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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 Slihger equation with discrete variable representation. The
applied field is assumed as a two-color mixed nonresonant laser pulses which has the nonresonant frequency
w and the overtone®. After modulating the relative phase factor betweendhand 2v pulse, we extracted

a three-photon absorption peak or a five-photon absorption peak in the ATD spectrum.

1. Introduction for electronic transitions in diatomic molecules. The Raman
chirped adiabatic passage (RCAP) has been proposed by

Since the advent of the laser technique, many physicists and S X
chemists have developed several theoretical methods using Iase?ombmmg STIRAP and a frequency-chirped pulse methéd

pulses to gain deeper insight into the dynamical laseslecule gnd is applied.to ir}duce the adiabatic transfer of a population
interaction. With an intense laser field, molecular systems show in molecular vibrational ladders. ) .
considerable changes in their electronic properties. The intense  Now, we focus on the hydroxyl radical, OH, an important
laser fields, with the intensity of 0< | < 1012 W/cm?, induce species in qtmosphenc cherr.usFry and environmental chem|stry.
the multiphoton processes, such as multiphoton absorption,The dissociation and assocllatlon. processes of OH with mul-
multiphoton ionization (MPI), and multiphoton dissociation tibhoton laser pulses were investigated by Korolkov et 4.
(MPD),1~3 which are fundamentally nonlinear optical processes These investigators used |nfrqred (IR) subpmosecond pulses to
arising from the higher-order effect of the external laser fidlds. transfer from the bound state into the continuum state through
Until now, theoretical developments with the laser pulse as S€veral bound vibrational states and proposed an efficient way
an external field have been investigated by some approaches?f time-selective and space-selective control involving high-
The pump-dump schenfe® was presented, in which the pump lying and dISSOCIa'[.Ive states. ‘_r?éralso reported an alternative
pulse first creates the wave packet on the excited potential W&y of state-selective control V|athe_ continuum state. The Morse
energy surface (PES), and then, the dump pulse induces the?Scillator model of Hei was applied to solving the TDSE
stimulated transition to the desired state after an appropriateWith discrete variable representation (DVR) in his study. The
time delay. Thes-pulse method, well-known in Fourier ~generation of t.he hlgh]y vibrational e?<C|ted state in the spgcmed
transform nuclear magnetic resonance (FT-NMR), was also Pond is an interesting problem in relation to the intra-
applied to the population inversion of molecules. An optimal Molecular vibrational relaxation (IVR) and the related bond
control theory (OCT) was proposed by Rabitz and colleagties dissociation.
and shows the possibility to theoretically shape a highly effective  In present study, we investigate multiphoton dissociation
pulse to control the molecule. Recently, Bergmann and co- processes in the OH molecule by solving the DVR form of
worker$~1! proposed the stimulated Raman adiabatic passageTDSE. The ground-state PES has the information for both bound
(STIRAP) method, a powerful technique to achieve the complete vibrational and dissociative continuum states. Subsequently, all
population transfer in molecular systems. This STIRAP method of the bound-bound, the boundcontinuum, and the continuum
has been widely applied to control of the proton motion of the continuum transitions can be treated, and then, the above-
intramolecular hydrogen borid-1%and the isomerization reac-  threshold dissociation (ATD) spectra under intense laser pulses
tion.16.17 A number of generalizations of STIRAP have been less than 1& W/cn? can be found in the continuum region.
proposed, including several intermediate stté8 and a First, the intense laser pulse, which has no resonant frequency
continuun?~23 for N-level systems. A similar method, known  with adjacent vibrational levels of the initial state, are used to
as adiabatic passage by light-induced potentials (AP¥P), obtain the ATD spectrum beyond the dissociation energy. The
uses the same counterintuitive pulse sequence as that ofresultant spectrum has some peaks corresponding to multiphoton
STIRAP. This method treats the vibrational motion of diatomic absorption from the initial state. Next, we try to realize coherent
molecules explicitly and is a robust scheme particularly suitable phase control of the ATD spectrum by using two-color mixed
laser pulses. The frequency of the second laser pulse is defined
TPart of the “Sheng Hsien Lin Festschrift”. _ by two photonsw, = 2w1, that is, overtone pulse for the first
kianOT;)CvJyFr)]om correspondence should be addressed. E-mail: sugimori@ pulse frequencyy:. We then modulate the rel_ative phase factor
*Kinjo University. between thev; pulse and thev, pulse and discuss the phase
8 Kanazawa University. dependency of the ATD spectrum.
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2. Theoretical Treatments and Numerical Models
We treat the time-dependent Sctlimger equation (TDSE) %wr e
within the Born—Oppenheimer approximation and the Morse w0l 16
oscillator model®3L for approximation of the electronic state. 14,
The unperturbed Hamiltonian of the molecule system is defined & 25 + 12 fg
by *.; Vi () £
G 20 wr) -----—--- 1 g
% QCISD/cc-pVTZ o s
Ho(r) =T+ Viu(r) 1) g st 108 g
1 06 a8
whereT is the kinetic energy operator and, is the Morse or | oa
potential energy operator given by Al '
4 02
Viy(r) = Dg(1 — &0 7")? (2) R R S

r/Bohr

wherere, De, anda are the equilibrium internuclear distance Figure 1. Morse potential curvé/u(r) and dipole moment function
for the molecule, the dissociation energy, and the force constant /(- The QCISDIcc-pVTZ results of the dipole moment are also plotted.
respectively. The parameters in the above Morse operator are

calculated by fitting the’IT potential energy curve of the iiA
QCISD* calculation to the ground electronic state using the i i}I\ E
cc-pVTZ basis set of the Gaussian 03 pack&gtien, re = o :i + M 20 IE>
1.7820 BohrD, = —37376.5 cm?, anda = 1.3730 Bohrl. nla !'

The Morse oscillator can describe the well-defined potential =T |1:3>
energy curve of the diatomic molecule and has an analytical it 1] [12>
wave function to describe the vibrational state corresponding AT 111>
to the stretching vibration. Thath eigenvalue of the vibrational i HLE lie
levels is given by d\iﬂi b?: [10>

_ 1 12 T L >

€= wh(n + E) - Xewh(n + E) 3 = — i 8>
\ir: 1T : |

wherewy, andxe are the harmonic frequenay, = (202Dg/ur) X2 i Y 17>

with the reduced masg, of the OH molecule and the [ 6>
anharmonic constamt = o2/2u,wp, respectively. We find that vl
there are 18 vibrational states in the Morse potential of the OH T

molecule by eq 3. IR |5>
! 1

The time development of the molecular system can be
described semiclassically by the TDSE Figure 2. Pulse frequencies and 2v of the applied laser pulse from
the initial statg10Cand energy levels arouritlo. The applied frequency

o = 2633 cm! is not resonant with the nearest levels [AgL] and

- d multi ; o . :
el photon dissociation is achieved with more than three photans, 3
ih o W (t)= [Hy + V)P ()0 4) dor,
where Ho is the molecular Hamiltoniany(t) = —u(r)-E(t) The population of theth state vectofg,[at timet is defined

represents the interaction Hamiltonian between the classicalPy integrating a squared value of the autocorrelation function
electronic fieldE(t) and the molecular dipole moment function
u(r). In our simulation, the applied electric fieEt) is assumed P(t) = |@,(NIW(r.H T

as
=G, (7)

E() = E,0(t) sin@t) + E,g(t) sin(2wt + ¢) ®) whereC(t) is the probability amplitude of the vibrational levels
InC] The dissociation probability corresponding to the continuum

whereE; andE; are the amplitudes of the electric field, is state population is defined as
the pulse frequencyp is a phase factor between the pulses,
and the Gaussian shape functig() is given by Po)=1— z P.(t) (8)
n
t—To)? . L ' .
g(t) = expg — p (6) and the continuum wave function is also defined by using each

Cn(t) and eigenvector

whereTp ando are the temporal center and the pulse width of — _
the Gaussian pulse, respectivelyis fixed at 5 ps in this study. Peon(r) = (.0 Z C(Dn(n) ©)
The above “two-color” laser pulses are adopted to control the

energy distribution of the continuum state by modulating the When Won(r,t) reach the vicinity ofrmay their probability is
phase factor. dissipated gradually due to an absorbing potential.



Above-Threshold Dissociation on Diatomic Molecules J. Phys. Chem. A, Vol. 111, No. 38, 2009419

(a) 3.0x10"

2.0x10"
1.0x107
0.0x10°
-1.0x107
-2.0x107
-3.0x107

Pulse -

Amplitude / V em™'

1.00 1

0.80

0.60

Population

0.40

020 Pg 11,12,14 .

O'm o il
25.0 300 35.0 40.0

00 500 100' 450 200
Time / ps

—
o

Amplitude / Vem™! s~

6.0x10"
4.0x10° |
2.0x10"
o.ox10° |
2.0x107
4.0x10"
6.0x107

1.00 Norm

080 [

060 [ 4]

Population

040 | +

020 Pg11,.. g

00 5.0 10.0 15.0 200 250 30.0 35.0 40.0
Time / ps

Figure 3. Pulse shape and population dynamics. (a) Pulse frequeneigh laser amplitudée; = 2.0 x 1072 au and (b) overtone pulse frequency
2w with E; = 4.0 x 1073 au.

We employ the split-operator methidd>to solve the TDSE The wave packet after time stey is explicitly estimated as
of the system numerically. The short-time propagator is ap- follows by
proximated by

U(AY) = g HAU », g VAUZRG-TAU VAR | 3 AR) (10) Wt + At = U(AY (L)
— e—iVAtIZhFFT—l[e—iTAt/hFFT
where the kinetic energy is given by the operafor p%2u;, [e_iVAUZth(r,to)]] (12)
and the potential term 8(r,t) = Vm(r) + u(r)E(t). The dipole
moment operator is approximated here by the following dipole
moment functioff where FFT stands for the fast Fourier transform from the
coordinate space to momentum space, while PRE€presents
. ()" the inverse FFT from momentum to coordinate space. We set
u(r) = uoxe 11 At = 0.001 ps and the initial wave pack8f(r,0) = ¢1(r)
calculated by the 10th analytical eigenvector of the Morse
whereuo = 0.522 au/Bohr= 0.205 D/Bohr, andg = 2.67 oscillator. The spatial grid has a step sixeof 0.01 Bohr, and
Bohr1, determined by fitting to QCISD/cc-pVTZ results, as the length of 655.36 Bohr is discretized by 65536 grid
shown in Figure 1. points.
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Figure 4. Pulse shape and population dynamics with two-color laser p@&gswvhich have both laser parameters in Figure 3a and b. The phase
factor¢ = 0.
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Figure 5. Time-dependent spectru§(E,t) with two-color mixed pulses ap = 0. The regions of the bound and the continuum states are separated
at De, 37376 cnit.

To avoid an artificial reflection from the end point of the wherer’ ando’ are the center position and width of the absorbing
defined grid space, arbitrary imaginary absorbing potedfidfs  potential, respectively, ana= 0.01,r' = 645.0 Bohr, and’
are applied as follows = 5.0 Bohr are used. When the continuum part of the wave
function reaches the end point of the grid space, it gradually
Vabs(r) = —ia exp{—(r —, r')z] (13) becomgs dissipated., and the norm is not conserved in large-
scale time propagation.
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The continuum state of the resultant wave pacKeiq(t) is
analyzed by the time-dependent spectrum me#idel*°First,

we perform the time development of an arbitrary wave packet
|W(0)C) which includes some bound states of the Hamiltonian

J. Phys. Chem. A, Vol. 111, No. 38, 2009421

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

peak intensity/arb. Unit

hase

under consideration. We then calculate the autocorrelation ¢/x SEiot+3w) SEioctdw) SEigt5w) SEiot6w) Pp norm

function of the initial Statép(t) and the time-deVE'ODEd State 0.00 0.02191 0.02392 0.02472 0.01425 0.850 0.993
W(t + 7). In the time development fromto Ty, the field-free 0.25 0.01513  0.02290  0.02546  0.01323 0.893 0.992
Hamiltonian is applied without the absorbing potentajsto g-gg g-ggzg% 8-882?? g-géggg 8-8882471 8-83? g-ggg
conserve the norm. Finally, we perform the Fourier transform ", " o008 501935 001009 0.00047 0.856 0.999
of this autocorrelation function, which gives rise to the energy | '>5 01217 002196 002729 000255 0.635 0.999
spectrum of the system. The following expression gives the 150  0.01009 0.01544 0.01745 0.00334 0.386 0.999
mathematical foundation of this method 1.75 0.01743  0.01056  0.02215  0.00854 0.634 0.988

SEY = % T M ()Wt + 7)Tde
h .
— CHP— [ETh _ q7 4
Z| AQ] T [e ]
J EICMIFE - E)
=Y ICOIFE—¢€) +
J EICOPOE —E) (T— ) (14)

wheree, is the energy eigenvalue of the eigenstateéand C,-
(t) = MW (t)If this spectrum method is applied to an arbitrary

because the time-developed stakt) 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!%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 th&0as the initial

state, which is generated by the time development of any statestate.

under the strong laser pulse, then in addition to the energy 3.1. One-Color Nonresonant PulseFirst, population transfer
spectrum of the bound states, the ATD spectrum comes out infrom the highly bound statgl0Clwith a one-color nonresonant
a continuum energy region from the second term in eq 14 pulse is simulated to obtain the dissociation probability. Figure
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Figure 6. Time-dependent spectru§{E,t = 25.0 ps) with two-color mixed pulses of various phase parameters. (a), (b), (c), and (d) denote results
of ¢ = 0.0, 0.25t, 0.757, and 1.2%, respectively. Horizontal arrows represent photon energies afd 2v.
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2 shows energy levels of the bound stawéland the pulse 2 S EabE g | - . - '

frequency w as vertical arrows from|100) |90 and |110] 2%5]81333@%1833 xe X,

Absorption and emission pathways are denoted as a, c, e and /™

b, d, f, respectively. The applied pulse condition= 2633 cnt?! ) 2

is set to be nonresonant with the adjacent bound states, andu:e 5

more than three-photon absorption frofhOL reaches the @ | |

continuum stateEL] z

Before using two-color mixed pulses, each one-color pulse g

Eig(t) sin (wt) and Exg(t) sin (2wt) is tested. Figure 3 shows % ;L i

the pulse envelope in units of volts per centimeter and popula- &

tion dynamics for each bound sta®g, the total bound state é

population © os5f R x/ . 1
> P ; N
n 0 0.00 0.25 0.50 0.75 1.0 1.256 1.50 1.75

Phase factor / &
the dissociation probabilits, and the norm of the wave packet.  Figure 7. Phase dependency of relative peak intensitieS@ao +
With a laser amplitude of; = 2.597 x 10’ V/cm, Py 3w), which are calculated from Table 1.
decreases, arfé increases to 50% until 20 ps. The intermedi-
atesP11 1214via the absorption pathways and the lower 83e  The results withp = 1.257 and 1.56r have a rather little peak
via the emission pathways are shown in Figure 2. However, of the first peak. As shown in Figure 6, the relative peak
the absorption path a becomes the dominant process in thentensities td(E;o + 3w) indicate such dependency on the phase
population transfer because no intermediates are generated aftetlearly. The effect of the overtone pulse appears in the results
pulse irradiation. In Figure 3b, we show another result by using with ¢ = 0.757 and 1.2% as the opposite way.
an overtone pulse frequencyw2vith a laser amplitude dE, =
2E; =5.194x 10’ V/icm,. Only overtone pulse irradiation leads 4. Concluding Remarks
to no significant changes such as a small dissociation probability

. : ) In this study, we have investigated multiphoton dissociation
and a small generation of intermediates.

32 Two-Color Mixed Nonresonant Pulses.Now. we from the highly excited vibrational levels of the ground state
reée.nt the results of two-color mixed Iaser-induéed ,o ulation of OH with two-color mixed nonresonant pulses which have
P Pop the nonresonant pulse frequenoyand the overtone@. We

transfer and analysis of the time-dependent spectrum. Figure 4h hieved ab hreshold di iation involved with
shows the pulse envelopes of two-color mixed nonresonant laser, ave achieved above-t resho Issociation Involved with more
ulses defined by eq 5 and the population dvnamics. The relativethan three-photon absorption and have analyzed those spectra,
P oy €q _popuiation dyn ) including information of bounetbound, boune-continuum, and
phase factog is fixed to 0.0 in this simulation. Because of

overlapping two different pulses, the hypocritical pulse ampli- continuunt-continuum transitions by using the time-dependent

tude increases around the temporal center of the laser pulseSpeCtrum method.

15.0 ps. The dissociation probability then increases toward 85% we have also m?q to control the spectrum peaks, for example,
; . extraction of specific ATD peaks or elimination of any peak,
quickly, while P, decreases.

In order to obtain the energy distribution of the continuum with various phase factors between two laser pulses. As a result,

™ . . = 0.257 and 1.2 have stressed three-photon and five-photon
state when the wave packet is dissociated, the time-dependen I : .
. . . absorption in the ATD spectrum, respectively. For more detailed
spectrum method is applied. The corresponding results=at

1, 2, ..., 40 ps are shown in Figure 5. We can see that the ATD fﬁ;ﬁﬁgsogékwr?t;r?;?ld A?tsk?chJatheV\Ezec:rﬁﬁwc?irfg?e?l?jaeisc r?jtlljgr
spectrum of the continuum staté ¢ 37,000 cn?) has several P Y 9 Y

peaks due to multiphoton absorption froh@Cunder this pulse to .ph.a.se control for ATD Processes, additional work for
- . optimizing pulse parameters is required based on the results.
condition. However, high-energy peaks after 25.0 ps are

dissipated because of the influence of the absorbing potential; Acknowledgment. H.N. is grateful for financial support from

thus, it means that the norm of the wave packet is not only the Ministry of Education, Science and Culture of Japan
conserved at the time period but also the dissipated peaks read@Research No. 19029014) '

the terminal of the defined boundary. As a result, we find the
spectrum peaksS[Eio + 3w) arise from a direct bound
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