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Ultrafast laser-pulse control for selective excitation of high vibrational states and dissociation
of diatomic molecules in an environment

M. V. Korolkov and G. K. Paramonov*
Institut für Physikalische und Theoretische Chemie, Freie Universita¨t Berlin, WE 3, Takustrasse 3, D-14195 Berlin, Germany

~Received 24 February 1997!

Ultrafast state-selective vibrational excitation and dissociation controlled by shaped subpicosecond infrared
laser pulses is investigated within the reduced density matrix formalism beyond a Markov-type approximation
for diatomic molecules, which are coupled to an unobserved quasiresonant environment. Dissipative quantum
dynamics in a classical electric field is simulated for discrete vibrational bound states and for dissociative
continuum states of a one-dimensional dissociative Morse oscillator, tailored to the local OH bond of the H2O
and HOD molecules in the electronic ground state. Flexible laser control schemes are developed and demon-
strated on a picosecond time scale, which enable one either to localize the population at prescribed high-lying
discrete vibrational levels of OH, up to those close to the dissociation threshold, with the probability up to
70–80 % without substantial dissociation or, alternatively, achieve the dissociation yield of about 75%, while
the strength of the quasiresonant molecule-environment coupling results in subpicosecond lifetimes of the
vibrational bound states. The optimal laser control schemes may include the superposition of up to four
subpicosecond laser pulses.@S1050-2947~97!02710-8#

PACS number~s!: 42.50.Vk
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I. INTRODUCTION

Laser-controlled manipulation of population dynamics
molecules, in particular complete localization of populati
at a prescribed target level, or the population transfer,
long been a subject of considerable attention@1–31#. An im-
portant line in this field is ultrafast state-selective control
vibrational excitation and dissociation of molecules, whi
may result in various types of intermolecular and intram
lecular selectivity@32–41#, if the process of selective stee
ing of a molecule to a specified target by the laser field
compete against nonselective processes, such as relax
@15,25–31#. Of special interest is the problem of stat
selective preparation of molecules at high vibrational leve
including levels close to the dissociation threshold@38,39#,
which is important for controlling cross sections in molec
lar collisions, for manipulating the outcome of chemical r
actions, and creates favourable starting conditions for e
cient dissociation.

Until now, theoretical investigations of the state-select
vibrational excitation have been mostly devoted to low lev
of isolated molecules, including fairly realistic one
dimensional~1D!, 2D, and 3D models of OH, HF, HOD
H2O, SiH2, and NH2 molecules@6,11,17–20,22#. The adia-
batic passage approach for the population transfer has
studied both theoretically@10,13,14,24,27# and experimen-
tally @4,5,9,12,21,28#. The role of the environmental degree
of freedom has been studied in Markov-type approximati
@15,25,26# and recently within a non-Markov approach@29–
31#. It has been shown, in particular for low vibration
states of OH@31#, that the non-Markov approach provide
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20–30 % higher level of the population transfer on a pic
second~ps! time scale. Selective preparation of high vibr
tional bound states, including those close to the dissocia
threshold, have been simulated only for isolated OH@38,39#,
neglecting the coupling to an environment. The las
induced dissociation of molecules has also attracted m
interest~see, for example, recent works@39–41#, and refer-
ences therein!, but to the best of our knowledge, the enviro
mental degrees of freedom have not been taken into acc
yet.

The aim of the present work is to investigate the possi
ity of ultrafast localization of population at very high vibra
tional levels of diatomic molecules, up to the levels close
the dissociation threshold, along with the laser-induced d
sociation from selectively prepared high vibrational bou
states in the presence of an environment.

As a model system in our computer simulations we us
dissociative, one-dimensional quantum Morse oscilla
with the specific parameters being tailored to the local O
bond of the H2O and HOD molecules in the electron
ground state. The Morse oscillator~a molecule! is coupled to
a thermal bath~an unobserved environment! represented by
an infinite number of harmonic oscillators. In order to inve
tigate the possibility of state-selective laser control and d
sociation at the extreme conditions, the environment is
sumed to be quasiresonant, with the maximal strength of
coupling to the molecule corresponding exactly to molecu
frequencies. Similar quasiresonant model environments h
been already used in our previous works@29–31# for inves-
tigation of state-selective excitation of low vibrational stat
of HOD molecules @29#, ultrafast laser-pulse control o
isomerization reactions@30#, and for selective vibrational ex
citation of OH up tov510 @31#, where dissociation could be
safely neglected@38#. The laser field is treated classically an
is assumed to excite molecular vibrations without influen
on the environment. Molecular rotations, coupling of the d
sociation fragments to the environment, and the las
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56 3861ULTRAFAST LASER-PULSE CONTROL FOR SELECTIVE . . .
induced continuum-continuum transitions are not taken i
account. These assumptions are discussed in the follow
All results presented below have been simulated beyon
Markov-type approximation.

II. MODELS, EQUATIONS OF MOTION AND
TECHNIQUES

The Hamiltonian characterizing the total system, a m
ecule coupled to an environment, can be written in the fo

H~r ,$zu%,t !5Hmol~r !1V~r ,t !1W~r ,$zu%!1He~$zu%!,
~1!

whereHmol(r ) is the Hamiltonian of an unperturbed mo
ecule, V(r ,t) describes its interaction with a laser fiel
W(r ,$zu%) describes the interaction between the molec
and the environment, andHe($zu%) is the Hamiltonian for
the environment, with$zu% standing for the environmenta
degrees of freedom. Atomic units are used below unless
erwise explicitly indicated.

An unperturbed diatomic molecule is described by
molecular Hamiltonian

Hmol~r !5p2/2m1VM~r !, ~2!

where for OH under study the reduced mass ism
51728.539me , with me standing for electron rest mass, an
the Morse potential is specified by

VM~r !5D$exp@22b~r 2r 0!#22 exp@2b~r 2r 0!#%,
~3!

where the equilibrium distancer 051.821a0 , Morse param-
eterb51.189a0

21, a0 is the Bohr radius, and well depthD
50.1994Eh .

The discrete, bound molecular eigenstates are denote
uv&. The molecular HamiltonianHmol(r ) supports 22 bound
vibrational eigenstates with eigenenergies

Ev52D1\@ve~v10.5!2Da~v10.5!2#, ~4!

wherev50,1, . . . ,vmax521, the harmonic frequency isve

5bA2D/m, and the anharmonicity constant isDa

5\ve
2/4D. The eigenfunctionsuv& of the bound vibrational

states are the well-known Morse oscillator wave functio
~see, e.g., Refs.@42,43#!.

The continuum eigenstates with eigenenergies«.0 are
denoted asu«&, and the eigenfunctionsc(«,r ) of the con-
tinuum states may be represented by the Whittaker funct
~see, e.g., Ref.@44#!.

The molecular eigenstates satisfy the time-independ
Schrödinger equations

Hmol~r !uv&5Evuv&, Hmol~r !u«&5«u«& ~5!

and the orthonormalization relations

^vuv8&5dvv8 , ^«u«8&5d~«2«8!, ^«uv&50. ~6!

A laser field is assumed to be linearly polarized. Its int
action with the molecule is described within the semiclas
cal electric dipole approximation by the interaction Ham
tonian
o
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V~r ,t !52m~r !E~ t !, ~7!

where E(t) is the component of the laser electric fie
strength along the molecular dipole, and the molecular dip
moment operator is represented by Mecke function@45,46#

m~r !5m0r exp~2r /r 0!, ~8!

wherem057.85D/Å and r 050.6 Å.
The HamiltonianW(r ,$zu%), describing the coupling of

the molecule to an environment, is taken in the form

W~r ,$zu%!5LQ~r !F~$zu%!, ~9!

where L is a constant for the strength of the molecu
environment coupling, andQ(r ) and F($zu%) are the mo-
lecular and the environment coupling operators, correspo
ingly.

The molecular coupling operator is chosen in the fo
@47#

Q~r !5~1/b!$12exp@2b~r 2r 0!#%, ~10!

as in our previous work@31#.
The environmental coupling operatorF($zu%) is assumed

to be linear and factorized with respect to the environmen
degrees of freedomzu as

F~$zu%!5(
u

Kuzu , u51,2, . . . . ~11!

The molecule-environment coupling operator~9! is nonlin-
ear, but it becomes linear,

W~r ,$zu%!→L~r 2r 0!(
u

Kuzu , ~12!

in the harmonic limit for the Morse oscillator:D→`, b→0,
andDb2→const.

The Hamiltonian for the environmentHe($zu%) is repre-
sented by an infinite ensemble of harmonic oscillators:

He~$zu%!5(
u
Hu~zu!, ~13!

where

Hu~zu!5pu
2/2mu1~mu/2!Vu

2zu
2, ~14!

with mu being the effective mass andVu being the frequency
of the environmental oscillatoru, whereu51,2, . . . . The
eigenfunctions corresponding to the environmental degr
of freedom are the well-known harmonic-oscillator wa
functions.

It is suitable to start with the equation of motion for th
total system~molecule plus environment! in the interaction
picture. The density matrix characterizing the total system
the interaction picture is denoted bys I(t). Its time evolution
is governed by the Liouville equation@48#

]s I~ t !

]t
5~ i /\!E~ t !@m I~r ,t !,s I~ t !#2 i ~L/\!

3@QI~r ,t !FI~$zu%,t !,s I~ t !#. ~15!

The reduced density matrix of the molecule coupled to
unobserved environment is defined as
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3862 56M. V. KOROLKOV AND G. K. PARAMONOV
% I~ t !5Tre@s I~ t !#, ~16!

where Tre refers to the trace over all environmental degre
of freedom. The equation of motion for the reduced dens
matrix is obtained, as usual,~see, e.g., Ref.@48#! by making
use of the formal solution of the Liouville equation~15!,

s I~ t !5s I~0!1~ i /\!E
0

t

dt8$@E~ t8!m I~r ,t8!,s I~ t8!#

2L@QI~r ,t8!FI~$zu%,t8!,s I~ t8!#%, ~17!

substituting Eq.~17! back into Eq.~15!, and evaluating the
trace~16! under the basic condition of irreversibility

s I~ t !5% I~ t !%e~0!, ~18!

where

%e~0!5exp~2He /kBT!/Tre@exp~2He /kBT!#. ~19!

Finally one gets the equation of motion for the reduced d
sity matrix

]% I~ t !

]t
5~ i /\!E~ t !@m I~r ,t !,% I~ t !#

2~L/\!2@QI~r ,t !,GI~r ,t !#, ~20!

where GI(r ,t), which will be referred to as the time
dependent relaxation matrix, is given in the interaction p
ture by

GI~r ,t !5E
0

t

dt8$QI~r ,t8!% I~ t8!^F~ t !F~ t8!&

2% I~ t8!QI~r ,t8!^F~ t8!F~ t !&%, ~21!

and the time correlation functionŝ F(t)F(t8)& and
^F(t8)F(t)& in Eq. ~21! are defined, as usual@48# by

^F~ t !F~ t8!&5Tre@FI~$zu%,t !FI~$zu%,t8!%e~0!#, ~22!

^F~ t8!F~ t !&5Tre@FI~$zu%,t8!FI~$zu%,t !%e~0!#. ~23!

For the model environment composed of an infinite e
semble of harmonic oscillators@see Eqs.~13! and~14!# it can
be shown that

^F~ t !F~ t8!&5
1

2 (
u

~\/muVu!Ku
2F~Vu ,t2t8,T!,

~24!

where

F~Vu ,t2t8,T!5$@ n̄~Vu!11#exp@2 iVu~ t2t8!#

1n̄~Vu!exp@ iVu~ t2t8!#%, ~25!

with

n̄~Vu!5
1

exp~\Vu /kBT!21
, ~26!

and ^F(t)F(t8)&5^F(t8)F(t)&* . It is also suitable to as
sume in Eq.~24! that (\/muVu)5a0

2, which yields the en-
s
y

-

-

-

vironment couplingF($zu%) of the same order of magnitud
as the molecular couplingQ(r ). The specific values of the
parametersKu and Vu in Eqs. ~24!–~26! are still rather ar-
bitrary and flexible, they should be defined by a particu
environment and the molecule-environment coupling, for
ample, such as described below for a model quasireso
environment.

The quasiresonant nature of the molecule-environm
coupling is taken into account, as in our previous work@31#,
under the assumption that the environmental frequenciesVu
are closely spaced near the molecular frequenciesvmn
5(Em2En)/\, and the density of the environmental fre
quencies in the vicinity of eachvmn is represented by a
Lorentzian-type distribution

gmn~V!5
1

p
~gmn /V0!p

gmn

gmn
2 1~vmn2V!2 , ~27!

where (gmn /V0)p is a normalization factor with a scalin
parameterV0 , andgmn.0 determines the width of the dis
tribution gmn(V) which has a maximum atV5vmn . Under
these assumptions we can change in Eq.~24! from the infi-
nite sum overu to finite sums overm.n containing the
integrals

^F~ t !F~ t8!&5
a0

2

2 (
u

Ku
2F~Vu ,t2t8,T!

⇒
a0

2

2 (
m51

vmax

(
n50

m21

Kmn
2 E

Amn

Bmn
dV

3F~V,t2t8,T!gmn~V!, ~28!

where Amn,vmn,Bmn . The Bose-Einstein distribution
function n̄(V) is approximated in each frequency interv
Amn<V<Bmn by its ‘‘central value’’ n̄(vmn). Assuming
also that the reasonable choice ofgmn provides small overlap
of the neighboring distributionsgmn(V), we can set
Amn52` and Bmn5`, which yields tabulated integral
@49# in Eq. ~28!. The final expression for the time correlatio
function ~24! has the form

^F~ t !F~ t8!&5
a0

2

2 (
m51

vmax

(
n50

m21

Kmn
2 ~gmn /V0!p

3exp~2gmnut2t8u!

3$@ n̄~vmn!11#exp@2 ivmn~ t2t8!#

1n̄~vmn!exp@ ivmn~ t2t8!#%. ~29!

Equation~29! will be used for evaluating the time-depende
relaxation matrix~21! in the equation of motion~20! as de-
scribed below.

In a general case, numerical integration of the integrod
ferential equation of motion~20! beyond a Markov-type ap
proximation is an extremely time-consuming task. In t
present work, the state-selective preparation of high vib
tional bound states as well as dissociation of OH are inv
tigated under the following two assumptions.

~1! The coupling of the dissociation fragments to the e
vironment is not taken into account, which enters the
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56 3863ULTRAFAST LASER-PULSE CONTROL FOR SELECTIVE . . .
scription by assuming that the respective matrix element
the molecular coupling operatorQ(r ) in the basis of molecu-
lar eigenstatesuv& and u«& are zeros:

Qv«5^vuQu«&50, Q«8«5^«8uQu«&50. ~30!

This assumption corresponds, for example, to a molec
adsorbed on a surface.

~2! In the second assumption we take into account t
the laser-induced continuum-continuum transitions could
safely neglected in a rather wide range of the laser elec
field strength and the carrier frequency@38,39# and set the
respective matrix elements of the molecular dipole mom
operatorm(r ) to zero:

m«8«5^«8umu«&50. ~31!

This assumption has been checked in detail for the isola
OH in our recent works@38,39#, and in the following we
shall use such laser electric-field strengths and the ca
frequencies that the continuum-continuum transitions are
deed of minor importance, at least for the isolated OH.

For numerical integration, the basic equation of moti
~20! and the time-dependent relaxation matrix~21! are rep-
resented in the basis of molecular eigenstatesuv& and u«&,
taking into account Eqs.~30! and~31!. Before proceeding, it
is suitable to introduce the following notations for the mat
elements:

@A,B#mn
b 5 (

k50

vmax

~AmkBkn2BmkAkn!,

~AB!mn
b 5 (

k50

vmax

AmkBkn ,

~32!

~AB!m«
b 5 (

k50

vmax

AmkBk« ,

@A,B#«8«
b

5 (
k50

vmax

~A«8kBk«2B«8kAk«!.

The upper indexb in Eq. ~32! and in what follows serves to
indicate that summation over the bound states only is
cluded, while the lower indexes may include both discr
and continuum states.

The equation of motion for the bound-bound reduced d
sity matrix elements can be written in the form

]

]t
% I~ t !vv85~ i /\!E~ t !H @m I~ t !,% I~ t !#vv8

b

1E
0

«max
d«8@m I~ t !v«8% I~ t !«8v8

2% I~ t !v«8m I~ t !«8v8#J
2~L/\!2@QI~ t !,GI~ t !#vv8

b , ~33!

where the upper limit of integration over the continuum e
of
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ergy « is set to«max to be detailed below, and the time
dependent relaxation matrix elementsGI(t)kl in the interac-
tion picture have the form

GI~ t !kl5E
0

t

dt8$^F~ t !F~ t8!&@QI~ t8!% I~ t8!#kl
b 2^F~ t8!F~ t !&

3@% I~ t8!QI~ t8!#kl
b %. ~34!

The initial conditions,

% I~0!v8v

5Fexp~2Ev /kBT!Y (
v9

exp(2Ev9 /kBT)Gdv8v ,

~35!

correspond to the thermal equilibrium of the molecule a
the environment atT5300 K.

Equation~33! includes the bound-continuum reduced de
sity matrix elements which are governed by the equation

]

]t
% I~ t !v«5~ i /\!E~ t !H @m I~ t !,% I~ t !#v«

b

1E
0

«max
d«8m I~ t !v«8% I~ t !«8«J

2~L/\!2@QI~ t !GI~ t !#v«
b , ~36!

where the time-dependent relaxation matrix elementsGI(t)k«

have the form

GI~ t !k«5E
0

t

dt8^F~ t !F~ t8!&@QI~ t8!% I~ t8!#k«
b . ~37!

The initial conditions in Eq.~36! are% I(0)v«50.
Equation~36! includes the continuum-continuum reduce

density matrix elements which are governed by the equa

]

]t
% I~ t !«8«5~ i /\!E~ t !@m I~ t !,% I~ t !#«8«

b , ~38!

with the initial conditions% I(0)«8«50.
The numerical efforts can be reduced drastically by m

ing use of the formal solution of Eq.~38! which has the form

% I~ t !«8«5~ i /\!E
0

t

dt8E~ t8!@m I~ t8!,% I~ t8!#«8«
b . ~39!

Substitution of Eq.~39! into the right-hand side of Eq.~36!
yields finally the equation of motion for the bound
continuum reduced density matrix elements
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]

]t
% I~ t !v«5~ i /\!E~ t !H @m I~ t !,% I~ t !#v«

b

1~ i /\!E
0

«max
d«8m I~ t !v«8E

0

t

dt8E~ t8!

3@m I~ t8!,% I~ t8!#«8«
b J

2~L/\!2@QI~ t !GI~ t !#v«
b , ~40!

where the time-dependent relaxation matrix elementsGI(t)k«

are defined by Eq.~37!.
Equations~33! and~40! are the basic equations of motio

in the present work. They constitute the set of coupled in
grodifferential equations for the bound-bound and the bou
continuum reduced density matrix elements, including
bound-bound and the bound-continuum matrix elements
operatorsm I(r ,t) and QI(r ,t) in the interaction picture,
which are related to the Schro¨dinger picture as follows:

^vum I~r ,t !uv8&5exp~ ivvv8t !mvv8 , ~41!

^vum I~r ,t !u«&5exp~ ivv«t !mv« , ~42!

^vuQI~r ,t !uv8&5exp~ ivvv8t !Qvv8 . ~43!

The matrix elements for bound-bound transitionsmvv8 and
Qvv8 are evaluated, as in our previous work@31#, following
the methods developed in Refs.@43# and @50#, respectively.
The matrix elements for bound-continuum transitionsmv«

are evaluated as in our recent works@38,39# ~details are
given in the Appendix of Ref.@39#!. Suffice it to note here
that for OH under study a strong decrease of the bou
continuum coupling with increasing energy at«.0.05D,
where D is the well depth, allows in our simulations th
upper limit of integration over the continuum energy« in the
basic equations of motion~33! and ~40! to be chosen as
«max,0.5D, with the specific value depending on the las
field strength and the carrier frequency. The integrals ove«
in Eqs.~33! and~40! are approximated with sums, assumi
that the^vumu«& are approximately constant over a series
energy intervals@« i ,« i1D« i #, where D« i are adjusted to
obtain desired accuracy. The size of each energy intervalD« i
depends on the behavior of the dipole matrix eleme
^vumu«& in the vicinity of the discretized continuum energ
« i . For the evenly discretized continuum energy interv
D«, for example, convergence of the results is achieved
D«<0.00015Eh .

The time correlation functions in Eqs.~34! and ~37! are
given by Eq. ~29! where, taking into account the spacin
between molecular frequencies, we set the parametergmn
5Da/2, which yields the correlation time of the environme
tc'0.7 ps. Similar to our previous work@31#, we set in our
computer simulationsp51 and choose a scaling parame
V05v10 in Eq. ~29!. The strength of the molecule
environment coupling is defined in the following by a dime
sionless parameter
-
d-
e
of

d-

r

f

ts

s
at

t

r

l5~La0
2/\v10!. ~44!

The integrodifferential equations~33! and ~40! can be
solved by using several modifications of standard numer
methods@51#. In the present work we use Adams-Bashfort
Moulton schemes for a predictor-corrector method similar
our previous works@29–31#. The integrals over timet are
approximated with sums and calculated on both predic
and corrector steps, with the time step beingDt<0.1 atu.
The solution of Eqs.~33! and~40! yields the reduced densit
matrix elements% I(t)vv8 and % I(t)v« . The time-dependen
populations of the vibrational bound states are given by

Pv~ t !5% I~ t !vv , ~45!

which are of primary importance for investigation of th
state-selective phenomena. We shall also use the ov
population of all bound states in the well

Pwell~ t !5 (
v50

vmax

Pv~ t !. ~46!

The populations of the continuum states are represente
this work by integrated quantities

P«~ t !5E
«2D«/2

«1D«/2

d«8% I~ t !«8«8 , ~47!

for the narrow discretized energy intervalD«, and

Pcont~ t !5E
0

«max
d«8% I~ t !«8«8 , ~48!

for the overall population of all continuum states, which
equivalent to the dissociation probabilityD(t)512Pwell(t).
The explicit form for% I(t)«« in Eqs.~47! and~48! is derived
from Eq. ~39!. It is given by the equation

% I~ t !««5~2/\!E
0

t

dt8E~ t8! (
k50

vmax

Im@% I~ t8!«km I~ t8!k«#,

~49!

where the reduced density matrix elements% I(t)«k

5% I(t)k«* are obtained from the numerical solution of Eq
~33! and ~40!.

To conclude this section, it is worthwhile to note that t
basic equations of motion~33! and ~40! have been derived
within the second-order perturbation theory assuming t
the molecule and the environment are uncorrelated@see Eq.
~18! and Ref.@48# for details#. In our previous work@31# the
applicability of these approximations for the vibration
bound states of OH has been estimated on a picosecond
scale within the fourth-order perturbation theory, where
molecule and the environment have been assumed to be
correlated only at the initial timet, but not for all timest
.0. The respective results~see the Appendix in Ref.@31#!
are in a good agreement with the non-Markov analysis of
nondissociative state-selective dynamics of OH. A simi
non-Markov approach will be used in the next section
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simulations of dissociative dynamics of OH. The applicab
ity of our basic equations of motion~33! and ~40! is also
restricted to rather small values of the coupling parametel
defined by Eq.~44!, for example, such as used in the ne
section. Nevertheless, the quasiresonant nature of the e
ronment makes it possible to consider rather fast relaxat
rates~see also Refs.@29–31#!.

III. SELECTIVE PREPARATION OF HIGH VIBRATIONAL
BOUND STATES AND DISSOCIATION

Excitation of high vibrational bound states by short an
strong laser pulses can be accompanied by substantial d
ciation unless a special care is taken of optimal design of
laser field to be used for preparing the state selective
Therefore in the first stage, our aim is to achieve maxim

FIG. 1. Selective preparation of vibrational bound stateuv515&
of OH by three nonoverlapping 1 ps laser pulses.~a!,~b! Population
dynamics at different strengths of the molecule-environment c
pling l. Numbers of levels are indicated near the curves, ‘‘Well’’—
overall population of all bound states.~c! Optimal laser field; the
laser pulse parameters:E1

opt5328.05 MV/cm,v1
opt53424.19 cm21,

E2
opt5176.44 MV/cm, v2

opt52525.52 cm21, E3
opt5148.07 MV/cm,

v3
opt51625.67 cm21.
-

t
vi-
n

so-
e

y.
l

localization of population at a chosen high-lying vibration
bound stateuv&, along with minimizing the dissociation
probability D, while in the second stage, the aim is
achieve maximal dissociation from the selectively prepa
high-lying bound state. In both cases the laser-driven m
lecular dynamics should compete against relaxation.

The laser fields to be used for selective excitation of h
vibrational bound states and dissociation of OH may be co
posed, in general, of several ultrashort pulses with the glo
electric field strength

E~ t !5(
i
Ei sin2@p~ t2t0i !/tpi#cos@v i~ t2t0i !1w i #,

~50!

-
FIG. 2. Selective preparation of vibrational bound stateuv515&

of OH by three optimally overlapping 0.5 ps laser pulses.~a!,~b!
Population dynamics.~c! Optimal laser field; the laser pulse param
eters:E1

opt5400.75 MV/cm,v1
opt53425.79 cm21, E2

opt5214.56 MV/
cm, v2

opt52524.69 cm21, t02
opt50.35 ps, E3

opt5178.21 MV/cm,
v3

opt51629.83 cm21, t03
opt50.65 ps@t0i

opt stands for the optimal time
of the beginning of thei th laser pulse, see Eq.~50!#.
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where thei th laser pulse starts att5t0i , its duration istpi ,
the electric field amplitude isEi , andv i is the laser carrier
frequency. The phasesw i proved to be of minor importance
and the results below are presented forw i50. The sin2 shape
of the laser pulses is suitable, but rather arbitrary. Simi
results can be obtained by using other ‘‘bell’’-type shapes
the pulses, for example, Gaussian@6#, or soliton-type, hyper-
bolic secant shapes@24,52#. With the large vibrational quanta
of OH, only the vibrational ground state is substantia
populated initially atT5300 K, while the population of the
first excited state isPv51(0)51.3131028, for example.
Therefore the density matrix elements% I(t.0)v8v are equal
with a very good accuracy to their initial values% I(0)v8v
'dv80dv0 until the laser field is switched on, as has be
shown in our previous work@31#. For this reason it is as-
sumed in the following that the laser field is switched on
t50.

The amplitudesEi , the carrier frequenciesv i and the
overlaps of individual laser pulses are optimized as descri
in Refs. @29–31,38,39# in order to achieve a prespecifie
aim: maximize the population of the target bound state alo
with minimizing the dissociation probability or, alterna
tively, maximize the dissociation yield. In order to demo
strate our general approach to the optimal design of the la
field, we choose the bound stateuv515& as a target for state-
selective preparation. This state may also serve as a suit
intermediate for selective preparation of the topmost bou
states~close to the dissociation threshold! and for efficient
dissociation as well. Selective preparation ofuv515& can be
achieved, for example, by making use of three laser pul
pumping the sequential five-photon transitions

uv50&→~5 photons!→uv55&→~5 photons!→uv510&

→~5 photons!→uv515&. ~51!

The population dynamics controlled by three nonoverla
ping 1 ps laser pulses is shown in Figs. 1~a! and 1~b! for
l50.1 and 0.2, respectively. Numbers of bound states
indicated near the curves, curve ‘‘Well’’ in Fig. 1~a! gives
the overall population of all bound states. The dissociat
probability is very small, less than 1% atl50.1, for ex-
ample. The optimal laser field is shown in the bottom, F
1~c!. Note that the three sequential 1 ps laser pulses y
almost complete, more than 95%, population transfer
uv515& in the absence of relaxation~l50!, see Refs.@38,39#
for details. At a moderate relaxation, Fig. 1~a!, the maximal
population of the target bound state isP15

max50.55, while at
the strong relaxation, Fig. 1~b!, the maximal populationP15

max

is only 0.06 ~even less than population of the initial sta
uv50& at the end of the third laser pulse!. It is seen from Fig.
1 that while the first~strongest! laser pulse dominates ove
relaxation, providing rather high population transfer to t
intermediate bound stateuv55&, weaker laser pulses~the
second and the third! cannot efficiently compete against re
laxation, especially at the strong molecule-environment c
pling ~l50.2!. Relaxation is also a dominance between t
pulses where the laser field is weak.

The laser control over the population dynamics can
much enhanced by making use of shorter and/or overlapp
laser pulses. Shorter laser pulses reduce the overall tim
the process and require stronger optimal fields, while op
r
f

n

t

ed
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-
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n

.
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-
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mally chosen overlaps increase the electric-field strength
tween the pulses. All the three factors improve the sta
selective laser control of molecular excitation. In Figs. 2~a!
and 2~b! the state-selective preparation ofuv515&, is dem-
onstrated for the same excitation pathway~51! which is con-
trolled by three overlapping 0.5 ps laser pulses at the sa
molecule-environment couplings as in Fig. 1~l50.1 and
0.2!. The optimal laser field composed of the three overla
ping pulses is shown in Fig. 2~c! together with the sin2 en-
velopes of the pulses. It is clearly seen from Fig. 2 th
population transfer to the target stateuv515& is remarkably
increased, as compared to the case shown in Fig. 1, e
cially at the strong molecule-environment coupling: t
maximal population of the target bound state isP15

max50.81 at
l50.1, andP15

max50.71 atl50.2 @more than ten times large
as compared to the respective case of Fig. 1~b!#. The overall
populations of the bound states, shown by curves ‘‘Well’’
Figs. 2~a! and 2~b!, imply rather small dissociation probabili
ties:D'0.07 andD'0.05 atl50.1 andl50.2, correspond-
ingly. Minimization of the dissociation probability is ver
important for efficient population transfer to high vibration
bound states. Note that the dissociation probability decrea
as the coupling of the molecule to the environment increa

Another possibility of population transfer to the targ
stateuv515& can be realized~similar to isolated molecules
@38,39#! by pumping the overtone transition

uv510&→~1 photon!→uv515& ~52!

in the third step of the excitation pathway~51!. Similar to the
previous case, the population transfer is efficient, if short a
overlapping laser pulses are used.

On the contrary, the topmost bound states can be prep
selectively only if the overtone transition is pumped in t
final step of the overall excitation pathway, while the resp
tive multiphoton pumping can yield efficient dissociatio
These issues are demonstrated below for selective prep
tion of the bound stateuv520& and for multiphoton disso-
ciation of OH via the intermediate bound stateuv519&.

Selective preparation of the target bound stateuv520&
~i.e., one state before the highest bound state of OH! can be
achieved by making use of four laser pulses pumping
sequential resonances according to the following excita
pathway:

uv50&→~5 photons!→uv55&→~5 photons!→uv510&

→~5 photons!→uv515&→~1 photon!→uv520&.

~53!

In our computer simulations we use optimally overlappi
0.5 ps laser pulses. The population dynamics controlled
the four pulses is shown in Figs. 3~a! and 3~b! for l50.1 and
0.2, respectively, where curves ‘‘Well’’ give the overa
populations of all bound states. The optimal laser field
shown in the bottom, Fig. 3~c!, together with the sin2 enve-
lopes of the four pulses. The maximal population of the t
get bound state isP20

max50.69 atl50.1 andP20
max50.55 at

l50.2. On the contrary, the dissociation probability by t
end of the last pulse is fairly small:D'0.15 andD'0.11 at
l50.1, andl50.2, correspondingly. Note that minimizatio
of the dissociation probability is a nontrivial task when pr
paring the topmost bound states. It is seen from Fig. 3
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even very high vibrational bound states of a molec
coupled to an environment can be prepared selectively, w
the probability of about 55–70 %, if the laser field contro
ling this process is properly shaped and optimized.

For the efficient dissociation of a molecule to be achiev
the overall excitation pathway~53! should be modified in the
last step only, for example, as follows. We choose the bo
state uv519& as a higher intermediate state, which bei
pumped in the vicinity of four-photon resonance from t
stateuv515&, is spaced by one quantum of photon ener
from the continuum states~«2d«!,«,~«1d«! which are
close to the maximum of the laser-induced bound-continu
coupling represented by the matrix element^v519umu«&
~see Ref.@39# for details!. Therefore the overall dissociatio

FIG. 3. Selective preparation of vibrational bound stateuv520&
of OH by four optimally overlapping 0.5 ps laser pulses.~a!,~b!
Population dynamics.~c! Optimal laser field; the laser pulse param
eters: E1

opt5400.75 MV/cm, v1
opt53425.79 cm21, E2

opt5214.56
MV/cm, v2

opt52524.69 cm21, t02
opt50.35 ps,E3

opt5178.21 MV/cm,
v3

opt51629.83 cm21, t03
opt50.65 ps, E4

opt5132.99 MV/cm,
v4

opt53663.47 cm21, t04
opt50.91 ps.
e
th

,

d

y

m

pathway to be controlled by four laser pulses can be sch
matically presented as

uv50&→~5 photons!→uv55&→~5 photons!→uv510&

→~5 photons!→uv515&→~4 photons!→uv519&

→~1 photon!→‘‘continuum’’. ~54!

The population dynamics during the multiphoton disso
ciation of OH through the pathway~54! controlled by four
optimally overlapping 0.5 ps laser pulses is shown in Figs
4~a! and 4~b! for l50.1 and 0.2, respectively, where curves
‘‘Continuum’’ give the overall populations of all continuum
statesPcont(t) @see Eq.~48!#, which is equivalent to the dis-
sociation probabilityD(t). The optimal laser field is shown

FIG. 4. Multiphoton dissociation of OH by four optimally over-
lapping 0.5 ps laser pulses.~a!,~b! Population dynamics.~c! Opti-
mal laser field; the laser pulse parameters:E1

opt5400.75 MV/cm,
v1

opt53425.79 cm21, E2
opt5214.56 MV/cm, v2

opt52524.69 cm21,
t02
opt50.35 ps,E3

opt5178.21 MV/cm,v3
opt51629.83 cm21, t03

opt50.65
ps,E4

opt5180.87 MV/cm,v4
opt5822.464 cm21, t04

opt51 ps.
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in the bottom, Fig. 4~c!, together with the sin2 envelopes of
the pulses. The overall population of the continuum state
the end of the last laser pulse isPcont'0.75 atl50.1, and
Pcont'0.59 atl50.2, implying an efficient dissociation of
molecule even in the presence of the quasiresonant env
ment, which reduces the lifetimes of the vibrational bou
states into a subpicosecond time domain.

Comparison of the results presented in Figs. 3 an
shows that the optimal design of the laser control field c
yield either the efficient population transfer to a very hi
vibrational bound state along with a small dissociation pr
ability ~as shown in Fig. 3 foruv520&! or, alternatively, the
efficient dissociation of a molecule~as shown in Fig. 4!. The
overall laser control scheme is basically devided into t
stages: in the first stage, a suitable intermediate bound
is prepared selectively~as shown in Fig. 2 foruv515&, for
example!, while in the second stage, an efficient populati
transfer to a very high target bound state is achieved
pumping the respective overtone transition, or an effici
dissociation is realized by pumping a suitable multipho
transition. The series of optimally chosen shaped laser pu
provide a flexible tool for controlling the state-selective m
lecular dynamics up to the topmost bound states, as we
for efficient dissociation. The overlap of sequential las
pulses is a very important optimization parameter in
overall laser control scheme which, being optimally chos
significantly increases the population transfer to the tar
bound state and the dissociation yield.

IV. CONCLUSION

In the present work the laser-controlled ultrafast sta
selective excitation of high vibrational bound states and d
sociation of diatomic molecules in an environment has b
investigated by means of computer simulation within the
duced density matrix formalism beyond a Markov-type a
proximation. This work provides the extension of our pre
ous study of the ultrafast population transfer to low a
moderately high vibrational bound states where the la
induced dissociation could be safely neglected@31#. The re-
sults of the present work show that very high vibration
bound states of a molecule coupled to an environment,
cluding the bound states close to the dissociation thresh
can be populated selectively on a picosecond time scale
the probability up to 70–80 % or, alternatively, the dissoc
tion yield of about 75% can be achieved, despite
molecule-environment coupling which reduces the lifetim
of the vibrational bound states into a subpicosecond t
domain. The optimal laser fields efficiently controlling the
processes may include the superposition of up to four su
cosecond shaped laser pulses with properly chosen am
tudes, carrier frequencies and overlaps.

Our computer simulations have been carried out fo
one-dimensional dissociative Morse oscillator~a molecule!
tailored to the local OH bond in the H2O and HOD mol-
ecules in the ground electronic state. The environment
been represented by an infinite ensemble of harmonic o
lators, with the maximal strength of the molecul
environment coupling corresponding to all molecular f
quencies. The quasiresonant molecule-environment coup
assumed in this work, being the most unfavorable condit
at
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has made it possible to study the limits of the ultrafast las
pulse control of the state-selective dissipative dynamics
diatomic molecules. Therefore, both the 70–80 % populat
transfer to the topmost bound states and nearly 75% di
ciation yield demonstrated in the present work may be s
stantially higher, if a specific environment is off resonan
with the molecular frequencies.

The role of molecular rotation in the presence of an en
ronment requires special investigation. The relevance of o
dimensional to full-dimensional simulations has been d
cussed recently for the isolated HF in Ref.@40# and
specifically for the state-selective population transfer in i
lated OH in Ref.@38#. Note also that in the presence of a
environment the role of rotation is diminished by th
molecule-environment coupling, while the strong linea
polarized laser fields, used in our control schemes for m
nipulation of the dissipative vibrational dynamics of OH, c
induce a substantial degree of molecular alignment@53,54#.

The coupling of the dissociation fragments to the enviro
ment has not been taken into account in the present st
which corresponds, for example, to a molecule adsorbed
surface. Note that the aforementioned bound-continuum c
pling could rather easily be included in the basic equations
motion ~33! and~40! by making use of the respective matr
elements^vuQu«&, which can be evaluated similar to th
bound-continuum matrix elements^vumu«&, as in Ref.@39#.
This will make it possible to consider molecular recombin
tion in the gas phase, for example. Our investigations al
this line are currently in progress and will be reported in
future work.

The role of the laser-induced continuum-continuum tra
sitions ~which have not been taken into account in t
present study! has been investigated in detail for the isolat
OH previously @38,39#, and in the present work we hav
used such laser electric-field strengths and the carrier
quencies that the continuum-continuum transitions are of
nor importance. Suffice it to indicate here that t
continuum-continuum transitions can increase the disso
tion yield not more than by about 1–2 % in the case of
lective preparation of high vibrational bound states@excita-
tion pathway~51! and/or ~53!#, and therefore they do no
practically influence the state-selective population trans
In the case of multiphoton dissociation@excitation pathway
~54!#, the continuum-continuum transitions play only a co
structive role, because they may increase the dissocia
probability by about 10%, at least for the isolated OH. No
also, that taking account of the laser-induced continuu
continuum transitions seems not to be practicable in the
ergy representation used in this work. The coordinate sp
representation may prove to be more suitable, but it requ
the development of the respective efficient numerical me
ods beyond a Markov-type approximation.
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