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Rotational dynamics of the asymmetric-top H2O molecule induced by an intense laser field
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The rotational dynamics of the asymmetric-top H2O molecule induced by an intense nonresonant laser pulse is
investigated by a time-resolved pump-probe technique. The periodic rotational revival structure is not identified
differently from the rotational dynamics of linear, symmetric, and near-symmetric top molecules. The rotational
excitation processes are revealed based on the Fourier-transform spectrum of the H2O+ yield observed as a
function of the delay between the pump and probe pulses. In addition, by comparing with calculations, it is
discussed whether one of two possibilities of the polarizability of H2O reported previously is plausible.
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I. INTRODUCTION

An ultrashort intense nonresonant laser field imparts torque
impulsively to a molecule via an anisotropic polarizability
interaction. The induced field-free rotational dynamics has
been widely investigated since the experimental observation
[1,2] and theoretical works [3,4]. Recent developments and
applications of the field-free rotational dynamics have been re-
viewed [5–8]. The rotational motion of weakly bound clusters
has recently studied for Ar dimers [9], noble-gas dimers [10],
CS2 dimers [11], C2H2-Hen clusters [12], and C2H4 dimers
and trimers [13,14], as well as the rotational motion of rigid
molecules.

Studies on the field-free rotational dynamics for
asymmetric-top molecules, which were reported much less
than those for linear molecules, revealed the revival structure
for iodobenzene (C6H5I) [15,16], pentafluoroiodobenzene
(C6F5I) [16], SO2 [17,18], and ethylene (C2H4) [19,20], and
the enhancement of the alignment degree by using a double
pulse pair for C6H5I [21]. In addition to the one-dimensional
alignment, the field-free three-dimensional alignment
(FF3DA) for SO2 [22], 3,5-difluoroiodobenzene (C6H3F2I)
[23–25], and C2H4 [26] have been achieved. In the FF3DA,
the rotational motion of SO2 in a plane is induced by an optical
centrifuge [27]. Moreover, the field-free one-dimensional
orientation for C6H5I [28] and three-dimensional orientation
(FF3DO) for 3,4-dibromothiophene (C4H2Br2S) [29] and SO2

[30] have been attained. In addition, the angular dependence
of the ionization and dissociation probabilities for C2H4 has
been studied using the field-free rotational dynamics [31].

The geometrical structure and the rotational energy struc-
ture are important factors for the rotational dynamics. Ray’s
asymmetry parameter, defined as κ = 2B−A−C

A−C , is a measure to
characterize the degree of asymmetry and a rotational energy
level structure, where A, B, and C are rotational constants
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in descending order (A > B > C). The asymmetry parameter
ranges from κ = −1 for a prolate top to 1 for an oblate
top. Molecules with κ = 0 are highly asymmetric from a
structural perspective. Previous studies on the field-free ro-
tational dynamics were limited to relatively low asymmetric
molecules ranging from |κ| = 0.99 (3,4-dibromothiophene)
to 0.74 (iodopentafluorobenzene).

In this paper, we investigate the field-free rotational dy-
namics and excitation processes of H2O molecules with a
high asymmetry of κ = −0.44. The rotational dynamics of
H2O is induced by an intense femtosecond pump pulse and
H2O+ ions are generated by another intense femtosecond
probe pulse. From the measurement of the dependence of
the H2O+ yield on the delay between the pump and probe
pulses, the rotational dynamics induced by the pump pulse is
probed. In numerical calculations of the rotational dynamics,
the components of a polarizability tensor in a molecular-fixed
frame are required. However, two data sets of the polarizabil-
ity of H2O molecule were experimentally obtained [32] and
are under discussion [33]. We also discuss which data sets are
plausible.

II. EXPERIMENT

The experimental setup is almost the same as in the previ-
ous experiment [34]. Briefly, a light pulse from a Ti:sapphire
femtosecond laser system (784 nm, 5 mJ/pulse, 130 fs, 10 Hz)
was split into a pair of linearly polarized pump and probe
pulses with a Michelson interferometer. They were focused
onto a sample gas of the mixture of H2O vapor at 50 ◦C, N2

(20 kPa) as the reference gas, and Ne (180 kPa) as the buffer
gas using a planoconvex lens with a focal length of 400 mm.
The sample gas was introduced into a vacuum chamber
with a time-of-flight (TOF) mass spectrometer as a super-
sonic molecular beam. The polarization direction of the pump
and probe pulses was set to be parallel to the TOF axis. The
yields of N2

+ and H2O+ ionized by the probe pulse following
the irradiation of the pump pulse, which creates rotational
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FIG. 1. (a) The dependence of the N2
+ yield on the pump-probe

delay (black curves) and the 〈cos2 θ〉T =25 K calculated using a ro-
tational temperature of 25 K, a pulse duration of 130 fs, and an
intensity of 35 TW/cm2 (red curve). (b) The Fourier transform spec-
trum of the observed signal.

wave packets of N2 and H2O, were simultaneously measured
as a function of the delay between the pump and probe pulses
with a time interval of 67 fs. The delay dependence of the ion
yields was measured 19 times and averaged. The intensities
of the pump and probe pulses were experimentally estimated
to be 100 and 200 TW/cm2, respectively, from the measured
pulse width, beam diameter, and pulse energy. In order to
reduce the effect of the energy fluctuation of the probe pulse
(about 10%) on the ion yield, the pump pulse was chopped
once every two laser shots and the ion yield measured with
the pump pulse was divided by that without the pump pulse. In
addition, the relative energy of the laser pulse was monitored
with a photodiode shot by shot.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the dependence of the N2
+ yield on

the delay between the pump and probe pulses. As reported
previously [35], the revival structure is observed at the delay
of multiples of a quarter, half, and full revival time. The ob-
served revival time of 8.37(3) ps corresponds to the rotational
period of T = 1/(2cB0) = 8.38 ps in the vibrational ground
state, where c is the speed of light in a vacuum, and the
rotational constant in the vibrational ground state is B0 =
1.989 574 cm−1 [36]. The horizontal axis of the observed
signal is positively offset by 60 fs, which is less than one delay
step, so that the observed signal coincides with the calculated
〈cos2 θ〉T =25 K(t ) shown in Fig. 1(a), where 〈cos2 θ〉T =25 K(t )
represents the thermally averaged expectation value of cos2 θ

at the rotational temperature T [37] and θ is the angle between
the N-N molecular axis and the polarization direction of the
pump pulse.

The time variation of 〈cos2 θ〉T =25 K(t ) reproduces the ob-
served delay dependence of the N2

+ yield when the pump

intensity of 35 TW/cm2, the rotational temperature of T =
25 K, and the pulse duration of 130 fs are adopted. The
experimentally determined pump intensity of 100 TW/cm2

is overestimated about three times. The overestimation may
be the spatial inhomogeneous distribution of the pump
intensity.

Figure 1(b) shows the Fourier-transform (FT) spectrum
of the delay dependence of the observed N2

+ yield. The
peaks appearing in the FT spectrum are assigned as an S
branch corresponding to the sequence of the rotational en-
ergy differences with �J = 2, where J is a quantum number
of a rotational angular momentum. These assignments mean
that the rotational wave packet is created by the pump pulse
through the impulsive rotational Raman processes. In ad-
dition, the peak positions in the FT spectrum match the
rotational energy differences of the S branch, ensuring that
the time interval of the horizontal axis in the delay signal
is accurate. Since the rotational temperature and laser in-
tensity are lower than those of the previous reports [38,39],
the observed maximum J in the S branch is limited up
to J = 10.

Figure 2(a) shows the observed H2O+ yield as a func-
tion of the delay, in which the offset of 60 fs is commonly
adopted in the horizontal axis as in the N2

+ signal. The
delay dependence of the H2O+ yield differs from that of
the N2

+ yield in showing fast oscillation with a period of
hundreds of femtoseconds and no clear revival structure. In
addition, the J-type, A-type, and C-type revivals in the ter-
minology of the rotational coherent spectroscopy [40] for
near-prolate asymmetric tops [16–18,21,23,27] are not also
identified due to the relatively higher structural asymmetry of
H2O. Although the periodicity in the delay-dependent H2O+
yield is unclear, many peaks appear in its FT spectrum as
shown in Fig. 2(b). Each peak is assigned to the rotational en-
ergy differences, JKa,Kc = 21,1 − 11,1, 20,2 − 00,0, 31,2 − 21,2,
22,1 − 10,1, 30,3 − 10,1, 31,2 − 11,0, 22,0 − 00,0, and 32,1 − 10,1

as shown in Fig. 2(c), where JKa,Kc represents the label of
a rotational eigenstate and J , Ka, and Kc are the quantum
numbers of a rotational angular momentum, the projection of
the rotational angular momentum onto the molecular-fixed a
axis in the prolate symmetric-top limit, and the c axis in the
oblate-top limit, respectively.

As discussed above, the rotational temperature in the
sample gas is estimated to be 25 K based on the N2 result.
Considering this temperature and nuclear spin statistics,
the initial population of 00,0, 10,1, 11,1, 11,0, 20,2, and 21,2

is estimated to be 17%, 53%, 6%, 18%, 2%, and 4%,
respectively. From the selection rules of the anisotropic polar-
izability interaction induced by a linearly polarized laser field
[5–8], �J = 0,±1,±2 for M �= 0, �J = 0,±2 for M = 0,
ee(oo) ↔ ee(oo), and eo(oe) ↔ eo(oe) for asymmetric-top
molecules, it is found that the wave packets created by
the pump pulse are composed of the rotational eigenstates,
{00,0(0), 20,2(0), 22,0(0)}, {10,1(0), 30,3(0), 32,1(0)}, {10,1(±1),
22,1(±1), 30,3(±1), 32,1(±1)}, {11,0(0), 31,2(0)}, {11,0(±1),
21,2(±1), 31,2(±1)}, and {11,1(±1), 21,1(±1)}, where M is a
quantum number of the projection of the angular momentum
J onto the pump laser polarization direction and the values
in parentheses represent the value of M, i.e., JKa,Kc(M ). The
labels of ee, eo, oe, and oo mean the even or odd numbers
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FIG. 2. (a) The dependence of the H2O+ yield on the pump-
probe delay. (b) The Fourier-transform spectrum of (a). (c) The
calculated rotational energy levels with the assignment of peaks in
the FT spectrum are shown as double-headed arrows. The shapes of
the highest occupied molecular orbital (HOMO) and molecular-fixed
axes are also shown in the inset. The labels of ee, eo, oe, and oo in
the bottom represent the even or odd numbers for Ka, Kc.

for Ka and Kc. For example, the rotational level labeled by eo
has even Ka and odd Kc. The FT peaks corresponding to the
energy difference between 11,1 and 31,3, which should appear
at 105 cm−1, are not observed in the FT spectrum.

In order to understand the excitation processes in detail, the
time-dependent Schrödinger equation (TDSE) is numerically
solved. In the calculation, the time-dependent rotational state
is expanded by the field-free rotational eigenfunctions φJKa ,Kc

as follows,

�J0
K0

a ,K0
c

(t ) =
∑

J

∑
Ka

∑
Kc

c
J0

K0
a ,K0

c
JKa ,Kc

(t )e−i
EJKa ,Kc

h̄ tφJKa ,Kc ,
, (1)

where J0
K0

a ,K0
c

is an initial rotational eigenstate, EJKa ,Kc
is a

rotational eigenenergy of the rotational eigenstate JKa,Kc , and

c
J0

K0
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c
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(t ) is a time-dependent expansion coefficient. The fol-
lowing TDSE,
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, (4)

is solved numerically using an adaptive step-size control
Runge-Kutta method [41], where Ĥ0 is a field-free rigid-rotor
Hamiltonian, V̂ is an anisotropic polarizability interaction
of H2O with a linearly polarized intense laser field [5–8]
and with the nonresonant condition, A, B, and C are the
rotational constants about molecular-fixed a, b, and c axes
in the vibronic ground state, respectively, Ĵ is a rotational
angular momentum, Ĵa is its projection onto the a axis, Ĵ±
are raising and lowering operators of the rotational angular
momentum referred to the molecular-fixed coordinate, E (t ) is
an envelope function of an electric field for the pump laser
pulse assumed to be a Gaussian function, αk

q represents the
qth spherical tensor component of a polarizability tensor of
rank k, DJ

pq stands for the pq component of the Wigner’s
D matrix of rank J , and χ, θ, φ are the Euler angles re-
lating the space-fixed XY Z axes to the molecular-fixed xyz
axes. The molecular-fixed axes, defined as increasing order
of the moment of inertia, a, b, and c axes, are assigned to
the molecular-fixed, y, z, and x axes, respectively, as shown
in the inset in Fig. 2(c). The rotational eigenenergies EJKa ,Kc

are obtained by diagonalization [41] of the field-free rota-
tional Hamiltonian matrix H0 using Wang’s basis function
[42] and the rotational constants of A = 27.8761 cm−1, B =
14.5074 cm−1, and C = 9.2877 cm−1 [43] and are shown in
Fig. 2(c). The interaction with the pump laser pulse V̂ does not
change the quantum number of the projection of the rotational
angular momentum onto the polarization axis M because of
the axial symmetry. Therefore, M is omitted in Eq. (1). The
values of the polarizability tensor of H2O molecule used in
our calculation are discussed later.

Figures 3(a)–3(g) show the time dependence of the popu-

lation, |CJ0
K0

a ,K0
c

JKa ,Kc
(t )|2 for the initial states, J0

K0
a ,K0

c
(M ) = 00,0(0),

10,1(0), 10,1(±1), 11,0(0), 11,0(±1), 11,1(0), and 11,1(±1), re-
spectively. The initial state 00,0(0) is excited to 20,2(0) and
22,0(0) simultaneously by the rotational Raman process as
shown in Fig. 3(a). The excitation from the 00,0(0) state to the
1Ka,Kc(0) state cannot occur because �J = ±1 is forbidden
for the M = 0 state. Therefore, the created rotational wave
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FIG. 3. The time dependence of the rotational population when the initial states are (a) 00,0, (b) 10,1(0), (c) 10,1(±1), (d) 11,0(0), (e)
11,0(±1), (f) 11,1(0), and (g) 11,1(±1). The dotted curves represent the envelope function of the laser intensity of 35 TW/cm2 with the pulse
width of 130 fs.

packet is composed of 00,0, 20,2, and 22,0 states. The peaks
in the FT spectrum appear at energy differences 20,2 − 00,0

(70 cm−1) and 22,0 − 00,0 (136 cm−1) as shown in Fig. 2(b).
On the other hand, the peak corresponding to the energy
difference between 22,0 and 20,2 (66 cm−1) does not appear in
the FT spectrum because the population of both 20,2 and 22,0

is small. The excitation processes are expressed as [00,0(0) →
20,2(0) and 22,0(0)].

When the initial state is 10,1(0) as shown in Fig. 3(b), the
only 30,3 state is excited after the interaction though both
30,3 and 32,1 states are populated during the interaction. It
is the most probable that the excitation from the initial 10,1

to 32,1 is not effectively induced by the rotational Raman
process because the energy difference between these states,
188 cm−1, is much larger than the bandwidth of the pump
pulse of 110 cm−1 estimated from the pulse width of 130 fs.
On the other hand, the excitation to 30,3 is more probable
than that to 32,1 because the energy difference between 10,1

and 30,3 is 113 cm−1. The rotational energy differences of
113 and 188 cm−1 are recognized in the FT spectrum in
Fig. 2(b). The weak peak at 188 cm−1 in the FT spectrum is
consistent with the lower excitation to the 32,1 state. When the
initial state is 10,1(M = ±1), 22,1 and 30,3 states are excited
simultaneously as shown in Fig. 3(c). The transition from 10,1

to 22,1 is allowed due to M �= 0. The corresponding FT peak
of 111 cm−1 is also identified in Fig. 2(b). The excitation
processes are expressed as [10,1(0) → 30,3(0) and 32,1(0)],
[10,1(±1) → 22,1(±1), 30,3(±1) and 32,1(±1)].

Figures 3(d) and 3(e) show the time dependence of the
population when the initial states are J0

K0
a ,K0

c
(M ) = 11,0(0)

and 11,0(±1), respectively. It is found that the initial state
J0

K0
a ,K0

c
(M ) = 11,0(0) is excited to only the 31,2 state. There-

fore, the created rotational wave packet is composed of 11,0

and 31,2 states. On the other hand, the initial state 11,0(±1)
is excited to 21,2 and 31,2 simultaneously. As a result, the
created rotational wave packet is composed of eigenstates,
{11,0, 21,2, 31,2}. The excitation from 11,0(0) to 21,2 does not
appear because the �J = 1 transition for a M = 0 state is
forbidden. The energy differences of 31,2 − 21,2 and 31,2 −
11,0 are recognized as the peaks at 94 and 131 cm−1 in

the FT spectrum, respectively. Similarly, the energy differ-
ence between 21,2 and 11,0 is expected to appear at around
37 cm−1 in the FT spectrum. However, this signal is absent.
This peak may be assigned to a weak signal appearing at
about 38 cm−1. From Figs. 3(d) and 3(e), we found that the
rotational population of 11,0 state is transferred through the
pathways, [11,0(0) → 31,2(0)] and [11,0(±1) → 21,2(±1) and
31,2(±1)].

Similarly, the excitation pathways, [11,1(0) → 31,3(0)] and
[11,1(±1) → 21,1(±1) and 31,3(±1)], are identified as shown
in Figs. 3(f) and 3(g), respectively.

All peaks in the FT spectrum are assigned to the energy
differences between these rotational eigenstates. However, the
peak of the energy difference between 11,1 and 31,3, 105 cm−1,
is not observed in the FT spectrum. It may be ascribed to
the low population, |c11,1

31,3
(t = ∞)|2 < 0.005 for M = 0 and

±1 or inappropriate probe manner in which the probe pulse
ionizes the electron in the highest occupied molecular orbital
(HOMO). This point will be discussed in a forthcoming paper.

The expectation value of cos2 θZc is calculated using the
rotational wave packet �J0

K0
a ,K0

c

(t ) in order to compare the delay

dependence of the observed H2O+ yield, where θZc is the
angle between the space-fixed Z axis parallel to the pump
polarization direction and the molecular-fixed x(c) axis. The
thermally averaged expectation value of cos2 θZc,

〈cos2 θZc〉T =25 K(t ) =
∑

J0,K0
a ,K0

c

wJ0
K0

a ,K0
c

gK0
a ,K0

c

〈
�J0

K0
a ,K0

c

(t )
∣∣

× cos2 θZc

∣∣�J0
K0

a ,K0
c

(t )
〉
, (5)

is calculated, where wJ0
K0

a ,K0
c

is a Boltzmann factor for the

initial rotational state of φJ0
K0

a ,K0
c

and gK0
a ,K0

c
is a nuclear spin

statistics weight, gK0
a ,K0

c
= 3 for eo and oe states (ortho-H2O)

and gK0
a ,K0

c
= 1 for ee and oo states (para-H2O). The laser in-

tensity, pulse duration, and rotational temperature used in the
calculation are the same values as those in the N2 calculation.

The values of three Cartesian polarizability components
αaa, αbb, and αcc in the molecular-fixed frame are required
to calculate the TDSE numerically, where αii (i = a, b, c)
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FIG. 4. The observed H2O+ yield as a function of the pump-
probe delay (black curve) and the calculated 〈cos2 θZc〉T =25 K(t ) for
β > 0 (red curve) and β < 0 (blue curve).

represents the polarizability component in the molecular-
fixed coordinate, which is related to the spherical tensor

components, α0
0 = −

√
1
3 (αaa + αbb + αcc), α2

0 =
√

1
6 (2αaa −

αbb − αcc), and α2
±2 = 1

2 (αbb − αcc) for H2O [7]. The polar-
izability tensor components determined experimentally from
a Rayleigh depolarization ratio, a rotational Raman spec-
trum, and a refractive index of water vapor were widely
accepted [32]. However, the polarizability tensor compo-
nents could not be determined uniquely in their experiment
[32], but there were two data sets of the polarizability be-
cause the only square of β, β2 = 3

2 {(α2
0 )2 + 1

2 (α2
2 + α2

−2)2},
was determined from the experiment. Therefore, two data
sets of the polarizabilities measured at a wavelength of
514.5 nm, (αaa, αbb, αcc) = (1.5284, 1.4679, 1.4146) for β >

0 and (αaa, αbb, αcc) = (1.4122, 1.4727, 1.5260) for β < 0, in
units of Å3, are available and adopted to solve the TDSE in our
calculation. It should be noted that the polarizability of liquid
water has been actively investigated and discussed [33].

Figure 4 shows the observed H2O+ yield as a function of
the pump-probe delay and the calculated 〈cos2 θZc〉T =25 K(t )
for β > 0 and β < 0. It is found that the calculated sig-
nals for β > 0 and β < 0 are out of phase with each other
by π . This result is explained by the sign of the spherical

polarizability tensor components (α2
0 and α2

±2), included in the
interaction term of Eq. (4). The absolute values of α2

0 and α2
±2

for β < 0 and β > 0 are the same but their signs are opposite.
In other words, α2

0 (β > 0) = −α2
0 (β < 0) and α2

±2(β > 0) =
−α2

±2(β < 0) are satisfied. The observed signal agrees well
with 〈cos2 θZc〉T =25 K(t ) calculated by using the polarizability
data set with β > 0. Our time-resolved measurement of the ro-
tational motion allows us to determine the sign of β securely.
Similarly, the sign of the polarizability tensor responsible
for the spin-orbit electronic Raman transition was also deter-
mined from a similar experiment [34].

The agreement between the observation and calculation is
interpreted as an electron ejection from the HOMO by the tun-
neling ionization induced by the probe pulse. The shape of the
HOMO shown in the inset of Fig. 2(c), which corresponds
to the nonbonding 2px orbital of the O atom, spreads along
the x(c) axis perpendicular to the molecular plane. Therefore,
the ionization probability is enhanced when the polarization
direction of the ionization pulse is parallel to the molecular
x(c) axis. As a result, the delay dependence of the observed
H2O+ yields agrees with the calculated 〈cos2 θZc〉T =25 K(t ).
The ionization from the HOMO is consistent with the isolation
of the H2O+ electronic ground X̃ 2B1 state from the other
electronic states, where the vertical ionization potential of
12.6223 and 14.6398 eV needed to generate the X̃ 2B1 and
Ã 2A1 electronic states in H2O+, respectively [44].

In summary, the rotational dynamics of H2O was investi-
gated by measuring the dependence of the H2O+ yield on the
delay between the pump rotational excitation pulse and the
probe ionization pulse. The fast and complicated rotational
dynamics were observed. On the basis of the analysis of the
FT spectrum, the excitation processes were identified. The
agreement between the calculated 〈cos2 θZc〉T =25 K(t ) and the
observed delay dependence of the H2O+ yield revealed that
the electron is emitted from the HOMO to create H2O+. In
addition, the sign of the spherical polarizability tensor was
determined with the aid of the time-resolved manner.
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