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This paper studies the molecular rotational excitation and field-free spatial alignment in a nonresonant intense

laser field numerically and analytically by using the time-dependent Schrödinger equation. The broad rotational wave

packets excited by the femtosecond pulse are defined in conjugate angle space, and their coefficients are obtained by

solving a set of coupled linear equations. Both single molecule orientation angles and an ensemble of O2 and CO

molecule angular distributions are calculated in detail. The numerical results show that, for single molecule highest

occupied molecular orbital (HOMO) symmetry σ tends to have a molecular orientation along the laser polarization

direction and the permanent dipole moment diminishes the mean of the orientation angles; for an ensemble of molecules,

angular distributions provide more complex and additional information at times where there are no revivals in the single

molecule plot. In particular, at the revival peak instant, with the increase of temperature of the molecular ensemble, the

anisotropic angular distributions with respect to the laser polarization direction of the πg orbital gradually transform

to the symmetrical distributions regarding the laser polarization vector and for two HOMO configurations angular

distributions of all directions are confined within a smaller angle when the temperature of the molecular ensemble is

higher.
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1. Introduction

Recent experiments have made it possible to have
control over molecular rotational excitation and spa-
tial alignment in intense linearly polarized and non-
resonant laser fields. The ability to produce spa-
tially aligned molecules has numerous potential ap-
plications ranging from laser-pulse shaping and high-
harmonic generation to material deposition and chem-
ical reaction dynamics.[1−3] The revival structures
of strong-field-induced rotational wave packets un-
der field-free conditions are well understood theoret-
ically and experimentally.[4−7] Available experimen-
tal results show that the strongest degree of one-
dimensional field-free alignment (nonadiabatic or im-
pulsive alignment) obtained with a single pulse can be
enhanced by using the two-pulse sequence in a paral-
lel polarization geometry[8] and angular dependence of
the ionization rate was observed with respect to the
laser polarization direction.[9] In order to get more in-
sight into molecular nonadiabatic alignment dynamics
(pulse duration τ ¿ Trot molecular rotational cycle),

we analyse and calculate the highest occupied molec-
ular orbital (HOMO) effects on molecular orientation
property under field-free conditions after femtosecond
pulse interaction.

2. Theory

We consider a linear molecule exposed to an in-
tense nonresonant linearly polarized laser field (atomic
units are used throughout the paper.)

E(t) = ε · E0f(t) cos(ωt), (1)

where ε is an unit vector along the polarization di-
rection, E0 is the amplitude of the laser field, f(t)
is the pulse envelope such as a Gaussian function
f(t) = exp(−t2/σ2) characterized by a full-width at
half maximum as the pulse duration τ ∼= 5σ/3 and ω

is the laser frequency. It is rather accurate by using
rigid-rotor models to describe the rotational dynamics
of linear molecules in a laser field. The use of a linearly
polarized laser implies the selection rule, ∆M = 0, so
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M will remain constant. The Hamiltonian of the sys-
tem subjected to an intense laser field is[10]

H(t) = BeĴ
2 − 1

2
E2(t)[(α|| − α⊥) cos2 θ + α⊥]

× f2(t)− µ0E(t) cos θf(t), (2)

where Ĵ2 is the angular momentum operator, Be is the
molecular rotational constant, θ is the angle which in-
dicates the rotational direction of the rotor axis with
respect to the polarization vector, µ0 is the permanent
dipole moment of the molecule, α|| and α⊥ are the
components of the static polarizability, parallel and
perpendicular to the molecular axis respectively. The
time-dependent Schrödinger equation corresponding
to the Hamiltonian of linear molecules can be cast
in a dimensionless form

i ~
Be

∂ψ(t)
∂t

=
H(t)
Be

ψ(t). (3)

Quantum mechanically, field-free eigenstates of a
molecule as a rigid rotor are labelled with the quan-
tum numbers J and M and are represented in angular
space as the spherical harmonics YJM (θ). We also as-
sume that no vibrational levels are populated during
the interaction. So the solutions of Eq.(3) can be ex-
pressed by the superposition of a series of field-free
rotor spherical harmonics YJM (θ)[11]

ψ(∆ω) =
∑

J′≥|M |
FJ′(∆ω)YJ′M (θ), (4)

where ∆ω(t) = ω||(t)−ω⊥(t), ω||(t) = α||E2(t)/(2Be),
and ω⊥(t) = α⊥E2(t)/(2Be). The conversion factor is
ω ≈ 5× 1012α[cm3]I[W/cm2]/B[cm−1].[12] The time-
dependent coefficients FJ(∆ω)are complex in general
and solely determine the solutions at given initial con-
ditions. Introducing the state defined by Eq.(4) in
the time-dependent Schrödinger equation, the equa-
tions for the evolution of the coefficients FJ(∆ω) are
obtained as a set of coupled linear equations.

i ~
Be

ḞJ(t) = [EJ/Be − f(t)2ω⊥(t)]FJ(t)− f(t)2∆ω(t)

×
∑

J′
FJ′(t)〈JM | cos2 θ|J ′M〉

− 1
Be

µ0E(t)f(t)

×
∑

J′
FJ′(t)〈JM | cos θ|J ′M〉, (5)

where EJ are the eigenvalues of the field-free ro-
tor which are given by EJ = BeJ(J + 1) for
a rigid rotor and the initial condition is pre-
pared in a single rotational state |J ′M ′〉 with
FJM (0) = δJ,J′(t)δM,M ′(t). In order to calculate
〈JM | cos θ|J ′M〉 and 〈JM | cos2 θ|J ′M〉, cos θ and
cos2 θ can be expressed by spherical functions cos θ =√

4π/3Y10 and cos2 θ =
√

16π/45Y20 +
√

4π/9Y00 re-
spectively. Then using

〈JM1|Ylm|J ′M2〉 = (−1)M1 il+J′−J


 J

−M1

l

m

J ′

M2





 J

0

l

0

J ′

0




[
(2J + 1)(2l + 1)(2J ′ + 1)

4π

] 1
2

, (6)

where the explicit general form of 3j-symbols

(
j1

m1

j2

m2

j3

m3

)
as shown in Ref.[13] (for linear molecules ∆J =

J − J ′ = 0,±2), we obtain the nonvanishing matrix elements. The molecular alignment after femtosecond
pulse interaction is characterized by the time dependent expectation value of cos2 θ for the single molecular
orientation angle.

〈cos2 θ〉 = 〈ψ(t)| cos2 θ|ψ(t)〉 =
∑

J,J′≥|M |
F ∗J (t)FJ′(t)〈JM | cos2 θ|J ′M〉. (7)

For an ensemble of molecules (such as a molecu-

lar beam) the rotational alignment of molecules can

be ascribed to the characteristic rotational tempera-

ture and initial temperature of the ensemble before

the arrival of the laser pulse. Because the pulse du-

ration is very short in comparison with the rotational

reequilibration time of the ensemble, we introduce the

time-dependent angular distributions of the molecular

ensemble to describe the alignment dynamics as the

thermal average of the squared modulus of the rota-
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tional wave packets with a statistical weight given by
the Boltzmann factor.

ρ(θ, t) =
∑

J

exp[−J(J + 1)/γ]/Qr

×
∣∣∣∣
∑

J′
FJ,J′YJ′M (θ)

∣∣∣∣
2

, (8)

where γ = kT/Be is the reduced rotational temper-
ature and Qr

∼= T/(δΘ r)is the rotational partition
function, in which Θr is the characteristic rotational
temperature in the case of diatomic molecules (δ = 1
for hetero-nuclear and δ = 2 for homo-nuclear).

3. Results and discussion

We calculate the time dependence of single molec-
ular orientation exposed to a linearly polarized laser
field for the case of a CO molecule M = 0 (molecular
orbital symmetry σ; Trot ≡ h/2Be = 8.636 ps) and for
the case of an O2 molecule M = 1 (molecular orbital
symmetry πg; Trot = 11.537 ps). CO and O2 molec-
ular parameters used in the calculation are shown in
Table 1. The intensity of a laser with a wavelength of

Table 1. CO and O2 molecular parameters used in

the calculations.[14−17]

α⊥/Å3 α||/Å3 Be/cm−1 µ0/D

CO (σ) 1.469 2.097 1.9313 2.51

O2 (πg) 1.1 2.3 1.4456

800 nm is assumed to be below the ionization inten-
sity ensuring that molecules are in a superposition of
rotational eigenstates. Figure 1 shows the orientation
angle of the O2 molecular axis as a function of time
and indicates that the O2 molecule presents free-field
alignment characteristics after one femtosecond laser
pulse and in each alignment cycle there is a small-
est angle (20.22◦ and 20.58◦ corresponding to the first
and second revival peak respectively) which gradually
augments and illustrates the attenuation of the free-
field rotational alignment. It can be seen from Fig.2
that the smallest orientation angle of the CO molec-
ular axis in each free-field rotational cycle is close to
0◦ and the mean of the alignment angle is smaller
than that of O2 due to the permanent dipole moment
of the CO molecule. The highest occupied molecular
orbitals (HOMOs) have an obvious effect on the mini-
mum of the single molecular field-free rotational angle
and symmetry σ tends to make molecules align along

the laser polarization direction.

Fig.1. O2 molecular free-field alignment by a femtosec-

ond laser pulse with pulse duration 50 fs and I = 5 ×
1012 W/cm2 for all the figures following.

Fig.2. CO molecular free-field alignment by a femtosec-

ond laser pulse.

The angular distributions of an ensemble of CO
molecules around the revival peak of a free-field rota-
tional cycle at 30 k and 5 k are shown in Fig.3. As
seen from the three-dimensional picture the angular
distribution formed after the short pulse interaction
presents the expected maxima at the times of the re-
vival peak (8.636 ps) around 0◦ orientation angle due
to the HOMO symmetry σ of the CO molecule and co-
herent superposition of angular distribution with vari-
ant phase from each molecule. In particular, these
distributions have shown a structured component at
times where there are no revivals in the single molecule
〈cos2 θ〉 plot and when the temperature of the ensem-
ble decreasing the angular distribution fluctuation be-
comes smooth.

As a contrast, Fig.4 shows the angular distri-
butions of an ensemble of O2 molecules around the
revival peak of a free-field rotational cycle at 30 k
and 5 k. These distributions exhibit a more complex
and complete difference from that of CO due to their
HOMO symmetry πg. Although the maximal angu-
lar distribution comes up at the times of the revival
peak (11.537 ps), the corresponding orientation an-
gle is 23.175◦, the angular distributions also provide
more additional information at full revival times such
as the anisotropic distribution with respect to polar-
ization vector. Furthermore, with the decrease of tem-
perature of the ensemble the angular distribution of
O2 molecules involves much variety, including several
maxima around the revival peak at different orienta-
tion angles.
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Fig.3. The angular distributions of an ensemble of CO molecules around the revival peak of a free-field

rotational cycle at 30 k (a) and 5 k (b) aligned by a femtosecond laser pulse.

Fig.4. The angular distributions of an ensemble of O2 molecules around the revival peak of a free-field

rotational cycle at 30 k (a) and 5 k (b) aligned by a femtosecond laser pulse.

Fig.5. Snapshots of the angular distribution of an ensemble of O2 molecules at the revival peak

instant with different temperatures following a femtosecond laser pulse interaction.
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Figures 5 and 6 show that at the revival peak instant the angular distributions of HOMO symmetry πg

and σ vary with the temperature of a molecular ensemble. As can be seen from Fig.5, the anisotropic angular
distribution around 90◦ in the backward direction gradually decreases with the increase of temperature and
the symmetrical distributions regarding laser polarization direction appear simultaneously, in particular the
distributions of all directions tend to parallel the polarization vector when the temperature is higher. For σ

symmetry as shown in Fig.6, the angular distributions are all directions at lower temperatures with prominent
distribution along the laser vector; with the increase of temperature the angular distributions are confined
within 30◦. Two angular distributions of HOMO symmetry πg and σ similarly tend to parallel the laser vector
with the increase of temperature at the revival peak instant.

Fig.6. Snapshots of the angular distribution of an ensemble of CO molecules at the revival peak

instant with different temperatures following a femtosecond laser pulse interaction.

4. Conclusion

In summary, the calculated results of the orien-
tation angles of a molecule and angular distributions
of a molecular ensemble after a femtosecond pulse in-
teraction show that HOMO space configuration has a
prominent effect on angular distributions of the molec-
ular ensemble and the smallest orientation angle of a
single molecule. The permanent dipole moment and
molecular rotational constant influence the mean of
the alignment angles and revival cycles respectively
in the field-free alignment process. The angular dis-
tributions of an ensemble of molecules provide more

complex and additional information at times where
there are no revivals in the single molecule plot. Fur-
thermore, for HOMO symmetry πg at the revival peak
instant, with the increase of temperature of the ensem-
ble the dissymmetrical angular distributions regard-
ing laser polarization direction gradually transform to
symmetrical distributions and for two HOMO config-
urations angular distributions of all directions tend to
parallel the laser polarization vector with the increase
of temperature of the molecular ensemble. These re-
sults help us to better understand the importance of
HOMO symmetry in molecular field-free alignment.
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