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We theoretically and numerically investigate rotational dynamics of O2 in the electronic X 3�−
g ground state

induced by an intense femtosecond laser field. The rotational dynamics are calculated by two different models.
One of the models includes triplet splittings explicitly in rotational energy levels originated from an electronic
spin (a spin-dependent model), and the other omits the triplet splittings (a spin-independent model). We find
that the final rotational population after the interaction with the laser field does not depend on the models. On
the other hand, we find that the rotational dynamics evaluated by alignment degrees and angular distributions
of molecular axes depend on the models. Although the rotational dynamics calculated by the spin-independent
model is similar to that calculated by the spin-dependent model within 5 ps, the triplet splittings in the rotational
energy levels affect the rotational dynamics after 5 ps. This is explained by the inverse of the energy difference
between triplet splittings in the rotational levels. We show that the multiplet energy splittings in rotational
energies should be included when the rotational dynamics in the multiplet electronic state are considered. We
also investigate excitation processes on the basis of time evolutions of state populations and find that there are
excitation pathways with double as well as single bifurcations depending on the initial state.
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I. INTRODUCTION

The coherent rotational dynamics of molecules induced by
an intense laser field with a shorter temporal duration than a
rotational period causes transient and periodic alignment of
molecular axes, commonly known as nonadiabatic molecu-
lar alignment, transient molecular alignment, and impulsive
alignment, which has been widely investigated [1–3] since
early theoretical studies [4–6] and experimental observations
[7,8]. The rotational dynamics are observed by various pump-
probe techniques based on the angular distribution of the
fragment ions [8], the yield of the high-order harmonics [9],
the optical birefringence [7,10], and the balanced weak-field
polarization technique [11]. The real-time movie of the molec-
ular rotation has been recently reported [12,13]. Since the
rotational dynamics and the transient molecular alignment
depend on structures of rotational energy levels, various types
of molecules such as linear molecules [8,10,11,14–26], sym-
metric top molecules [27–30], and asymmetric top molecules
[31–36] have been thoroughly studied.

In addition to molecular structure, angular momenta
such as electronic orbital, electronic spin, vibrational, and
nuclear-spin angular momenta influence rotational energy-
level structures. Therefore, many angular momenta play an
essential role in rotational dynamics. However, angular mo-
menta of almost all stable molecules in an electronic ground
state are quenched. Most previous studies on the rotational
dynamics were focused on closed-shell molecules in an
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electronic ground 1� state such as N2 [9,15], I2 [8], CO2

[15,26,37], and C2H2 [38,39].
On the other hand, radical molecules with an unpaired

electron(s) are expected to show peculiar rotational dynamics
due to unquenched electronic angular momenta. For example,
the rotational dynamics of the NO radical showed that the
rotational period (the full revival period) is given by Trot = 1

cB

instead of Trot = 1
2cB , which is the rotational period for closed-

shell linear molecules, where c is the speed of the light in
vacuum and B is the rotational constant [40], and that the
selection rule, �J = ±1,±2, for the excitation induced by the
intense laser field differs from that for closed-shell molecules,
where J is the total angular momentum quantum number. In
addition to the rotational, electronic orbital, and spin angular
momenta, nuclear-spin angular momenta contribute to the to-
tal angular momentum in a molecule. The rotational dynamics
coupled with the nuclear spin has been observed in real-time
measurement [41,42].

The rotational dynamics of the O2 molecule, which has a
resultant electronic spin angular momentum originated from
two unpaired π electrons in the electronic ground X 3�−

g
state, was also investigated [11,15,16,37,43,44]. In most of
the past studies, the O2 molecule was approximated as a
spinless molecule, and the effect of the electronic spin on the
rotational dynamics has not been taken into account. A few
studies on the rotational dynamics of O2 including explicitly
the electronic spin were reported [45–47].

In this paper, the rotational dynamics of the O2 molecule
calculated by a spin-dependent model as well as a spin-
independent model are compared. In the spin-independent
model, an effect of the electronic spin is ignored. The
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rotational eigenenergy and eigenfunction are described by
EN = BN (N + 1) and spherical harmonics, respectively. On
the other hand, in the spin-dependent model, the triplet char-
acter of the rotational energy due to the electronic spin angular
momentum is explicitly considered, and the rotational eigen-
function is expressed by Hund’s case (b) wave functions. The
effect of the electronic spin on the rotational dynamics is
discussed.

II. THEORY

The Hamiltonian Ĥ , including the free rotation Ĥrot, the
spin-spin interaction ĤSS, and the spin-rotation interaction
ĤSR, of O2 in the vibrational ground state in the electronic
ground X 3�−

g state is expressed as follows [48,49]:

Ĥ = Ĥrot + ĤSS + ĤSR, (1)

Ĥrot = BN̂
2
, (2)

ĤSS = 2
3λ

(
3Ŝ2

z − S2
)
, (3)

ĤSR = γ N̂ · Ŝ, (4)

where N̂, Ŝ, and Ŝz are the angular momenta of molecular
rotation, electronic spin, and the projection of Ŝ onto the
molecular axis (defined as the z axis), respectively, and B,
λ, and γ are rotational, electronic spin-spin coupling, and
spin-rotation coupling constants, respectively.

In this paper, the rotational dynamics of O2 induced by
an intense femtosecond laser field with a linear polarization
are investigated by two models. One is a spin-independent
model, in which the triplet splitting in rotational energy levels
is not considered. Therefore, the interaction terms including
the electronic spin, ĤSS and ĤSR, are neglected. In this model,
an eigenstate is described by the direct product between the
rotational states and electronic spin states, |N, MN 〉|S, MS〉,
where N (S) and MN (MS) represent the quantum numbers
of the rotational (electronic spin) angular momentum and
its projection onto a space-fixed Z axis parallel to the laser
polarization direction, respectively. The rotational quantum
number, N = 1, 3, 5, . . ., is limited to be odd numbers be-
cause of the nuclear-spin statistics originated from a 16O

FIG. 1. The rotational energy diagram of O2 in the electronic
ground X 3�−

g state.

nucleus. The resultant electronic spin quantum number is
fixed to be S = 1 in the electronic ground X 3�−

g state. The
angular representation of the rotational state, |N, MN 〉, corre-
sponds to the spherical harmonics, YN,MN (θ, φ), where θ and
φ are the polar and azimuthal angles of a molecular axis with
regard to the Z axis. The rotational energy is expressed by
E = BN (N + 1) and depends only on N regardless of the
electronic spin. This model disregarding the electronic spin
has been widely adopted to analyze the molecular alignment
of O2 [15,16].

In the other model explicitly including the effect of the
electronic spin, hereafter called a spin-dependent model, the
rotational state is described by the Hund’s case (b) wave
function, |(NS)JMJ〉, where J is the quantum number of the
total angular momentum, Ĵ = N̂ + Ŝ, and MJ is the quantum
number of the projection of the total angular momentum onto
the Z axis. According to the addition rule of two angular
momenta, the allowed J values are N − 1, N, and N + 1 for
a given N . The diagonal matrix elements of the Hamiltonian,
Eq. (1), evaluated using the Hund’s case (b) basis set are
obtained as the following expressions [48–50]:

〈(NS)JMJ |Ĥ |(NS)JMJ〉 = BN (N + 1) − 2

3
λ

N + 1

2N − 1
− γ (N + 1) for J = N − 1, (5)

〈(NS)JMJ |Ĥ |(NS)JMJ〉 = BN (N + 1) + 2

3
λ − γ for J = N, (6)

〈(NS)JMJ |Ĥ |(NS)JMJ〉 = BN (N + 1) − 2

3
λ

N

2N + 3
+ γ N for J = N + 1. (7)

The small off-diagonal matrix elements are ignored in our
model although the spin-spin interaction term, ĤSS, has the
off-diagonal matrix elements with �N = ±2. Therefore, the
Hund’s case (b) basis, |(NS)JMJ〉, is the eigenstate for the
Hamiltonian, Eq. (1). By including ĤSS and ĤSR, there are
three states with different energies for a given rotational quan-
tum number, N , i.e., triplet states.

Figure 1 shows the rotational energy diagram of O2 in
the electronic ground X 3�−

g state. Each rotational state
of N is triply degenerated for the spin-independent model
due to the uncoupled spin states, |S = 1, MS = −1, 0, 1〉.
Each rotational state of N splits into three states for the
spin-dependent model due to the spin interactions, ĤSS and
ĤSR.
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The interaction of the molecular anisotropic polarizability
with a linearly polarized intense laser field is generally written
as

V (t ) = − 1
2αZZE2

Z (t ), (8)

where αZZ is a ZZ component of a molecular polarizability
tensor in a space-fixed coordinate system and EZ (t ) is an
electric field of the intense laser field with the polarization
direction parallel to the Z axis [1–3]. The electric field is
assumed to be EZ (t ) = E0(t ) cos (ωt + δ) where E0(t ) is an
envelope function, and ω and δ are an angular frequency and
an initial phase of the laser field, respectively. The envelope

function of the laser field is assumed to be

E0(t ) = exp

{
−2 ln 2

( t

�t

)2
}
, (9)

where �t is the pulse duration. Since the fast carrier wave of
the electric field does not affect the molecular dynamics, the
interaction potential averaged over one temporal cycle can be
expressed as

V (t ) = − 1
4αZZE2

0 (t ). (10)

This assumption is suitable for off-resonance conditions.
In the spin-independent model ignoring ĤSS and ĤSR in

Eq. (1), the matrix elements of V (t ) can be expressed by

〈S, MS|〈N, MN |V (t )|N, MN 〉|S, MS〉 = −1

4
E2

0 (t )

{
1

3

N (N + 1) − 3M2
N

(2N + 3)(2N − 1)
�α + α

}
, (11)

〈S, MS|〈N + 2, MN |V (t )|N, MN 〉|S, MS〉 = − (−1)MN

4
E2

0 (t )�α

√
{(N + 2)2 − M2

N }{(N + 1)2 − M2
N }

(2N + 5)(2N + 3)
, (12)

where �α = α‖ − α⊥ is an anisotropic polarizability; α‖ and α⊥ are the components of the polarizability parallel and perpen-
dicular to the molecular axis, respectively; and α = 1

3 (α‖ + 2α⊥) is the averaged polarizability [2,3,51]. On the basis of these
matrix elements, it is recognized that the intense laser field induces the transitions between rotational states N and N ± 2. The
MN is preserved due to the axial symmetry of the interaction. The S and MS are also conserved because of no interaction between
the electronic spin and the intense laser field.

In the spin-dependent model, the interaction matrix element can be written as

〈(N1S)J1MJ1 |V (t )|(N2S)J2MJ2〉

= −1

4
E2

0 (t )

[
(−1)J1+J2−MJ1 +1 2

3

√
(2J1 + 1)(2J2 + 1)(2N1 + 1)(2N2 + 1)

×
(

J1 2 J2

−MJ1 0 MJ2

)(
N1 2 N2

0 0 0

){
N1 J1 1

J2 N2 2

}
�α + αδN1,N2δJ1,J2δMJ1 ,MJ2

]
, (13)

where the symbols of (
· · ·
· · ·) and {· · ·· · ·} represent Wigner’s 3- j and 6- j symbols, respectively [3,48]. The selection rules, �N =

0,±2, �MJ = 0, and �J = 0,±1,±2 (�J = 0,±2 when MJ1 = MJ2 = 0), are obtained from the 3- j and 6- j symbols. The
spin quantum number, S = 1, is also conserved.

The interaction with the intense laser field changes the initial rotational states |N0, MN0〉|S0, MS0〉 or |(N0S0)J0MJ0〉 into the
following wave packets for the spin-independent or -dependent models, respectively:

|�ind(t )〉 =
∑

N

c
N0,MN0 ,MS0
N (t )e−i EN

h̄ t |N, MN0〉|S, MS0〉, (14)

|�dep(t )〉 =
∑

N

∑
J

c
N0,J0,MJ0
NJ (t )e−i ENJ

h̄ t |(NS)JMJ0〉, (15)

where c
N0,MN0 ,MS0
N (t ) and c

N0,J0,MJ0
NJ (t ) are the probability amplitudes for respective models, EN is the rotational energy of the state

|N, MN 〉|S, MS〉 for the spin-independent model, and ENJ is the rotational energy of the state |(NS)JMJ〉 for the spin-dependent
model. The probability amplitudes are calculated by numerically solving the time-dependent Schrödinger equations (TDSEs):

ih̄
d

dt
c

N0,MN0 ,MS0
N (t ) =

∑
N ′

c
N0,MN0 ,MS0
N ′ (t )e−i

(EN ′ −EN )
h̄ t 〈N, MN0 |V (t )|N ′, MN0〉, (16)

ih̄
d

dt
c

N0,J0,MJ0
NJ (t ) =

∑
N ′

∑
J ′

c
N0,J0,MJ0
N ′J ′ (t )e−i

(EN ′J′ −ENJ )
h̄ t 〈(NS)JMJ0 |V (t )|(N ′S)J ′MJ0〉. (17)
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FIG. 2. The final rotational populations calculated by the
spin-independent and dependent models. The intensity and
pulse width of the intense laser field are 30 TW/cm2 and 100
fs, respectively. The initial states are set to be an ensemble
of three states, |N = 1, MN = −1, 0, 1〉, with an equivalent
statistical weight for the spin-independent model and nine states,
|N = 1, J = 0, MJ = 0〉, |N = 1, J = 1, MM = −1, 0, 1〉, |N = 1,

J = 2, MJ = −2, −1, 0, 1, 2〉, with an equivalent statistical weight
for the spin-dependent model.

III. RESULTS AND DISCUSSION

Figure 2 shows the final rotational populations calculated
by the spin-independent and -dependent models. The eigen-
functions up to N = 31 are included in the calculation, and the
laser intensity and the pulse duration are 30 TW/cm2 and 100
fs, respectively. The rotational energy for the spin-dependent
model, ENJ , is calculated from rotational energy formulas
[52] and molecular parameters [53]. The averaged values
of ENJ=N−1, ENJ=N , and ENJ=N+1 are used as the rotational
energy for the spin-independent model, EN . The rotational
energy levels up to N = 5 for each model are shown in Fig. 1.
The initial states are set to be an ensemble of three states,
|N = 1, MN = −1, 0, 1〉 for the spin-independent model. On
the other hand, the initial states are set to be an ensemble
of nine states, |N = 1, J = 0, MJ = 0〉, |N = 1, J = 1, MM =
−1, 0, 1〉, and |N = 1, J = 2, MJ = −2,−1, 0, 1, 2〉 for the
spin-dependent model. The statistical weights of these initial
states are assumed to be equal. These initial conditions cor-
respond to the low-temperature limit because the initial states
are degenerate for the spin-independent model and are almost
degenerate for the spin-dependent model, in which the energy
difference between the highest energy of 4.21 cm−1 for the
N = 1, J = 1 state and the lowest energy of 1.31 cm−1 for the
N = 1, J = 0 state is small.

The rotational state up to N = 9 is excited by the intense
laser field as shown in Fig. 2. The rotational state of N = 9
is created by stepwise rotational Raman excitation from the
initial state of N = 1 due to the selection rule, �N = ±2. This
stepwise rotational Raman excitation by an intense laser field
was reported for linear molecules such as N2 [51] and NO
[54,55].

It should be noted that the final populations calculated
by two different models exhibit almost the same distribu-
tions. This result implies that the final population can be
obtained by a calculation without considering the electronic
spin. The relationship between the spin-independent basis
function, |N, MN 〉|S, MS〉, and the spin-dependent basis func-

tion, |(NS)JMJ〉, is given through the Clebsch-Gordan
coefficient, 〈N, MN , S, MS|J, M〉, as follows [48,49]:

|(NS)JMJ〉 =
∑
MN

∑
MS

〈N, MN , S, MS|J, MJ〉|N, MN 〉|S, MS〉.

(18)

The probability amplitudes of the wave packet, c
N0,J0,MJ0
NJ (t )

and c
N0,MN0 ,MS0
N (t ) for the spin-dependent and -independent

models, respectively, should also have a similar relationship
due to the linearity of the TDSE as follows:

c
N0,J0,MJ0
NJ (t ) =

∑
MN0

∑
MS0

〈J, MJ0 |N, MN0 , S, MS0〉cN0,MN0 ,MS0
N (t ).

(19)

Here, the small energy difference between EN and ENJ for
all J is neglected. This assumption is appropriate because the
energy differences among triplet states are about 2 cm−1 up to
N = 9, which is much smaller than the rotational energy. The
populations of the rotational state N for the spin-dependent
and -independent models, Pind

N and Pdep
N , are, respectively,

defined by

Pind
N =

∑
MN0

∑
MS0

∣∣cN0,MN0 ,MS0
N

∣∣2
, (20)

Pdep
N =

N+1∑
J=N−1

∑
MJ0

∣∣cN0,J0,MJ0
NJ

∣∣2
. (21)

The equation, Pind
N = Pdep

N , can be obtained by using Eq. (19).
Our result shows that the population calculated by the spin-
independent model, i.e., using the spherical harmonics as the
basis function, reproduces the population calculated by the
spin-dependent model, i.e., using Hund’s case (b) as the basis
function.

In order to investigate rotational dynamics, the time
evolution of the expectation value of cos2 θ , 〈cos2 θ〉(t ) =
〈�ind/dep(t )| cos2 θ |�ind/dep(t )〉, is calculated by both models,
where θ represents the angle between the laser polarization
direction and the molecular axis of O2. By considering the

FIG. 3. The time evolution of 〈〈cos2 θ〉〉(t ) for spin-independent
and -dependent models.
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FIG. 4. The angular distribution of the O2 molecular axis for the
spin-dependent and -independent models at (a) 1.0 ps, (b) 8.1 ps, and
(c) 17.2 ps after the interaction.

initial-state distribution as mentioned above, the averaged
expectation values of cos2 θ , 〈〈cos2 θ〉〉(t ), are obtained as
shown in the lower panel of Fig. 3. The periodic structure of
〈〈cos2 θ〉〉(t ) is clearly identified with the period of 11.6 ps for
each model. The observed period agrees with the rotational
period, Trot = 1

2cB = 11.6 ps, where B = 1.4377 cm−1 is the

rotational constant [53]. The periodic transient signals of O2

were observed by high-order harmonics [15] and four-wave
mixing [16].

In Fig. 3, the comparison between the spin-independent
and -dependent models clarifies that the 〈〈cos2 θ〉〉(t ) calcu-
lated by both models agrees well until about 5 ps. On the other
hand, we found that the difference of 〈〈cos2 θ〉〉(t ) between
the respective models as shown in the upper panel of Fig. 3
oscillates and its maximum value reaches −0.07 at 8.1 ps.
The rotational dynamics depends on the rotational energy
through the factor of e−i E

h̄ t in the wave packet, Eqs. (14)
and (15). The maximum-energy difference between EN and
ENJ is 1.3 cm−1 for N � 3 states. The difference starting at
around 5 ps is explained by the maximum-energy difference of
1.3 cm−1 for each model because the energy difference of
1.3 cm−1 corresponds to the time difference of 4.1 ps in
rotational dynamics on the basis of the uncertainty principle.
Since the 〈〈cos2 θ〉〉(t ) calculated by the spin-independent
model cannot reproduce that calculated by the spin-dependent
model at the time later than 5 ps, the molecular axis distribu-
tion is also expected to be different for both models.

Figure 4 shows the calculated molecular axis distributions,
P(θ ) = 2π |〈θ, φ|�ind/dep(t )〉|2, at t = 1.0, 8.1, and 17.2 ps.
The molecular axis distributions are calculated by using the
angular representation of the basis functions, 〈θ, φ|N, MN 〉 =
YN,MN (θ, φ), for the spin-dependent model. On the other hand,
the angular representation of the Hund’s case (b) basis func-
tions represented by Hund’s case (a),

〈θ, φ|(NS)JMJ〉 =
1∑

�=−1

(−1)J−S+
√

2N + 1

×
(

J S N
�−� −

)
〈θ, φ|J,�, MJ〉|S, �〉,

(22)

FIG. 5. The time evolution of the rotational population. The initial states are (a) N0 = 1, J0 = 0, MJ,0 = 0, (b) N0 = 1, J0 = 1, MJ,0 = ±1,
(c) N0 = 1, J0 = 1, MJ,0 = 0, (d) N0 = 1, J0 = 2, MJ,0 = ±2, (e) N0 = 1, J0 = 2, MJ,0 = ±1, and (f) N0 = 1, J0 = 2, MJ,0 = 0. The dotted
black curves show the intensity profile of the laser pulse with the peak intensity of 30 TW/cm2 and the pulse width of 100 fs.
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is used for the spin-dependent model, where , �, and � =
 + � are the projection of the electronic orbital, spin, and
the total angular momenta onto a molecular axis, respec-

tively; 〈θ, φ|J,�, MJ〉 = (−1)MJ −�

√
2J+1

4π
DJ

−MJ−�(φ, θ, 0) is
the angular representation of a Hund’s case (a) rotational
wave function; and DJ

MJ�
(φ, θ, 0) is Wigner’s rotational ma-

trix [56].
The angular distributions, P(θ ), for the two models are

almost the same at t = 1.0 ps as shown in Fig. 4(a). This is
consistent because the rotational dynamics within 5 ps are
similar to each other as mentioned above. However, at t = 8.1
ps, where the difference of 〈〈cos2 θ〉〉(t ) between the spin-
dependent and -independent models takes the maximum value
of −0.07 as shown in the upper panel of Fig. 3, the angular
distributions of the molecular axis are remarkably different
as shown in Fig. 4(b). The angular distributions in Fig. 4(c)
are different around θ = 0 and π at t = 17.2 ps although
the difference of 〈〈cos2 θ〉〉(t ) is zero as shown in the upper
panel of Fig. 3. It is found that the angular distribution, i.e.,
the rotational wave-packet motion, depends on the models.
However, such difference does not affect calculations where
molecular orientations have to be integrated over 0 � θ � π

because differences around θ = 0 and π will be washed out
by a Jacobian, sin θ . Our results show that the triplet character
of the rotational energy structure of O2 should not be ignored
for the rotational dynamics. Generally, in the multiplet elec-
tronic states, for example, the doublet states such as NO and
N+

2 in the electronic ground X 2� states, an electronic spin
influences rotational dynamics.

Finally, rotational excitation processes based on the spin-
dependent model are discussed. The time evolution of
rotational populations, |cN0,J0,MJ0

NJ (t )|2, for some initial rota-
tional states, N0, J0, and MJ,0, is shown in Fig. 5. When the
initial state is N0 = 1, J0 = 0, and MJ,0 = 0, as shown in
Fig. 5(a), the state populations start to be transferred from
the initial state to (N, J ) = (1, 2) and (3, 2) simultaneously
around −80 fs. Since the selection rules for the interaction
with the laser pulse are �N = 0,±2, �J = 0,±2, and �M =
0 in the case of MJ,0 = 0 as mentioned in Sec. II, the initial
state (1, 0) couples with not (1, 1), (3, 3), and (3, 4) states but
only (1, 2) and (3, 2) states. Then, these populations of (1, 2)
and (3, 2) start to be transferred to (3, 4) and (5, 4) around −30
fs. After that, populations of (3,4) and (5, 4) are transferred to
(5, 6) and (7, 6) around 0 fs.

In order to study the excitation process in detail, a part of
the matrix element in Eq. (13),

S =
√

(2J1 + 1)(2J2 + 1)(2N1 + 1)(2N2 + 1)

×
(

J1 2 J2

−MJ1 0 MJ2

)(
N1 2 N2

0 0 0

){
N1 J1 1
J2 N2 2

}
,

(23)

which is proportional to the interaction matrix element,
〈(N1S)J1MJ1 |V (t )|(N2S)J2MJ2〉, is calculated. Figure 6 shows
the values of |S| between arrowed states for (a) MJ = 0, (b)
MJ = ±1, and (c) MJ = ±2. For the sake of simplicity, S
values more than 0.2 are depicted. In Fig. 6, the energy lev-
els are described separately by F1, F2, and F3 states, which

FIG. 6. The matrix elements between arrowed states for
(a) MJ = 0, (b) MJ = ±1, and (c) MJ = ±2. The initial MJ,0 is
conserved due to the axial symmetry of the linear laser polarization.

corresponds to J = N + 1, J = N, and J = N − 1 states, re-
spectively [57].

As mentioned before, the population of the initial state (1,
0) with MJ,0 = 0 is initially transferred to (1, 2) and (3, 2)
as shown in Fig. 5(a). Since the interaction between (1,0)
and (3, 2), |S| = 0.35, is larger than that between (1, 0) and
(1, 2), |S| = 0.28, as shown in Fig. 6(a), population transfer
from (1, 0) to (3, 2) takes place more effectively than that
from (1, 0) to (1, 2). Then, (3, 2) couples strongly with (5,
4) due to the large value of |S| = 0.37. On the other hand,
(1, 2) interacts with (3, 4) according to |S| = 0.36. In the next
excitation, populations for the generated (5, 4) and (3, 4) states
are transferred to (7, 6) and (5,6), respectively. As a result,
the initial-state population is transferred through two differ-
ent pathways, (1, 0) → (3, 2) → (5, 4) → (7, 6) → · · · and
(1, 0) → (1, 2) → (3, 4) → (5, 6) → · · · . It should be noted
that such bifurcated pathways have been reported for the ro-
tational excitation of NO in the electronic ground X 2� state
[54,55] and benzene in the electronic ground 1S0 state [58]
induced by an intense nonresonant femtosecond laser pulse.
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FIG. 7. The excitation processes starting from nine initial states
induced by the intense laser field. The values in parentheses represent
the quantum numbers of the rotational and total angular momentum,
N, J , respectively, as (N, J ). The subscript MJ,0 stands for the initial
MJ , which is conserved.

Similarly, the excitation processes for the initial states in
Figs. 5(a)–5(f) are revealed as shown in Figs. 7(a)–7(f), re-
spectively. When the initial state is (1, 1)MJ,0=±1, the excitation
pathway splits into three, as shown in Fig. 7(b), because the
initial state initially interacts with three states, (1, 2), (3, 3),
and (3, 2). When the initial state is (1, 1)MJ,0=0, the excitation
pathway does not bifurcate because the initial state couples
with only (3, 3) due to the selection rules, �N = 0,±2,

�J = 0,±2. Consequently, the excitation process is simpli-
fied. Such simple excitation has been reported for N2 in the
electronic ground X 1�+

g state [51]. On the other hand, when
the initial state is (1, 2)MJ,0=±1, the excitation process is com-
plicated by two bifurcations.

IV. CONCLUSION

We investigated rotational dynamics of O2 in the electronic
X 3�−

g state induced by an intense femtosecond laser field.
The rotational dynamics calculated by two different models
including the triplet character of O2 (spin-dependent model)
or not (spin-independent model) were compared. We found
that the final rotational population after the interaction does
not depend on the models. On the other hand, we found
that the rotational dynamics evaluated by alignment degrees
and angular distributions of molecular axes depend on the
models. Although the rotational dynamics calculated by the
spin-independent model is similar to that calculated by the
spin-dependent model within 5 ps, the triplet splittings in the
rotational energy levels affect the rotational dynamics after
5 ps. This is explained by the inverse of the energy differ-
ence between triplet splittings in the rotational levels. We
showed that the multiplet energy splittings in rotational en-
ergies should be included when the rotational dynamics in the
multiplet electronic state are considered. We also investigated
the excitation processes and found the excitation pathways
with single and double bifurcation depending on the initial
state.
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