!

In recent decades, the use of femtosecond pulsed laser
fields to manipulate the rotational behavior of polyatomic
molecules has been widely applied in the study of laser-
induced ultrafast dynamics of molecules and their ions.[0-2!]
Under the dipole approximation, the interaction between the
laser and molecules can be expressed as E - Dcos 6, where
0 is the angle between the laser field 2 and the molecular

dipole moment D. This interaction is directly related to the
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molecular orientation and leads to the excitation of rotational
states in any dynamic process involving lasers. Ultimately, the
coherent evolution of multiple rotational states results in the
molecular orientation exhibiting periodic changes even after
the laser field has ceased, a phenomenon known as molecular
alignment.[?>-27]

Recently, Guo et al.!?] reported the observation of Corio-
lis coupling, which is an interaction between nuclear rotational
angular momentum and electronic axial angular momentum,
during laser-induced molecular fragmentation. They traced
the electronic structure of a dissociating 02+ molecule using a
time-resolved Coulomb explosion imaging method with circu-
larly polarized pump and linearly polarized probe laser pulses.
Their research shows that the rotation—electron coupling facil-
itates a transition from the 14X, electronic state to the neigh-
boring a*IT, electronic state of the 02+ molecule. Importantly,
the duration of this transition is dictated by the rotational quan-
tum number excited by the circularly polarized pump laser
pulses, underscoring the significant role of rotational excita-
tion in neutral molecules.

In this paper, we perform a full quantum time-dependent

29301 of the laser-induced rotational

wave packet simulation!
dynamics of O; based on the interaction picture. In our simu-
lation, the standard non-resonant Raman excitation® process
is primarily considered. We systematically discuss the excita-
tion of the rotational quantum number and the time-dependent
evolution of the rotational wave function of O, molecules un-

der different laser polarization conditions. The analysis fo-
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cuses on molecular rotations both along the laser propagation
direction and within the polarization plane as laser parameters
vary. Our simulations indicate that the rotation along the direc-
tion of laser propagation is mainly associated with the laser in-
tensity and has a weaker dependence on ellipticity. In contrast,
the rotation within the polarization plane can be modulated by
the ellipticity of the laser.

This paper is organized as follows. In Section 2, we
briefly discuss the theoretical model of the quantum time-
Subse-
quently, in Section 3, we present the numerical results and
discussion concerning molecular rotations in the laser prop-
agation direction and polarization plane. Finally, in Section 4,

dependent wave packet evolution method for O.

our conclusions are given.

2. Numerical theory

In this work, we employ a full quantum time-dependent
wave packet evolution method to simulate the rotational dy-
namics of neutral ground O, molecules.
focus is on the standard non-resonant Raman excitation of the

Here, our primary

rotational states, which is triggered by the dipole polarization
interaction between the laser and the molecules. For this sim-
ulation, the Hamiltonian of the system is formulated as

H = [Hy(R,re) + Re(R)|+ P =Hy+H', (1)

where H, is the adiabatic Hamiltonian, which includes the
electronic and nuclear kinetic energy as well as the electron—

electron and electron—nuclear potential energy. R. is the ro-
JU+D)
2uR? °
where U is the molecular reduced mass and j is the rotational

tational energy of O,, which can be written as R, =

angular momentum. Considering that the oxygen nucleus is
bosonic, the spatial wave function of the O, molecule must
be symmetric. Therefore, for neutral O,, the rotational quan-
tum number j must be odd. The eigenstates of Hy can be ex-
pressed as the product of vibrational and rotational wave func-

tions, W(R)Y;n(60,0).

and vibration is neglected because the vibration of the ground

Here, the coupling between rotation

state O, molecule is scarcely excited, and only the ground
electronic and vibrational state is considered in the calcula-
tions. 6 is the angle between the O—O bond and the direction
of laser propagation (the z-axis), and ¢ is the angle between
the O—O bond and the positive x-axis. The polarization inter-
action P between the laser and O, molecule can be given as
—E(t)z(aH x cos?y+ o) x sin?7), where 7 is the angle be-
tween the laser field and the O—O bond, and Q) and o repre-
sent the parallel and perpendicular components of the dipole
polarizability tensor, respectively. The electric field E(t)
is given by E(r) = f(t)[Ecé,sin(wr) + Eyéysin(wt + 1/2)],
where f(¢) is the envelope function of the laser pulse, ex-
pressed as f(t) = sin?(mt /tg) for 0 < t < ty. Here, Eg, ® and
to denote the peak amplitude of the electronic field, the carrier
frequency and the pulse duration, respectively.

To solve the time-dependent Schrodinger equation
(TDSE), we postulate that the wave function of the system at
time ¢ can be written as

Y(R,0,9,t)

chm

Based on Eq. (1), the solution to the TDSE at time ¢ + d¢ can
be expressed as follows:

R)Yjm(6,0). @

W(R,60,0,t+d) = e i"P(R 6,9,1). 3)

Using the second-order split operator method and Taylor ex-
pansion, we obtain

o #HAt _ o= gpHodr 3 H' dte—mHodt
gt idr _, ds? ids
e h ~l——H ——H?*+—_H" “4)
h 21 673

Finally, after determining the matrix elements of H', H" 2 and

3 in the space spanned by W(R)Y; (6, ¢), we can conduct
the time-dependent evolution of the rotational wave function
of the neutral ground state O,.

3. Results and discussion

In this work, the femtosecond pulsed laser-induced rota-
tional dynamics of neutral ground state O, are simulated us-
ing the full quantum time-dependent wave packet evolution
method. The time-dependent rotational quantum numbers and
wave function are obtained and illustrated in Figs. 1-4. Two
linearly polarized lasers with a wavelength of 800 nm and a
fixed phase difference of 7/2 are employed to generate ellip-
tically and circularly polarized lasers. Their intensities are
denoted by I and I, and the total laser intensity is set to
I +1, =50 TW/cm?. The pulse duration ¢, is approximately
70 fs.
tional dynamics of O, molecules under four distinct laser con-
ditions with different ellipticities: (0 TW/cm?, 50 TW/CmZ),
(10 TW/cm?2, 40 TW/cm?), (20 TW/cm?, 30 TW/cm?) and
(25 TW/cm?, 25 TW/cm?).

Figure 1 shows the simulated time-dependent rotational
quantum numbers of O, with the initial rotational state of
Y10(0,9). Since the polarization direction of the laser is set

In the current simulations, we investigate the rota-

in the xy plane, the variation of the laser field is only related
to ¢ and not to 6. The laser-induced non-resonant Raman ex-
citation does not change the symmetry of the molecular rota-
tional wave function in the 6 dimension, that is, Aj = 0,42
and Am = 0,%£2. As shown in Fig. 1(a), the molecular ro-
tational quantum numbers are mainly excited from (1,0) to (3,
0/42), and the populations of these three states are quite close
to one another. As Iy increases, the populations of (3,—2) and
(3, 2) decrease significantly. When I, = I, = 25 TW/cm?, the
laser field can be approximated as isotropic in the xy plane,
which results in Am = 0.

053301-2
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Fig. 1. Time-dependent rotational quantum numbers (j, n) for four laser parameter conditions with the same total laser intensity of 50 TW/cm?
and the initial rotational state (1, 0): (a) linearly polarized laser with I, =0 TW/cm? and I, = 50 TW/cm?; (b) elliptically polarized laser with
I, = 10 TW/cm? and I, =40 TW/cm?2; (c) elliptically polarized laser with I, = 20 TW/cm? and I, =30 TW/cm?; (d) circularly polarized laser
with I, = 25 TW/cm? and I, = 25 TW/cm?.
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Fig. 2. The time-dependent distribution of 6 for four laser parameter conditions and three different initial rotational states: (1,0), (1,1) and (1,—1).
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Fig. 4. The time-dependent alignment parameter <c0s2 0) with four laser parameter conditions at different temperatures (1-70 K): (a)—(d) for the
results with the influence of nuclear spin and (e)—(h) for those without the influence of nuclear spin.

When comparing the calculated time-dependent rota-
tional wave functions as a function of 6, a distinct cyclical
rotation is observable in all the results shown in Fig. 2. This
phenomenon is attributed to the coherent evolution of differ-
ent rotational states, with the primary rotational period being

determined by the energy difference between j =1 and j = 3.

Owing to the extremely low population of the state with j =5,
its contribution to the cyclical rotation is largely negligible.
For the results induced by linearly, elliptically and circularly
polarized lasers, the rotation in the 6 direction remains essen-
tially consistent. The minor differences come from the dif-

ferent populations of the excited rotational magnetic quantum

053301-4
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number m. Specifically, for the initial rotational state (1, 0),
the initial orientation distribution of the molecule is concen-
trated along the z direction, which gives rise to a significant
cyclical rotation towards the xy plane. On the contrary, for the
results with the initial rotational states (1, 1) and (1, —1), the
initial wave packet is already distributed around the xy plane.
As a result, the laser can only drive the molecule to contract
and expand within a small range around 6 = 90°. Moreover,
the sign of the m quantum number has no impact on the rota-
tion of the O, molecule in the 6 dimension.

Figure 3 exhibits the simulated time-dependent rotational
wave function as a function of ¢. Unlike the rotation in
the 8 dimension, the rotation in the xy plane is affected not
only by the ellipticity but also by the sign of the initial quan-
tum number m. In Fig. 3(a), it can be seen that the ini-
tially isotropic molecules first transform towards the y-axis
(¢ =90°/270°), and subsequently rotate towards the x-axis
(¢ =0°/180°/360°). For the results corresponding to the ini-
tial rotational state (1, 1) in Fig. 3(e) and (1, —1) in Fig. 3(i), a
similar cyclical rotational is observable. However, the rotation
for (1, 1) is a clockwise rotation, while that for (1, —1) is coun-
terclockwise. As anticipated, this rotation gradually weakens
as I, increases.

In Fig. 4, we discuss the effects of temperature and nu-
clear spin on laser-induced alignment. According to the Boltz-
mann distribution, the populations of the initial rotational
quantum numbers of the O, molecule can be theoretically cal-
culated. Since the oxygen nucleus is a boson, the spatial wave
function of the O, molecule must be symmetric, and the rota-
tional quantum number j must be odd for neutral O,. There-
fore, the lowest rotational state of O, is j = 1. With an increase
in temperature, the initial rotational state can populate higher
levels, such as j =3, j =5 and so on. However, these states are
difficult to excite further due to the weak laser field with a total
intensity of 50 TW/cm?. Consequently, the periodic changes
in angular distribution are caused by the coherent evolution of
rotational states, which involves the excitation of ground state
molecules with j = 1 and the de-excitation of O, molecules
with j = 3. Thus, even when the initial temperature rises to
70 K, the cyclical rotation dominated by the coherent evolu-
tion of j =1 and j = 3 can still be easily identified, and the
0, molecule achieves a good alignment effect after 2.77 ps, as
shown in Figs. 4(a)—4(d).

Quantitatively, for the results of the linearly polarized
laser at 1 K shown in Fig. 4(a), the minimum and maximum
values of the alignment parameter (cos® @) are about 0.19 in
2.77 ps and 0.40 in 1.88 ps, respectively. With the tempera-
ture increased to 70 K, the minimum value of the alignment
parameter (cos” @) can reach 0.27, which indicates that the ro-
tational wave packets of O, molecules are populated around
the xy plane. By comparing the results in Figs. 4(a)—4(d), we
can conclude that the influence of ellipticity on laser alignment

is independent of temperature. If we disregard the nuclear spin
of the oxygen atom and assume that the molecular rotational
state can occupy any state, then as the temperature increases
the molecular rotational quantum number will be populated
to j=0,1,2,3,....
Jj =0 < 2, while transitions j =1 <> 3 and j =2 < 4 also
contribute to the result, and their effects increase rapidly as

The easiest transition channel becomes

the temperature rises. Even when the molecular temperature
is 10 K, there will still be multiple rotation modes occurring
simultaneously, resulting in the disappearance of cyclical ro-
tation. Finally, the laser will not be able to align O, molecules
without the effect of nuclear spin at temperatures above 10 K.

4. Conclusion

In summary, the rotational dynamics simulations of neu-
tral O, molecules driven by linearly, elliptically and circularly
polarized femtosecond pulsed lasers are performed using a full
quantum time-dependent wave packet evolution method. The
simulated results indicate that all types of femtosecond pulsed
lasers — linear, elliptical and circular — can align the molec-
ular orientation along the propagation direction. Notably, the
degree of alignment does not show an obvious dependence on
the ellipticity; instead, it depends solely on the total laser in-
tensity. Further, changing the ellipticity of the laser will con-
trol the rotation of the molecules within the polarization plane
until the laser becomes circularly polarized, and the cycli-
cal rotation of the polarization plane will disappear. Our re-
sults also show that due to the fact that the rotational quan-
tum number of the neutral ground state O, molecule can only
be odd, the main components of the initial molecular rota-
tion states and the laser-induced rotational transitions change
slowly with the increase in temperature. Therefore, when the
initial temperature is increased to 70 K, the O, molecules can
still achieve a good alignment effect after 2.77 ps. Our re-
search is of great significance for the study of molecular ori-
entation, rotational vibration coupling and rotational electron
coupling dynamics.
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