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A B S T R A C T   

The vibrational wave packet dynamics of H2O+ and H2O are investigated by pump–probe measurements using few-cycle intense laser pulses. By a Fourier transform 
(FT) of the time-dependent yields of the two-body Coulomb explosion pathway, H2O2+ → H+ + OH+, and the parent ion, H2O+, the vibrational excitation processes in 
the electronic ground states of H2O+ and H2O induced by the intense laser field are retrieved from the phases of the respective vibrational peaks in the FT spectrum. 
Accurate quantum-dynamics simulations on H2O+ confirm both the peak assignment and the origin of the time-dependent ionization yields of the vibrational wave 
packet.   

1. Introduction 

Recent advances in ultrashort-pulsed laser technologies have 
enabled us to perform pump–probe measurements to investigate ultra-
fast molecular dynamics in real time [1–4]. Thanks to the broad band-
width and short duration of the ultrashort laser pulses, a coherent 
superposition of vibrational and/or rotational eigenstates is created by 
the irradiation of a molecule with a pump laser pulse, so that the tem-
poral evolution of the wave packet is monitored by a probe laser pulse. 
Using sub-10 fs laser pulses, even the fastest vibrational motion of H2 
and D2 [1] whose vibrational periods are of the order of 10 fs can be 
probed. 

By the pump–probe measurements, we can probe the temporal 
evolution of the vibrational and/or rotational wave packet created by a 
pump pulse in real time for a long period of time in the absence of an 
optical field, and consequently, we can retrieve frequency-domain in-
formation by the Fourier transform (FT) of the variation of the 
pump–probe signals in the time domain [5,6]. As shown in our recent 
studies [7,8], by lengthening the pump–probe time-delay range, we can 
determine the vibrational level separations of neutral molecules and 
molecular cations as well as the atomic energy levels with ultrahigh 
frequency resolution. It should be emphasized that, from the FT of the 
time-domain signals, not only the frequencies of the oscillation but also 
the phases of the created wave packet can be extracted. 

In the present study, we investigate the vibrational dynamics of H2O 
and H2O+ by pump–probe measurements using few-cycle intense laser 
pulses. By monitoring the time-dependent yield of the two-body 
Coulomb explosion pathway, H2O2+ → H+ + OH+, as well as the 
time-dependent yield of H2O+, we extract not only the frequencies of the 
vibrational modes of H2O and H2O+ but also their initial phases, car-
rying the information on how the vibrational wave packet is created 
within a molecule. We also perform high-accuracy vibrational quantum 
dynamics simulations, showing good agreement with the experimental 
results, to confirm the interpretation of the vibrational dynamics based 
on the experimental data. 

2. Experimental 

The output of a Ti:sapphire laser system (repetition rate: 5 kHz, pulse 
energy: 0.5 mJ, central wavelength: 800 nm, pulse duration: 30 fs) was 
focused into a hollow-core fiber (inner diameter: 330 μm, length: 1.5 m) 
filled with an Ar gas to broaden the spectral bandwidth through the self- 
phase modulation. The few-cycle laser pulses were generated by the 
dispersion compensation of the output of the hollow-core fiber using 
chirped mirrors and a pair of wedge plates. The few-cycle laser pulses 
whose duration was measured to be ~ 6 fs were introduced into a 
Michelson interferometer for producing pump and probe laser pulses. 
The time delay, Δt, between the pump and probe laser pulses was varied 
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up to 1600 fs using an optical stage in the interferometer. The time delay 
introduced by the optical stage was measured using a He-Ne laser. 

The pump and probe laser pulses were introduced into an ultrahigh 
vacuum chamber and focused on an effusive molecular beam of a water 
vapor by a concave mirror (f = 150 mm) in the vacuum chamber. The 
peak intensity at the focus was estimated to be ~ 2 × 1014 W cm− 2 for 
both the pump and probe laser pulses. The parent and fragment ions 
were accelerated by the electrodes and detected by a delay-line detector 
(Hex120 Roentdek GmbH). Three-dimensional momentum vectors of 
the ions were obtained from their position and time-of-flight at the 
detector. 

3. Results and discussion 

3.1. Dissociating and bound wave packet of H2O+ and H2O 

We extract the events accompanied by the two-body Coulomb ex-
plosion pathway, H2O2+ → H+ + OH+, by imposing the coincidence 
conditions that the sum of the momenta of the two fragments is nearly 
equal to zero. Fig. 1 shows the distribution of the kinetic energy release 
(KER) of this pathway as a function of the pump–probe time delay, Δt. 
The intense signal at Δt = 0 fs represents an enhancement of the yield of 
the double ionization of H2O due to the temporal overlap of the pump 
and probe laser pulses. The weak side-peak structures appearing at 
around Δt = ±65 fs can be ascribed to the interference originating from 
the small spike-like structures in the tail part of the laser intensity pro-
file, which was confirmed by the two-dimensional spectral shearing 
interferometry (2DSI) measurements [9]. 

The time-delay dependence of the KER distribution shown in Fig. 1 
exhibits two major components, that is, one horizontal and broad 
component whose central KER is around 6.0 eV in the entire time-delay 
range up to 1600 fs and the other component whose KER decreases 
rapidly to ~ 1 eV by around Δt = 250 fs and reaches ~ 0.5 eV at 1600 fs 
with a narrow KER distribution. The horizontal and broad KER distri-
bution whose peak is located at 5.8 eV is consistent with the KER dis-
tributions reported previously for the decomposition of H2O2+ prepared 
by the Franck-Condon projection to H2O2+ from H2O or from H2O+

[11,12]. Because this peak profile does not vary in the entire time-delay 
range, the horizontal and broad KER distribution can be assigned to the 
Coulomb explosion process, H2O2+ → H+ + OH+, induced by the double 
ionization of H2O by the pump and probe pulses. 

The component whose KER decreases as Δt increases represents the 
dissociation of H2O+ created by the pump pulse, which is ionized further 
into H2O2+ by the probe pulse, leading to the Coulomb explosion into H+

+ OH+. This component representing the dissociation of H2O+ exhibits a 
tail extending towards the larger KER side in the asymptotic region, 
which is consistent with the previous observation of the dissociation of 
the electronically excited B̃ 2B2 state of D2O+ by the PEPICO method 
[13] and can be interpreted as the temporal evolution of the dissociating 
wave packet of H2O+ prepared in the B̃ 2B2 state above the dissociation 
threshold of H(1s) + OH+(X 3Σ-) of H2O+. 

3.2. Vibrational dynamics of the bound wave packet of H2O+

The time-delay dependence of the yield of the Coulomb explosion 
pathway, H2O2+ → H+ + OH+, in the KER range of 4–8 eV is shown in 
Fig. 2(a), which exhibits fine oscillations in the entire time-delay range 
up to Δt = 1600 fs. The inset of Fig. 2(a), which is obtained by the 
subtraction of the base line component in Fig. 2(a) in the time-delay 
range of Δt ≥ 200 fs, exhibits a complex oscillatory pattern. The FT of 
the inset of Fig. 2(a) is shown in Fig. 2(b), in which two prominent peaks 
can be found at 1414 and 3214 cm− 1 and a smaller peak at 3656 cm− 1. 
The frequencies in the FT spectrum are calibrated using the vibrational 
level spacing of H2

+ in the electronic ground state obtained by the FT of 
the time-delay dependence of the yield of H+ originating from the re-
sidual H2 gas in the vacuum chamber. 

In order to obtain the positions, amplitudes, and phases of the peaks 
in Fig. 2(b), we adopt a sinc-type fitting function [7] given by 

F[k] = Pexp
[
i
(

π ν̃ − ν̃0

Δν̃ + ϕ
) ]

sinc
(

π ν̃ − ν̃0

Δν̃

)
, (1) 

Fig. 1. The KER distribution of the Coulomb explosion pathway H2O2+ → H+ +

OH+ plotted as a function of the pump–probe time delay Δt. The color scale is 
saturated at Δt = 0 and Δt = ±65 fs. A weak horizontal distribution whose peak 
is located at ~ 1.9 eV, which starts appearing at the time delay of Δt ~ 200 fs 
continues until the asymptotic region of Δt = 1600 fs, represents the dissocia-
tion proceeding in the neutral manifold of H2O, H2O(Ã 1B1) → H(1s) + OH(X 
2Π, v = 0 – 4) [10] induced by the five-photon excitation to the Ã 1B1 state of 
H2O by the pump pulse. 

Fig. 2. (a) The time-delay dependence of the yield of the Coulomb explosion 
pathway, H2O2+ → H+ + OH+, with 4 ≤ KER ≤ 8 eV. The inset shows the 
extracted oscillatory component of the yield. (b) The FT spectrum obtained by 
discrete Fourier transform of the oscillatory component in the time-delay range 
of 200 fs < Δt < 1600 fs. 
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where the three fitting parameters P (>0), ν̃0, and ϕ represent the 
amplitude, the wavenumber of the peak position, and the phase, 
respectively. The denominator in the sinc function, Δν̃, is the wave-
number separation between adjacent bins. Least-squares fits are per-
formed for both the real and imaginary parts of the peak profiles. The 
initial phase of the oscillation at Δt = 0 fs is obtained by 

ϕ0 = −

(

ϕ + 2π n0

N
⋅
ν̃0

Δν̃

)

, (2)  

where n0 is the data length between the position of Δt = 0 fs and the 
beginning position of the input data and N is the length of the input data. 
The frequencies and initial phases of the three peaks appearing in Fig. 2 
(b) obtained by the least-squares fit are listed in Table 1. 

As summarized in Table 1, the peaks appearing at 1414 and 3214 
cm− 1 can be assigned respectively to the ν1 (symmetric stretching) 
(=3212.86 cm− 1 [14]) and ν2 (bending) (=1408.42 cm− 1 [15]) vibra-
tional modes of the X̃ 2B1 state of H2O+ and the peak appearing at 3656 
cm− 1 can be assigned to the ν1 (symmetric stretching) vibrational mode 
(=3657.05 cm− 1 [16]) of the X̃ 1A1 state of neutral H2O. 

These observations indicate that the pump laser pulses create 
coherently the vibrational wave packet composed of the vibrational 
levels of H2O+ as well as the vibrational wave packet of H2O, both of 
which evolve in time. Because both the ionization rate of H2O+ to H2O2+

by the probe pulse and the double ionization rate of H2O to H2O2+ by the 
probe pulse vary depending on the position of the vibrational wave 
packet of H2O+ as well as on that of H2O, the yield of H2O2+ leading to 
the Coulomb explosion process, H2O2+ → H+ + OH+, is expected to 
oscillate at the vibrational frequencies of both H2O+ and H2O. 

3.3. Quantum dynamics simulations 

In order to support the interpretation of the experimental results, we 
perform simulations of the propagation of the vibrational wave packet of 
H2O+ and converted the results to a spectrum corresponding to the 
observed FT spectrum. In the simulation, we neglect molecular rotation 
and assume an instantaneous ionization by the pump pulse, i.e., the 
vibrational ground state wave function, |000〉≡|ϕH2O

000 〉, of the X̃ 1A1 state 
of neutral H2O is projected onto the potential energy surface (PES) of the 
X̃ 2B1 state of H2O+ according to the Franck-Condon principle. The 
projected wave function, |ϕH2O

000 〉, which is no longer a stationary state on 
the PES of H2O+, starts evolving in time as a vibrational wave packet. 

The first step of the simulation is the computation of vibrational 
wave functions for H2O and H2O+. For this purpose, we employ the 
variational triatomic nuclear-motion code D2FOPI [17] using the PESs of 
H2O [18,19] and H2O+ [20]. By these computations, we obtain the wave 

function of the vibrational ground state of neutral H2O in the electronic 
ground state, |ϕH2O

000 〉, and a few tens of vibrational wave functions, 
|v1v2v3〉 ≡ |ϕH2O+

v1v2v3
〉, of H2O+ cation in the electronic ground state and 

confirm that the vibrational level energies match the corresponding 
experimental values of H2O+ within 10 cm− 1 [20]. 

In the second step, we calculate the projection of |ϕH2O
000 〉 to |ϕH2O+

v1v2v3
〉

given by 
〈

ϕH2O+

v1v2v3

⃒
⃒
⃒ϕH2O

000

〉
≡ C000

v1v2v3
. (3) 

Using these projections, we construct the initial wave packet, 

|Ψ(0) 〉 =
∑

v1 ,v2 ,v3

C000
v1v2v3

⃒
⃒
⃒ϕH2O+

v1v2v3

〉
, (4)  

on the cationic PES, which evolves in time as 

|Ψ(t) 〉 =
∑

v1 ,v2 ,v3

C000
v1v2v3

e− i
ℏEv1v2 v3 t

⃒
⃒
⃒ϕH2O+

v1v2v3

〉
, (5)  

where Ev1v2v3 represents the energy of |ϕH2O+

v1v2v3
〉. 

In the third and final step of the simulation, the time evolution of a 
given physical quantity Â is computed as 

〈Â〉(t) = 〈Ψ(t)|Â|Ψ(t)〉 (6) 

The physical quantities whose temporal evolutions are computed 
according to Eq. (6), are the O–H internuclear distance, ROH, of H2O+, 
the cosine of the H–O–H bond angle, θ, of H2O+, and wADK(ROH, cosθ), 
representing the coordinate-dependent ionization rates from H2O+

(X̃ 2B1) to the lowest singlet and triplet electronic states of H2O2+, 
computed using a simple isotropic Ammosov-Delone-Krainov (ADK) 
formula [21] with the PES values calculated at the CCSD(T)/aug-cc- 
pVQZ level [22–24] using the GAUSSIAN code [25]. 

As can be seen in the two-dimensional ionization rate, 
wADK(ROH, cosθ), shown in Fig. 3, the probability of the ionization to the 
lowest triplet electronic state of H2O2+ is one order of magnitude larger 
than the probability of the ionization to the lowest singlet state. 
Therefore, hereafter, only the ionization to the triplet state is discussed. 
It can also be seen in Fig. 3 that ionization occurs preferentially when 
cos(θ) and ROH increase simultaneously. 

3.4. Experimental and theoretical FT spectra 

The FT of the simulated time-dependent expectation value of the 
two-dimensional ADK ionization rate of H2O+, wADK(ROH, cosθ), is 

Table 1 
The vibrational energy separations and the initial phases of the electronic 
ground X̃ 2B1 state of H2O+ and the electronic ground X̃ 1A1 state of H2O ob-
tained by the FT spectrum of the yield of the Coulomb explosion pathway, H2O2+

→ H+
+ OH+, and the yield of H2O+ with the observed values of the vibrational 

energy separations reported in Refs. [14–16].   

Assignment 
(v′

1v′

2v3
′)-(v1v2v3)

Vibrational  
energy /cm− 1 

Initial  
phase / π rad  

Observed values /cm− 1 

H2O+ (100)-(000) 3214(1) a) –0.85(6) a) 3212.86 (Ref. [14])  
(010)-(000) 1414(3) a) 0.94(12) a) 1408.42 (Ref. [15]) 

H2O (100)-(000) 3656(3) a) –0.60(14) a) 3657.05 (Ref. [16])  
(100)-(000) 3662(4) b) –0.69(7) b)  

a) Determined from the FT spectrum shown in Fig. 2(b). 
b) Determined from the FT spectrum shown in Fig. 5(b). 

Fig. 3. The ADK ionization rates of H2O+ as a function of cos(θ) and ROH, where 
θ is the H–O–H bond angle and ROH represents the O–H internuclear distance in 
the symmetric stretch mode. The orange and blue surfaces are responsible for 
the pathways in which H2O2+ is produced in its lowest-lying singlet and triplet 
electronic states, respectively. 
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shown in Fig. 4(a). The positions and intensities of the two peaks in the 
theoretical FT spectrum are in good agreement with those in the 
experimental FT spectrum shown in Fig. 2(b), which confirms that the 
time-delay dependence of the yield of the Coulomb explosion pathway 
shown in Fig. 2(a) represents the temporal evolution of the vibrational 
wave packet prepared in the bound well of the X̃ 2B1 state of H2O+. 

In order to confirm the assignments of the two peaks appearing at 
1414 and 3214 cm− 1 in the FT spectrumshown in Fig. 2(b), we perform 
wave packet propagation on the three-dimensional potential energy 
surface (PES) of the X̃ 2B1 state of H2O+. First, an initial wave packet 
prepared by assuming instantaneous ionization is propagated on the 
PES. Then, the temporal variation of the expectation value of the O–H 
internuclear distance ROH of H2O+, 〈ROH〉, and that of the expectation 
value of the cosine of the H–O–H bond angle of H2O+, 〈cosθ〉, are Fourier 
transformed. The resultant FT spectra are shown in Fig. 4(b). The sharp 
peak at 3203 cm− 1 in the FT spectrum in Fig. 4(c) obtained by the 
variation of 〈ROH〉 confirms the assignment of the corresponding peak in 
Figs. 2(b) and 4(a) to the symmetric stretching (ν1) mode of the X̃ 2B1 
state of H2O+ and the sharp peak at 1407 cm− 1 in the FT spectrum in 
Fig. 4(c) obtained by the variation of 〈cosθ〉 confirms the assignment of 
the corresponding peak in Figs. 2(b) and 4(a) to the bending (ν2) mode of 
the X̃ 2B1 state of H2O+. The simulated FT spectra also predict the ν1-ν2, 
2ν2, and 2ν1-ν1 peaks at 1796 cm− 1, 2765 cm− 1, and 3081 cm− 1, 
respectively, as shown in Fig. 4(a) and 4(b). These peaks have much 
smaller intensity than the ν1 and ν2 peaks, and they cannot be identified 
clearly in the experimental spectrum of Fig. 2(b). As demonstrated in 
Fig. 4(b) and 4(d), as the propagation time increases to 16000 fs, which 
is ten times as long as the propagation time for Fig. 4(a) and 4(c), the 
higher frequency resolution of the FT spectrum can be achieved. 

As listed in Table 1, the initial phases of the two peaks assigned to the 
vibrational frequencies of H2O+ are close to π. Because the O–H bond 
length and the H–O–H bond angle at the equilibrium structure in the 
X̃ 1A1 state of H2O (ROH = 0.95782 Å and θHOH = 104.485◦ [26]) are 
smaller to a certain extent than those in the X̃ 2B1 state of H2O+ (ROH =

0.9992 Å and θHOH = 109.30◦ [14]), the initial vibrational wave packet 
prepared on the PES of H2O+ from H2O will start propagating towards 

the longer bond length and larger bond angle regions. Considering that 
the ionization rate of H2O+ to H2O2+ increases when the O–H bond 
length increases as well as when the H–O–H bond angle increases as 
shown in Fig. 4, the yield of H2O2+ is expected to increase. Conse-
quently, the yield of the Coulomb explosion pathway is expected to in-
crease when the wave packet reaches the outer turning point of the 
bound potential along the symmetric stretching coordinate as well as 
that along the bending coordinate. Because a phase π is expected to be 
incremented by the time when the wave packet reaches the outer 
turning points after its creation, the initial phase of π reflects this ioni-
zation enhancement at the outer turning points on the PES of H2O+. 

3.5. Vibrational excitation in neutral H2O 

The appearance of the peak at 3656 cm− 1, corresponding to the ν1 

fundamental of the X̃ 1A1 state of H2O, in Fig. 2(b) shows that the pump 
laser pulses also play a role in the vibrational excitation of neutral H2O. 
As listed in Table 1, the initial phase of this peak in the FT spectrum, 
− 0.60(14)π, is significantly different from the initial phases obtained 
for the two peaks assigned to the vibrational modes of H2O+. 

As has been discussed in Refs. [27–30], there are mainly-two 
mechanisms by which a vibrational wave packet is prepared in neutral 
molecules by the irradiation of an ultrashort intense laser pulse. One is 
the R-selective depletion, and the other is the bond softening. In the 
R-selective depletion mechanism, molecules having the shorter or longer 
bond length tend to be more efficiently ionized, resulting in the for-
mation of a wave packet in the neutral manifold, resulting in the ion- 
yield oscillation with an initial phase of -π. In the bond softening 
mechanism, a vibrational wave packet with an initial phase of -π/2 is 
created when the ionization proceeds more efficiently at the longer bond 
length while a vibrational wave packet with an initial phase of π/2 is 
created when the ionization proceeds more efficiently at the shorter 
bond length. The experimentally obtained initial phase, − 0.60(14)π, 
which is close to -π/2, suggests that the dominant mechanism of the 
vibrational excitation in H2O is the bond softening and that the ioniza-
tion rate becomes larger when the O–H bond becomes longer. 

In order to examine the initial phase in the neutral manifold, we 

Fig. 4. (a) The Fourier transform (FT) of the wADK(t) expectation value of the ADK ionization rate from H2O+ to the lowest triplet electronic state of H2O2+. (b) Same 
as in (a) for the simulation time of 16000 fs. (c) Theoretical FT spectra obtained using the time evolutions of 〈ROH〉 (blue line) and 〈cosθ〉 (red line) of H2O+ for the 
simulation time of 1600 fs. (d) Same as in (c) for the simulation time of 16000 fs. 
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record the dependence of the yield of H2O+ on the pump–probe time 
delay as shown in Fig. 5(a), and then, perform an FT. In the resultant FT 
spectrum shown in Fig. 5(b), a sharp peak can be identified at 3662 
cm− 1, corresponding to the frequency of the ν1 fundamental of the X̃ 1A1 
state of H2O, and the initial phase of this peak is determined to be − 0.69 
(7)π, which is consistent with the initial phase, − 0.60(14)π, obtained 
above for the peak in Fig. 2(b) assigned to the ν1 mode of the X̃ 1A1 state 
of H2O. The appearance of the ν1 mode of the X̃ 1A1 state of H2O in the 
FT spectrum in Fig. 5(b) shows that the ionization rate of H2O to H2O+

by the probe laser pulse is modulated by the motion of the wave packet 
created in H2O by the pump pulse through the bond-softening 
mechanism. 

4. Summary 

The vibrational wave packet dynamics of H2O+ and H2O in their 
electronic ground states have been investigated by pump–probe mea-
surements using few-cycle intense laser pulses and accurate quantum- 
dynamics simulations on H2O+. By a Fourier transform (FT) of the 
time-dependent yield of the two-body Coulomb explosion pathway, 
H2O2+ → H+ + OH+, and that of the parent ion, H2O+, the vibrational 
fundamentals of v1 = 3214(1) cm− 1 and v2 = 1414(3) cm− 1 are obtained 
for H2O+, and v1 = 3662(1) cm− 1 for H2O. The vibrational excitation 
processes of H2O+ and H2O induced by the intense laser field are 
retrieved from the phases of the respective vibrational peaks in the FT 
spectrum. The high-accuracy quantum dynamics simulations performed 
on H2O+ have verified the assignment of the experimental peaks and 

their origins based on the time-dependent ionization yields of the 
vibrational wave packets. As has been demonstrated in the present 
study, by pump–probe FT spectroscopy using ultrashort intense laser 
pulses, we are able to determine vibrational fundamentals of molecules 
and molecular cations and discuss how the created vibrational wave 
packets evolve on the multi-dimensional potential energy surfaces. 
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