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The above-threshold dissociation of the ground state of a OH molecule under intense nonresonant laser pulses
has been studied using the time-dependent Schro¨dinger equation with discrete variable representation. The
applied field is assumed as a two-color mixed nonresonant laser pulses which has the nonresonant frequency
ω and the overtone 2ω. After modulating the relative phase factor between theω and 2ω pulse, we extracted
a three-photon absorption peak or a five-photon absorption peak in the ATD spectrum.

1. Introduction

Since the advent of the laser technique, many physicists and
chemists have developed several theoretical methods using laser
pulses to gain deeper insight into the dynamical laser-molecule
interaction. With an intense laser field, molecular systems show
considerable changes in their electronic properties. The intense
laser fields, with the intensity of 108 < I < 1012 W/cm2, induce
the multiphoton processes, such as multiphoton absorption,
multiphoton ionization (MPI), and multiphoton dissociation
(MPD),1-3 which are fundamentally nonlinear optical processes
arising from the higher-order effect of the external laser fields.4

Until now, theoretical developments with the laser pulse as
an external field have been investigated by some approaches.
The pump-dump scheme5,6 was presented, in which the pump
pulse first creates the wave packet on the excited potential
energy surface (PES), and then, the dump pulse induces the
stimulated transition to the desired state after an appropriate
time delay. The π-pulse method, well-known in Fourier
transform nuclear magnetic resonance (FT-NMR), was also
applied to the population inversion of molecules. An optimal
control theory (OCT) was proposed by Rabitz and colleagues7,8

and shows the possibility to theoretically shape a highly effective
pulse to control the molecule. Recently, Bergmann and co-
workers9-11 proposed the stimulated Raman adiabatic passage
(STIRAP) method, a powerful technique to achieve the complete
population transfer in molecular systems. This STIRAP method
has been widely applied to control of the proton motion of the
intramolecular hydrogen bond12-15and the isomerization reac-
tion.16,17 A number of generalizations of STIRAP have been
proposed, including several intermediate states18-20 and a
continuum21-23 for N-level systems. A similar method, known
as adiabatic passage by light-induced potentials (APLIP),24,25

uses the same counterintuitive pulse sequence as that of
STIRAP. This method treats the vibrational motion of diatomic
molecules explicitly and is a robust scheme particularly suitable

for electronic transitions in diatomic molecules. The Raman
chirped adiabatic passage (RCAP) has been proposed by
combining STIRAP and a frequency-chirped pulse method26,27

and is applied to induce the adiabatic transfer of a population
in molecular vibrational ladders.

Now, we focus on the hydroxyl radical, OH, an important
species in atmospheric chemistry and environmental chemistry.
The dissociation and association processes of OH with mul-
tiphoton laser pulses were investigated by Korolkov et al.28,29

These investigators used infrared (IR) subpicosecond pulses to
transfer from the bound state into the continuum state through
several bound vibrational states and proposed an efficient way
of time-selective and space-selective control involving high-
lying and dissociative states. Tran23 also reported an alternative
way of state-selective control via the continuum state. The Morse
oscillator model of HeH+ was applied to solving the TDSE
with discrete variable representation (DVR) in his study. The
generation of the highly vibrational excited state in the specified
bond is an interesting problem in relation to the intra-
molecular vibrational relaxation (IVR) and the related bond
dissociation.

In present study, we investigate multiphoton dissociation
processes in the OH molecule by solving the DVR form of
TDSE. The ground-state PES has the information for both bound
vibrational and dissociative continuum states. Subsequently, all
of the bound-bound, the bound-continuum, and the continuum-
continuum transitions can be treated, and then, the above-
threshold dissociation (ATD) spectra under intense laser pulses
less than 1012 W/cm2 can be found in the continuum region.
First, the intense laser pulse, which has no resonant frequency
with adjacent vibrational levels of the initial state, are used to
obtain the ATD spectrum beyond the dissociation energy. The
resultant spectrum has some peaks corresponding to multiphoton
absorption from the initial state. Next, we try to realize coherent
phase control of the ATD spectrum by using two-color mixed
laser pulses. The frequency of the second laser pulse is defined
by two photonsω2 ) 2ω1, that is, overtone pulse for the first
pulse frequency,ω1. We then modulate the relative phase factor
between theω1 pulse and theω2 pulse and discuss the phase
dependency of the ATD spectrum.

† Part of the “Sheng Hsien Lin Festschrift”.
* To whom correspondence should be addressed. E-mail: sugimori@

kinjo.ac.jp.
‡ Kinjo University.
§ Kanazawa University.

9417J. Phys. Chem. A2007,111,9417-9423

10.1021/jp074071x CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/05/2007



2. Theoretical Treatments and Numerical Models

We treat the time-dependent Schro¨dinger equation (TDSE)
within the Born-Oppenheimer approximation and the Morse
oscillator model30,31 for approximation of the electronic state.
The unperturbed Hamiltonian of the molecule system is defined
by

whereT is the kinetic energy operator andVM is the Morse
potential energy operator given by

wherere, De, andR are the equilibrium internuclear distance
for the molecule, the dissociation energy, and the force constant,
respectively. The parameters in the above Morse operator are
calculated by fitting the2Π potential energy curve of the
QCISD32 calculation to the ground electronic state using the
cc-pVTZ basis set of the Gaussian 03 package;33 then, re )
1.7820 Bohr,De ) -37376.5 cm-1, andR ) 1.3730 Bohr-1.

The Morse oscillator can describe the well-defined potential
energy curve of the diatomic molecule and has an analytical
wave function to describe the vibrational state corresponding
to the stretching vibration. Thenth eigenvalue of the vibrational
levels is given by

whereωh andxe are the harmonic frequencyωh ) (2R2De/µr)(1/2)

with the reduced massµr of the OH molecule and the
anharmonic constantxe ) R2/2µrωh, respectively. We find that
there are 18 vibrational states in the Morse potential of the OH
molecule by eq 3.

The time development of the molecular system can be
described semiclassically by the TDSE

where H0 is the molecular Hamiltonian,V(t) ) -µ(r)‚E(t)
represents the interaction Hamiltonian between the classical
electronic fieldE(t) and the molecular dipole moment function
µ(r). In our simulation, the applied electric fieldE(t) is assumed
as

whereE1 andE2 are the amplitudes of the electric field,ω is
the pulse frequency,φ is a phase factor between the pulses,
and the Gaussian shape functiong(t) is given by

whereT0 andσ are the temporal center and the pulse width of
the Gaussian pulse, respectively;σ is fixed at 5 ps in this study.
The above “two-color” laser pulses are adopted to control the
energy distribution of the continuum state by modulating the
phase factorφ.

The population of thenth state vector|φn〉 at timet is defined
by integrating a squared value of the autocorrelation function

whereCn(t) is the probability amplitude of the vibrational levels
|n〉. The dissociation probability corresponding to the continuum
state population is defined as

and the continuum wave function is also defined by using each
Cn(t) and eigenvector

When Ψcont(r,t) reach the vicinity ofrmax, their probability is
dissipated gradually due to an absorbing potential.

H0(r) ) T + VM(r) (1)

VM(r) ) De(1 - e-R(r-re))2 (2)

εn ) ωh(n + 1
2) - xeωh(n + 1

2)2
(3)

ip
d
dt

|Ψ(t)〉 ) [H0 + V(t)]|Ψ(t)〉 (4)

E(t) ) E1g(t) sin(ωt) + E2g(t) sin(2ωt + φ) (5)

g(t) ) exp[-(t - T0

σ )2] (6)

Figure 1. Morse potential curveVM(r) and dipole moment function
µ(r). The QCISD/cc-pVTZ results of the dipole moment are also plotted.

Figure 2. Pulse frequenciesω and 2ω of the applied laser pulse from
the initial state|10〉 and energy levels aroundE10. The applied frequency
ω ) 2633 cm-1 is not resonant with the nearest levels by|10〉, and
multiphoton dissociation is achieved with more than three photons, 3ω,
4ω, ...

Pn(t) ) |〈φn(r)|Ψ(r,t)〉|2

) |Cn(t)|2 (7)

PD(t) ) 1 - ∑
n

Pn(t) (8)

Ψcont(r,t) ) Ψ(r,t) - ∑
n

Cn(t)φn(r) (9)
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We employ the split-operator method34,35to solve the TDSE
of the system numerically. The short-time propagator is ap-
proximated by

where the kinetic energy is given by the operatorT ) p2/2µr,
and the potential term isV(r,t) ) VM(r) + µ(r)E(t). The dipole
moment operator is approximated here by the following dipole
moment function36

where µ0 ) 0.522 au/Bohr) 0.205 D/Bohr, andx0 ) 2.67
Bohr-1, determined by fitting to QCISD/cc-pVTZ results, as
shown in Figure 1.

The wave packet after time step∆t is explicitly estimated as
follows by

where FFT stands for the fast Fourier transform from the
coordinate space to momentum space, while FFT-1 represents
the inverse FFT from momentum to coordinate space. We set
∆t ) 0.001 ps and the initial wave packetΨ(r,0) ) φ10(r)
calculated by the 10th analytical eigenvector of the Morse
oscillator. The spatial grid has a step size∆r of 0.01 Bohr, and
the length of 655.36 Bohr is discretized by 65536 grid
points.

Figure 3. Pulse shape and population dynamics. (a) Pulse frequencyω with laser amplitudeE1 ) 2.0× 10-3 au and (b) overtone pulse frequency
2ω with E2 ) 4.0 × 10-3 au.

U(∆t) ) e-iH∆t/p ≈ e-iV∆t/2pe-iT∆t/pe-iV∆t/2p + O(∆t3) (10)

µ(r) ) µ0xe-(x/x0)4
(11)

Ψ(r,t0 + ∆t) ) U(∆t)Ψ(r,t0)

) e-iV∆t/2pFFT-1[e-iT∆t/pFFT

[e-iV∆t/2pΨ(r,t0)]] (12)
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To avoid an artificial reflection from the end point of the
defined grid space, arbitrary imaginary absorbing potentials37,38

are applied as follows

wherer′ andσ′ are the center position and width of the absorbing
potential, respectively, anda ) 0.01,r′ ) 645.0 Bohr, andσ′
) 5.0 Bohr are used. When the continuum part of the wave
function reaches the end point of the grid space, it gradually
becomes dissipated, and the norm is not conserved in large-
scale time propagation.

Figure 4. Pulse shape and population dynamics with two-color laser pulsesE(t), which have both laser parameters in Figure 3a and b. The phase
factor φ ) 0.

Figure 5. Time-dependent spectrumS(E,t) with two-color mixed pulses ofφ ) 0. The regions of the bound and the continuum states are separated
at De, 37376 cm-1.

Vabs(r) ) -ia exp[-(r - r′
σ′ )2] (13)
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The continuum state of the resultant wave packetΨcont(t) is
analyzed by the time-dependent spectrum method.34,35,39First,
we perform the time development of an arbitrary wave packet
|Ψ(0)〉, which includes some bound states of the Hamiltonian
under consideration. We then calculate the autocorrelation
function of the initial stateΨ(t) and the time-developed state
Ψ(t + τ). In the time development fromt to T0, the field-free
Hamiltonian is applied without the absorbing potentialVabs to
conserve the norm. Finally, we perform the Fourier transform
of this autocorrelation function, which gives rise to the energy
spectrum of the system. The following expression gives the
mathematical foundation of this method

whereεn is the energy eigenvalue of the eigenstate|n〉 andCn-
(t) ) 〈n|Ψ(t)〉. If this spectrum method is applied to an arbitrary
state, which is generated by the time development of any state
under the strong laser pulse, then in addition to the energy
spectrum of the bound states, the ATD spectrum comes out in
a continuum energy region from the second term in eq 14

because the time-developed state|Ψ(t)〉 generally includes many
bound states and continuum states due to the multiphoton
absorption processes.

3. Results and Discussions

In this section, we describe the results of the simulations,
which aim to control the ATD spectrum. We have previously-
realized the complete transfer from the vibrational ground state
to the highly excited vibrational state by means of the STIRAP
method.40,41The transition probability from the lower vibrational
state to the continuum state is significantly small; therefore, in
order to generate the continuum state due to ATD, it is effective
to consider the relatively highly excited state as the initial state.
In the following simulation, we adopted the|10〉 as the initial
state.

3.1. One-Color Nonresonant Pulse.First, population transfer
from the highly bound state|10〉 with a one-color nonresonant
pulse is simulated to obtain the dissociation probability. Figure

Figure 6. Time-dependent spectrumS(E,t ) 25.0 ps) with two-color mixed pulses of various phase parameters. (a), (b), (c), and (d) denote results
of φ ) 0.0, 0.25π, 0.75π, and 1.25π, respectively. Horizontal arrows represent photon energies ofω and 2ω.

S(E,t) ) 1
T∫0

T
eiEτ/p|〈Ψ(t)|Ψ(t + τ)〉|dτ

) ∑
n

|Cn(t)|2
p

i(E - εn)T
[ei(E-εn)T/p - 1] +

∫ dE′|CE′(t)|2δ(E - E′)

) ∑
n

|Cn(t)|2δ(E - εn) +

∫ dE′|CE′(t)|2δ(E - E′) (T f ∞) (14)

TABLE 1: Phase Dependency of Peak Intensities of ATD
Spectrum S(E > 37376cm-1, t ) 25 ps)

peak intensity/arb. Unit

phase
φ/π S(E10+3ω) S(E10+4ω) S(E10+5ω) S(E10+6ω) PD norm

0.00 0.02191 0.02392 0.02472 0.01425 0.850 0.993
0.25 0.01513 0.02290 0.02546 0.01323 0.893 0.992
0.50 0.02751 0.00959 0.01423 0.00597 0.895 0.996
0.75 0.03493 0.00617 0.00032 0.00084 0.901 0.999
1.00 0.02386 0.01936 0.01009 0.00047 0.856 0.999
1.25 0.01217 0.02196 0.02729 0.00255 0.635 0.999
1.50 0.01009 0.01544 0.01745 0.00334 0.386 0.999
1.75 0.01743 0.01056 0.02215 0.00854 0.634 0.988
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2 shows energy levels of the bound state|n〉 and the pulse
frequency ω as vertical arrows from|10〉, |9〉, and |11〉.
Absorption and emission pathways are denoted as a, c, e and
b, d, f, respectively. The applied pulse conditionω ) 2633 cm-1

is set to be nonresonant with the adjacent bound states, and
more than three-photon absorption from|10〉 reaches the
continuum state|E〉.

Before using two-color mixed pulses, each one-color pulse
E1g(t) sin (ωt) and E2g(t) sin (2ωt) is tested. Figure 3 shows
the pulse envelope in units of volts per centimeter and popula-
tion dynamics for each bound statePn, the total bound state
population

the dissociation probabilityPD, and the norm of the wave packet.
With a laser amplitude ofE1 ) 2.597 × 107 V/cm, P10

decreases, andPD increases to 50% until 20 ps. The intermedi-
atesP11,12,14via the absorption pathways and the lower oneP9

via the emission pathways are shown in Figure 2. However,
the absorption path a becomes the dominant process in the
population transfer because no intermediates are generated after
pulse irradiation. In Figure 3b, we show another result by using
an overtone pulse frequency 2ω with a laser amplitude ofE2 )
2E1 ) 5.194× 107 V/cm,. Only overtone pulse irradiation leads
to no significant changes such as a small dissociation probability
and a small generation of intermediates.

3.2. Two-Color Mixed Nonresonant Pulses.Now, we
present the results of two-color mixed laser-induced population
transfer and analysis of the time-dependent spectrum. Figure 4
shows the pulse envelopes of two-color mixed nonresonant laser
pulses defined by eq 5 and the population dynamics. The relative
phase factorφ is fixed to 0.0 in this simulation. Because of
overlapping two different pulses, the hypocritical pulse ampli-
tude increases around the temporal center of the laser pulse,
15.0 ps. The dissociation probability then increases toward 85%
quickly, while P10 decreases.

In order to obtain the energy distribution of the continuum
state when the wave packet is dissociated, the time-dependent
spectrum method is applied. The corresponding results att )
1, 2, ..., 40 ps are shown in Figure 5. We can see that the ATD
spectrum of the continuum state (E > 37,000 cm-1) has several
peaks due to multiphoton absorption from|10〉 under this pulse
condition. However, high-energy peaks after 25.0 ps are
dissipated because of the influence of the absorbing potential;
thus, it means that the norm of the wave packet is not only
conserved at the time period but also the dissipated peaks reach
the terminal of the defined boundary. As a result, we find the
spectrum peaksS(E10 + 3ω) arise from a direct bound-
continuum transition between|10〉 and|E〉, and simultaneously,
higher peaks thanS(E10 + 4ω) are caused by both bound-
continuum and continuum-continuum transitions.

3.3. Modulation of the Phase Factor.In the following
subsection, we try to control such spectrum peaks by modulating
the relative phase factor between theE1 pulse and theE2 pulse.
The phase factor is set to beφ ) 0.0, 0.25π, 0.50π, 0.75π,
1.00π, 1.25π, 1.50π, and 1.75π. We note that the decrease of
the norm leads to the disappearance of high-energy peaks of
spectrum, and the spectrum is unstable during pulse irradiation.
Thus, we analyzeΨ(t ) 25.0 ps) by the time-dependent
spectrum method. Table 1 shows peak intensities of the spectrum
S(E,t ) 25 ps) for various phase factors. We found the first
peakS(E10 + 3ω) becomes the strongest whenφ ) 0.75π, while
the second and the third peaks increase whenφ ) 0.0 and 0.25π.

The results withφ ) 1.25π and 1.50π have a rather little peak
of the first peak. As shown in Figure 6, the relative peak
intensities toS(E10 + 3ω) indicate such dependency on the phase
clearly. The effect of the overtone pulse appears in the results
with φ ) 0.75π and 1.25π as the opposite way.

4. Concluding Remarks

In this study, we have investigated multiphoton dissociation
from the highly excited vibrational levels of the ground state
of OH with two-color mixed nonresonant pulses which have
the nonresonant pulse frequencyω and the overtone 2ω. We
have achieved above-threshold dissociation involved with more
than three-photon absorption and have analyzed those spectra,
including information of bound-bound, bound-continuum, and
continuum-continuum transitions by using the time-dependent
spectrum method.

We have also tried to control the spectrum peaks, for example,
extraction of specific ATD peaks or elimination of any peak,
with various phase factors between two laser pulses. As a result,
φ ) 0.25π and 1.25π have stressed three-photon and five-photon
absorption in the ATD spectrum, respectively. For more detailed
comparison, we should estimate the area of the peaks rather
than the peak intensity. Although we can find the tendency due
to phase control for ATD processes, additional work for
optimizing pulse parameters is required based on the results.
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