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Ultrafast laser-pulse control for selective excitation of high vibrational states and dissociation
of diatomic molecules in an environment
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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 ¢bthe H
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 puls¢S1050-294{@7)02710-9

PACS numbegps): 42.50.Vk

I. INTRODUCTION 20-30 % higher level of the population transfer on a pico-
second(ps) time scale. Selective preparation of high vibra-
Laser-controlled manipulation of population dynamics oftional bound states, including those close to the dissociation
molecules, in particular complete localization of populationthreshold, have been simulated only for isolated [3B,39,
at a prescribed target level, or the population transfer, hageglecting the coupling to an environment. The laser-
long been a subject of considerable attenfibA31]. An im- induced dissociation of molecules has also attracted much
portant line in this field is ultrafast state-selective control ofinterest(see, for example, recent work89—41, and refer-

vibrational excitation and dissociation of molecules, which€nces thereinbut to the best of our knowledge, the environ-
may result in various types of intermolecular and intramo-Mental degrees of freedom have not been taken into account

lecular selectivity{32—41], if the process of selective steer- yet_'l_h im of th i Kistoi tiqate th ibil
ing of a molecule to a specified target by the laser field can € aim of the present work IS 1o Investigate the possioil-

compete aganst nonslece yocesses, suh s ety St ocalzaton ofpopuiton at vy g vbre
[15,25—-3]. Of special interest is the problem of state- » UP

. : . oo the dissociation threshold, along with the laser-induced dis-
selective preparation of molecules at high vibrational levels

. . . " sociation from selectively prepared high vibrational bound
mc!udmg_levels close to the (_jlssomatmn th_resh[_ﬂ&,SQ], states in the presence of an environment.
which is important for controlling cross sections in molecu- g 3 model system in our computer simulations we use a

lar collisions, for manipulating the outcome of chemical re-jisgociative, one-dimensional quantum Morse oscillator,
actions, and creates favourable starting conditions for effiyitn the specific parameters being tailored to the local OH
cient dissociation. bond of the HO and HOD molecules in the electronic
Until now, theoretical investigations of the state-selectiveground state. The Morse oscillat@ moleculg is coupled to
vibrational excitation have been mostly devoted to low levelsa thermal bathian unobserved environmermepresented by
of isolated molecules, including fairly realistic one- an infinite number of harmonic oscillators. In order to inves-
dimensional(1D), 2D, and 3D models of OH, HF, HOD, tigate the possibility of state-selective laser control and dis-
H,O, SiH,, and NH, molecules[6,11,17-20,2R The adia- sociation at the extreme conditions, the environment is as-
batic passage approach for the population transfer has begamed to be quasiresonant, with the maximal strength of the
studied both theoretically10,13,14,24,2F and experimen- coupling to the molecule corresponding exactly to molecular
tally [4,5,9,12,21,28 The role of the environmental degrees frequencies. Similar quasiresonant model environments have
of freedom has been studied in Markov-type approximationgeen already used in our previous wofR8—31 for inves-
[15,25,26 and recently within a non-Markov approal9— tigation of state-selective excitation of low vibrational states
31]. It has been shown, in particular for low vibrational of HOD molecules[29], ultrafast laser-pulse control of
states of OH[31], that the non-Markov approach provides isomerization reaction80], and for selective vibrational ex-
citation of OH up tav =10[31], where dissociation could be
safely neglectef38]. The laser field is treated classically and
*Permanent address: B. I. Stepanov Institute of Physics, Belarus assumed to excite molecular vibrations without influence
Academy of Sciences, Skaryna Ave. 70, 220602 Minsk, Republion the environment. Molecular rotations, coupling of the dis-
of Belarus. sociation fragments to the environment, and the laser-
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induced continuum-continuum transitions are not taken into V(r,t)=—u(r)&t), (7

account. These assumptions are discussed in the following.

All results presented below have been simulated beyond where &(t) is the component of the laser electric field

Markov-type approximation. strength along the molecular dipole, and the molecular dipole
moment operator is represented by Mecke funcfitih46

Il. MODELS, EQUATIONS OF MOTION AND
TECHNIQUES p(r)= ol exp(—r/r9, (8)

The Hamiltonian characterizing the total system, a moI-WhereMo:7;85[?/A andr®=0.6 A. o _
ecule coupled to an environment, can be written in the form The HamiltonianW(r,{z,}), describing the coupling of

the molecule to an environment, is taken in the form
H(r,{zy}t) =Hmo(r) +V(r,t) + W(r,{z,}) + Ho({z,}),
(rizd S iz, W(r {z,)=AQ(NF({z,), 9

where H,,o(r) is the Hamiltonian of an unperturbed mol- Where A is a constant for the strength of the molecule-
ecule, V(r,t) describes its interaction with a laser field, environment coupling, an@(r) and F({z,}) are the mo-
W(r,{z,}) describes the interaction between the moleculdecular and the environment coupling operators, correspond-
and the environment, an#({z,}) is the Hamiltonian for ingly.
the environment, withz,} standing for the environmental ~ The molecular coupling operator is chosen in the form
degrees of freedom. Atomic units are used below unless otH47]
erwise explicitly indicated. Q(r)=(1/B){1—exd —B(r—ry 1}, (10

An unperturbed diatomic molecule is described by the

molecular Hamiltonian as in our previous work31]. _
The environmental coupling operatb({z,}) is assumed

Hmol(1)=P?/2M+Vy (1), (2)  to be linear and factorized with respect to the environmental

degrees of freedom, as
where for OH under study the reduced mass ns

=1728.53%,, with m, standing for electron rest mass, and F{zh=> Kyzy, u=12,... . (17
the Morse potential is specified by u

Viu(r)=D{exd —28(r—ro)]—2 exg — B(r—ro) 1}, The molecule-environment coupling operatdy is nonlin-
3 ear, but it becomes linear,

where the equilibrium distanagy=1.821a,, Morse param- W(r {z,)—A(r—rg) X Kyz,, (12
eter,8=1.189151, a, is the Bohr radius, and well depth !
=0.199&,,. in the harmonic limit for the Morse oscillatoR — =, 8—0,

The discrete, bound molecular eigenstates are denoted gfdp g2 const.

[v). The molecular Hamiltoniafttyq(r) supports 22 bound  The Hamiltonian for the environmenits({z,}) is repre-
vibrational eigenstates with eigenenergies sented by an infinite ensemble of harmonic oscillators:

Ev=—D+h[a)e(v+0.5)—Aa(v+0.5)2], (4) He({zu})ZE Hu(zu)! (13)

wherev=0,1, ... pma=21, the harmonic frequency s,
=By2D/m, and the anharmonicity constant a2  Wwhere

=hw?l4D. The eigenfunctiongv) of the bound vibrational Hy(24) = p2l2my+ (My/2) 022, (14)

states are the well-known Morse oscillator wave functions

(see, e.g., Ref§42,43). with m,, being the effective mass aiiti, being the frequency
The continuum eigenstates with eigenenergie) are of the environmental oscillatan, whereu=1,2,... . The

denoted age), and the eigenfunctiong(s,r) of the con- eigenfunctions corresponding to the environmental degrees
tinuum states may be represented by the Whittaker functiongf freedom are the well-known harmonic-oscillator wave

(see, e.g., Ref44)). functions.
The molecular eigenstates satisfy the time-independent It is suitable to start with the equation of motion for the
Schralinger equations total system(molecule plus environmentn the interaction
picture. The density matrix characterizing the total system in
Hmo(D0)=E,|v), Hmo(r)|e)=¢le) (5)  the interaction picture is denoted by(t). Its time evolution

o ) is governed by the Liouville equatidd 8]
and the orthonormalization relations

do(t)
ot

A laser field is assumed to be linearly polarized. Its inter- X[Q(r,OF,({z}1),0,(D)]. (15)
action with the molecule is described within the semiclassi-
cal electric dipole approximation by the interaction Hamil- The reduced density matrix of the molecule coupled to an
tonian unobserved environment is defined as

(vlv"y=6,,, (ele’)=d8(s—¢"), (elv)=0. (6) =) EM) [ p(r, 1), o () ]—i(AlR)
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0,()=Tro(t)], (16) vironment coupling=({z,}) of the same order of magnitude
as the molecular couplin®(r). The specific values of the
where Tg, refers to the trace over all environmental degreesparameters<,, and Q,, in Egs. (24)—(26) are still rather ar-
of freedom. The equation of motion for the reduced densitybitrary and flexible, they should be defined by a particular
matrix is obtained, as usudkee, e.g., Ref48]) by making  environment and the molecule-environment coupling, for ex-

use of the formal solution of the Liouville equatigh5), ample, such as described below for a model quasiresonant
. environment.
0|(t)=0|(0)+(i/ﬁ)J AU {LE ) (1 b)), 00(t)] Thg qyasweso_nant nature of 'Fhe molecqle—enwronment
0 coupling is taken into account, as in our previous W@k],

, , , under the assumption that the environmental frequeriejes
—ALQ(r )Rz, t"), o0 (1) ], a7 are closely spaced near the molecular frequencigs,
=(E,—En)/#, and the density of the environmental fre-
quencies in the vicinity of eaclv,, is represented by a
Lorentzian-type distribution

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

o(t)=0,()e(0), (18

1 Y
where G0 = — (Ymn/ Q)" -

2 (omn— Q)%

(27)

0e(0)=exp(—He/kgT)/Trelexp(—He/kgT)]. (A9 are G'mn/ Q)P is a normalization factor with a scaling

Finally one gets the equation of motion for the reduced denParametetl,, and yy,,>0 determines the width of the dis-

sity matrix tribution g,,,(Q2) which has a maximum d2 = w,,,. Under
these assumptions we can change in @4) from the infi-
ﬁQ|( ) nite sum overu to finite sums overm>n containing the
—— = (1R EO) [ (r,1),0,(1)] integrals
—(A/R)[Qi(r,1),Gy(r,1)], (20) (F(OF(t)) % E K2D(Q, t—t',T)
where G,(r,t), which will be referred to as the time- 2 I
?ependent relaxation matrix, is given in the interaction pic- E E K f ™10
ure by = & A
XP(Q,t—t", T)gmn(Q), (28

t
G|(r,t)=fodt’{Q,(r,t’)gl(t’)<F(t)F(t’))
where Apn<omn<Bmn- The Bose-Einstein distribution
—0,(t")Q(r t"){F(t")F(1))}, (21)  function n(Q) is approximated in each frequency interval
_ _ _ Ann=Q=<B,,, by its “central value” n(wg). Assuming
and the time correlation functiongF(t)F(t')) and  gjso that the reasonable choicejgf, provides small overlap
(F(t")F(1)) in Eq. (21) are defined, as usup48] by of the neighboring distributionsg,(2), we can set

P , Ann=—0o and B,,,=, which yields tabulated integrals
(FIOF))=TrFi({zo},)Fi({z},t)ee(0)], (22 [49] in Eq. (28). The final expression for the time correlation
(FF)=TrdF ({z,},t)F i ({zy}, 1) 0e(0)].  (23)

function (24) has the form
For the model environment composed of an infinite en- (F(OF ()=
semble of harmonic oscillatofsee Egs(13) and(14)] it can
be shown that

2= Z mn(')’mn Qo)

Xexp(— '}’mnlt_t,|)

Nlc‘PN

1 — . )
(FOOF')=5 2 (AImQ KD (Qy t—t',T), X{[N(wmp) +1]exd —iony(t—t")]
u —_— .
(24) +n(wmn)exq|wmn(t_t,)]}- (29
where Equation(29) will be used for evaluating the time-dependent
O(Qy,t—t", T)={[n(Qy)+1]lexd —iQ,(t—t")] relaxation matrix(21) in the equation of motiort20) as de-
_ i . scribed below.
+n(QyexdiQy(t=t")]}, (25) In a general case, numerical integration of the integrodif-
with ferential equation of motiof20) beyond a Markov-type ap-

proximation is an extremely time-consuming task. In the

1 26 present work, the state-selective preparation of high vibra-

exp(hQ,/kgT)—1" (28 tional bound states as well as dissociation of OH are inves-
tigated under the following two assumptions.

and (F(t)F(t"))=(F(t')F(t))*. It is also suitable to as- (1) The coupling of the dissociation fragments to the en-

sume in Eq.(24) that (ﬁ/muQu)=aS, which yields the en- vironment is not taken into account, which enters the de-

n(Q,)=
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scription by assuming that the respective metrix elements oérgy ¢ is set toe,y t0 be detailed below, and the time-
the molecular coupling operatQ(r) in the basis of molecu- dependent relaxation matrix elemef@g(t)y; in the interac-
lar eigenstatety) and|e) are zeros: tion picture have the form

Q,.=(v[Qle)=0, Q.r.=(e'|Qle)=0.  (30)

t
’ ’ ' r\1b ’

This assumption corresponds, for example, to a moleculg'(t)k':fodt UFOFENIQIE) et = (F)IF(D)
adsorbed on a surface.

(2) In the second assumption we take into account that X[ (t)Q ()R} (39
the laser-induced continuum-continuum transitions could be
safely neglected in a rather wide range of the laser electri
field strength and the carrier frequeni38,39 and set the
respective matrix elements of the molecular dipole moment

“The initial conditions,

operatoru(r) to zero: 01(0),1,

MS,S:<8,|M|8>:0' (31)
This assumption has been checked in detail for the isolated exp(—E, [kgT) ; exp(= By IkeT) | 0y1s s
OH in our recent workg38,39, and in the following we (35)

shall use such laser electric-field strengths and the carrier
frequencies that the continuum-continuum transitions are in- o
deed of minor importance, at least for the isolated OH. correspend to the thermal equilibrium of the molecule and
For numerical integration, the basic equation of motionthe environment at =300 K. .
(20) and the time-dependent relaxation mat®l) are rep- ' Equat!on(33) mcludes'the bound-continuum reduced.den-
resented in the basis of molecular eigenstatésand ), ~ Sity matrix elements which are governed by the equation
taking into account Eq430) and(31). Before proceeding, it
is suitable to introduce the following notations for the matrix

Jd
elements: 1 Q1D =(R)ED [m(1), @D,
[A,B]gm:kZ (Akakn_BmkAkn)i + fsmaxd8’M|(t)U€rQ|(t)glg]
=0 0
—(AR)Q()G(D12,, (36)

(AB)gwn: kZO Akakna

(32) where the time-dependent relaxation matrix elements), .
Umax have the form

(AB)bm.e: k§=:0 Akaks ’

t
. G.mke:Jodt'<F(t)F(t'>>[Q.(t’>e.<t’>]Es- (37
[AaB]:raszO (AsrkBie— BoriArs ) -

. . . The initial conditions in Eq(36) arep,(0),,=0.
The upper index in Eq. (32) and in what follows serves 1o g4, 1ation(36) includes the continuum-continuum reduced

indicate that summation over the bound states only is inyengjty matrix elements which are governed by the equation
cluded, while the lower indexes may include both discrete

and continuum states.
The equation of motion for the bound-bound reduced den-

[ b
sity matrix elements can be written in the form 2 Q1 0er=(MED[m (D). (D], , (38)
d . b . _— "
21 1y =(R)ED [m(D),01(D],,,, with the initial conditionsg,(0),,=0.

The numerical efforts can be reduced drastically by mak-
emax ing use of the formal solution of E¢38) which has the form
+f0 ds,[lul(t)vs’gl(t)s’v’

t
01V, =(i/h) | dtEXm(t), ()], (39
_Ql(t)vslﬂ"(t)s’v’]] I fo M |

—(A/h)Z[Q,(t),G|(t)]SU, , (33)  Substitution of Eq(39) into the right-hand side of Eq36)
yields finally the equation of motion for the bound-
where the upper limit of integration over the continuum en-continuum reduced density matrix elements
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A=(Aaj/hwip). (44)

d
1 @10 =RED [m(t), @D,

The integrodifferential equation&33) and (40) can be
&max t solved by using several modifications of standard numerical

+(i/ﬁ)f ds/lu’l(t)vs’f dt’&(t’) methodg51]. In the present work we use Adams-Bashforth-
0 0 Moulton schemes for a predictor-corrector method similar to

b our previous work429-31. The integrals over timé are
X[M(t'),&(t’)]s/s} approximated with sums and calculated on both predictor
and corrector steps, with the time step beihg<0.1 atu.
- (A/ﬁ)z[QKt)Gl(t)]Sg, (40  The solution of Eqs(33) and(40) yields the reduced density

matrix elements,(t),,. and ¢,(t),.. The time-dependent
where the time-dependent relaxation matrix elemé&(s),,  Populations of the vibrational bound states are given by
are defined by Eq37).

Equations33) and(40) are the basic equations of motion
in the present work. They constitute the set of coupled inte- P,()=@i(t)yy, (45
grodifferential equations for the bound-bound and the bound-

continuum reduced density matrix elements, including the

bound-bound and the bound-continuum matrix elements 0¥Vh'0h are pf primary importance for investigation of the
: ; : . State-selective phenomena. We shall also use the overall
operatorsu,(r,t) and Q(r,t) in the interaction picture,

which are related to the Schtimger picture as follows: population of all bound states in the wel

Umax

(lm(rtfo’ ) =explioy, )y, (41) P er(t) = ZO P,(1). (46)
The populations of the continuum states are represented in
(vl (r,t)]e)=explio, )i, , (42)  this work by integrated quantities
A ; e+Ael2
(|Q(r,H)]v")=expliw,, 1)Q,, - (43 Ps(t):f_A Cde'ei(0. a7

The matrix elements for bound-bound transitiqng,, and  for the narrow discretized energy intervat, and
Q,,+ are evaluated, as in our previous w¢B], following
the methods developed in Refd3] and[50], respectively.
The matrix elements for bound-continuum transitigag,
are evaluated as in our recent worl38,39 (details are
given in the Appendix of Ref[39]). Suffice it to note here for the overall population of all continuum states, which is
that for OH under study a strong decrease of the boundequivalent to the dissociation probabili(t) =1—Py(t).
continuum coupling with increasing energy at-0.09D, The explicit form forp(t) .. in Egs.(47) and(48) is derived
where D is the well depth, allows in our simulations the from Eg.(39). It is given by the equation
upper limit of integration over the continuum energin the
basic equations of motiof33) and (40) to be chosen as C , ,
Emam<0.9D, with the specific value depending on the laser  €1(D)ss=(2/) Odt &t )IZJO IMLO (1) ereiti (1 )ie ]
field strength and the carrier frequency. The integrals ever (49)
in Egs.(33) and(40) are approximated with sums, assuming
that the(v|u|e) are approximately constant over a series ofwhere the reduced density matrix elemengs(t),
energy intervald e;,e;+Ag;], where Ag; are adjusted to =g (t)§, are obtained from the numerical solution of Egs.
obtain desired accuracy. The size of each energy inté&vwal  (33) and (40).
depends on the behavior of the dipole matrix elements To conclude this section, it is worthwhile to note that the
(v|ule) in the vicinity of the discretized continuum energy basic equations of motiof83) and (40) have been derived
g;. For the evenly discretized continuum energy intervalswithin the second-order perturbation theory assuming that
Ag, for example, convergence of the results is achieved athe molecule and the environment are uncorrelfses Eq.
Ae<0.0001%,,. (18) and Ref[48] for detaild. In our previous worK31] the

The time correlation functions in Eqé34) and (37) are  applicability of these approximations for the vibrational
given by Eq.(29) where, taking into account the spacing bound states of OH has been estimated on a picosecond time
between molecular frequencies, we set the paramgigr scale within the fourth-order perturbation theory, where the
=A?/2, which yields the correlation time of the environment molecule and the environment have been assumed to be un-
7.~0.7 ps. Similar to our previous woflB1], we set in our correlated only at the initial timé, but not for all timest
computer simulationp=1 and choose a scaling parameter>0. The respective resul{see the Appendix in Ref31])
Qo=wqo in Eg. (29. The strength of the molecule- are in a good agreement with the non-Markov analysis of the
environment coupling is defined in the following by a dimen- nondissociative state-selective dynamics of OH. A similar
sionless parameter non-Markov approach will be used in the next section for

Peon(t) = fo "de’ 01(1), 1,1, (48)

Umax
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FIG. 1. Selective preparation of vibrational bound state 15) . . . .
of OH by three nonoverlapping 1 ps laser pulges(b) Population 0 025 Lk (pSO)-75 .
dynamics at different strengths of the molecule-environment cou
pling \. Numbers of levels are indicated near the curves, “Well’—  FIG. 2. Selective preparation of vibrational bound state 15)
overall population of all bound state@) Optimal laser field; the of OH by three optimally overlapping 0.5 ps laser pulses,(b)
laser pulse parameter§*'=328.05 MV/cm, 0$"'=3424.19 cm?, Population dynamicgc) Optimal laser field; the laser pulse param-
EP'=176.44 MV/cm, w3P'=252552 cm?, £P'=148.07 MV/cm,  etersiEP'=400.75 MV/cm,w{"'=3425.79 cm*, £57'=214.56 MV/
wP'=1625.67 cm™. cm, wdP'=2524.69 cm?, t'=0.35 ps, £5'=178.21 MV/cm,

w3'=1629.83 cm?, t35'=0.65 ps[t3 stands for the optimal time

simulations of dissociative dynamics of OH. The applicabil-°f the beginning of théth laser pulse, see EGO)]
ity of our basic equations of motio(83) and (40) is also
restricted to rather small values of the coupling parameter o . . : I
defined by Eq.(44), for example, such as used in the next localization of population at a c_hqsgn hlgh—lymg V|br.at|.onal
section. Nevertheless, the quasiresonant nature of the emﬂpund state|v), along with minimizing the dissociation

ronment makes it possible to consider rather fast reIaxatioRrOt.)ablllty D.’ Wh'le. In Fhe. second stage, the aim is to
rates(see also Refd29—31)). achieve maximal dissociation from the selectively prepared

high-lying bound state. In both cases the laser-driven mo-

lecular dynamics should compete against relaxation.
Ill. SELECTIVE PREPARATION OF HIGH VIBRATIONAL The laser fields to be used for selective excitation of high
BOUND STATES AND DISSOCIATION vibrational bound states and dissociation of OH may be com-

. , N posed, in general, of several ultrashort pulses with the global
Excitation of high vibrational bound states by short andg|ectric field strength

strong laser pulses can be accompanied by substantial disso-

ciation unless a special care is taken of optimal design of the 5(t)=2 & sir[m(t—tg)/t,]cog wi(t—tg)+ @]
laser field to be used for preparing the state selectively. ! ovT el D
Therefore in the first stage, our aim is to achieve maximal (50
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where theith laser pulse starts & to; , its duration isty;, mally chosen overlaps increase the electric-field strength be-

:?ee S:aer:: é”c.ltféd irgsp “tUdfo\llgéd f:)ng:ioésn;[ir:]eorl?;eroﬁggceé tween the pulses. All the three factors improve the state-
q Y. phases p P ' selective laser control of molecular excitation. In Fig&)?2

and the results below are presentedgpr0. The sif shape i : . _ : )
of the laser pulses is suitable, but rather arbitrary. Similaf nd 2b) the state-selective preparation of=15), is dem

results can be obtained by using other “bell’-type shapes mpnstrated for the same excitation pathwg) which is con-
y 9 . yp P trolled by three overlapping 0.5 ps laser pulses at the same
the pulses, for example, Gauss[#&j, or soliton-type, hyper-

: . o molecule-environment couplings as in Fig.(1=0.1 and
bolic secant Shap@.“@ With the large V|br§1t|onal quanta 0.2). The optimal laser field composed of the three overlap-
of OH, only the vibrational ground state is substantially

Y : : i Ises is shown in Fig.(® together with the sthen-
opulated initially afT =300 K, while the population of the ping pu ; .
ﬁrsﬁ excited sta%/e P _1(0)=1.31x 10*8p F;or example. velopeg of the pulses. It is clearly seen from Fig. 2 that
Therefore the densit rn_z;trix eIemerg$(t>b) are equal population transfer to the target state=15) is remarkably
ith q y to their initial U’IU 0 increased, as compared to the case shown in Fig. 1, espe-
VX' s a(svergn%o?hea};girraﬁé dois seleritlcnr:;?j (\)/r? ufs(hgg’vbeencially at the strong molecule-environment coupling: the
shoz/v% 73 our previous work31]. For this rea:son it is as- maximal population of the target bound stat®[5™=0.81 at

— max__ __ H
sumed in the following that the laser field is switched on at}‘_o'l’ andPy5"=0.71 at)\—Q.Z[more than ten times larger
t=0. as compared to the respective case of Fif)]1 The overall

The amplitudess,, the carrier frequencies; and the populations of the bound states, shown by curves “Well” in

L e -+ Figs. d 2b), imply rather small dissociation probabili-

overlaps of individual laser pulses are optimized as descrlbeﬁ'gs_ Zj‘) an N " =
in Refs.[29-31,38,39 in order to achieve a prespecified ties: D~0.07 andD~0.05 ath=0.1 andA=0.2, correspond-
gly. Minimization of the dissociation probability is very

aim: maximize the population of the target bound state alon o . . L
portant for efficient population transfer to high vibrational

with minimizing the dissociation probability or, alterna- : S o
g P Y bound states. Note that the dissociation probability decreases

tively, maximize the dissociation yield. In order to demon- th i f1h lecule to th . i
strate our general approach to the optimal design of the lasd® € coupling ol tn€ molecule fo the environment INCreases.
Another possibility of population transfer to the target

field, we choose the bound stdte=15) as a target for state- telyp = 15 b i imilar to isolated molecul
selective preparation. This state may also serve as a suita elv=15) can be rea izedsimilar to ISolated molecules
8,39) by pumping the overtone transition

intermediate for selective preparation of the topmost boun
states(close to the dissociation threshpldnd for efficient |lv=10)—(1 photon— |v=15) (52

dissociation as well. Selective preparation®f 15) can be in the third step of the excitation pathwésd). Similar to the

achieved, for example, by making use of three laser pulsegreyious case, the population transfer is efficient, if short and
pumping the sequential five-photon transitions overlapping laser pulses are used.

On the contrary, the topmost bound states can be prepared
lv=0)—(5 photong—|v=5)—(5 photong— |v=10) selectively only if the overtone transition is pumped in the
_ final step of the overall excitation pathway, while the respec-
—(5 photong—|v=15). (51) tive multiphoton pumping can yield efficient dissociation.
The population dynamics controlled by three nonoverlap-These issues are demonstrated below for selective prepara-
ping 1 ps laser pulses is shown in Figga)land Xb) for  tion of the bound statév =20) and for multiphoton disso-
A=0.1 and 0.2, respectively. Numbers of bound states aréiation of OH via the intermediate bound state=19).
indicated near the curves, curve “Well” in Fig(d gives Selective preparation of the target bound staie: 20)
the overall population of all bound states. The dissociatior{i.€., one state before the highest bound state of Gt be
probability is very small, less than 1% at=0.1, for ex- achieved by making use of four laser pulses pumping the
ample. The optimal laser field is shown in the bottom, Fig.sequential resonances according to the following excitation
1(c). Note that the three sequential 1 ps laser pulses yiel@athway:
almost complete, more than 95%, population transfer t?
|v=15) in the absence of relaxatigh=0), see Refs38,39 IV =0)—(5 photong—|v=5)—(5 photong— |v=10)

for details. At a moderate relaxation, Figa)], the maximal (5 photon$—|v=15)—(1 photon— |v=20).
population of the target bound stateR§£"=0.55, while at
the strong relaxation, Fig.(t), the maximal populatiofP]> (53)

is only 0.06(even less than population of the initial state In our computer simulations we use optimally overlapping
|v=0) at the end of the third laser pu)sét is seen from Fig. 0.5 ps laser pulses. The population dynamics controlled by
1 that while the first(strongest laser pulse dominates over the four pulses is shown in Figs(e8 and 3b) for A=0.1 and
relaxation, providing rather high population transfer to the0.2, respectively, where curves “Well” give the overall
intermediate bound state =5), weaker laser pulse@he populations of all bound states. The optimal laser field is
second and the thijccannot efficiently compete against re- shown in the bottom, Fig.(8), together with the sthenve-
laxation, especially at the strong molecule-environment coutopes of the four pulses. The maximal population of the tar-
pling (\=0.2). Relaxation is also a dominance between theget bound state i$5;5"=0.69 atA=0.1 andP3;"=0.55 at
pulses where the laser field is weak. A=0.2. On the contrary, the dissociation probability by the
The laser control over the population dynamics can beend of the last pulse is fairly small>~0.15 andD~0.11 at
much enhanced by making use of shorter and/or overlapping=0.1, and\=0.2, correspondingly. Note that minimization
laser pulses. Shorter laser pulses reduce the overall time of the dissociation probability is a nontrivial task when pre-
the process and require stronger optimal fields, while optiparing the topmost bound states. It is seen from Fig. 3 that
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FIG. 3. Selective preparation of vibrational bound state 20) FIG. 4. Multiphoton dissociation of OH by four optimally over-

of OH by four optimally overlapping 0.5 ps laser pulsés),(b) lapping 0.5 ps laser pulse&),(b) Population dynamics(c) Opti-
Population dynamicgc) Optimal laser field; the laser pulse param- mal laser field; the laser pulse parametef§'=400.75 MV/cm,
eters: £P'=400.75 MV/cm, 0SP'=3425.79 cm™!, £P=21456 w{"'=3425.79cm?, &P'=214.56 MVicm, w3*'=2524.69 cm’,
MV/cm, o3P'=2524.69 cm?, t38'=0.35 ps,£P'=178.21 MVicm,  t5'=0.35 ps,£3"'=178.21 MV/em,w3"'=1629.83 cm*, t8'=0.65
0P'=1629.83cm?’, tB=0.65 ps, £P=132.99 MVicm, ps,EP'=180.87 MVicm,w§'=822.464 cm?, th'=1 ps.
03P'=3663.47 cm?, t38'=0.91 ps.

pathway to be controlled by four laser pulses can be sche-
even very high vibrational bound states of a moleculeMatically presented as
coupled to an environment can be prepared selectively, with
the probability of about 55-70 %, if the laser field control- |y =0)— (5 photong— |v=5)—(5 photong— |v=10)
ling this process is properly shaped and optimized.

For the efficient dissociation of a molecule to be achieved, —(5 photong— |v=15—(4 photon$— |v=19)

the overall excitation pathwaip3) should be modified in the
last step only, for example, as follows. We choose the bound
state|[v=19) as a higher intermediate state, which being The population dynamics during the multiphoton disso-
pumped in the vicinity of four-photon resonance from theciation of OH through the pathwa§p4) controlled by four
state|v=15), is spaced by one quantum of photon energyoptimally overlapping 0.5 ps laser pulses is shown in Figs.
from the continuum statete— ds)<e<(e+dg) which are  4(a) and 4b) for A=0.1 and 0.2, respectively, where curves
close to the maximum of the laser-induced bound-continuunfContinuum™ give the overall populations of all continuum
coupling represented by the matrix elemént=19 u|e) statesP,n(t) [see Eq.(48)], which is equivalent to the dis-
(see Ref[39] for detail9. Therefore the overall dissociation sociation probabilityD(t). The optimal laser field is shown

—(1 photon—‘continuum’’. (59
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in the bottom, Fig. &), together with the sﬁ1enve|0pes of has made it possible to study the limits of the ultrafast laser-
the pulses. The overall population of the continuum states dtulse control of the state-selective dissipative dynamics of
the end of the last laser pulse B,,~0.75 atA=0.1, and  diatomic molecules. Therefore, both the 70-80 % population
Peont~0.59 atA=0.2, implying an efficient dissociation of a transfer to the topmost bound states and nearly 75% disso-
molecule even in the presence of the quasiresonant envirofiation yield demonstrated in the present work may be sub-
ment, which reduces the lifetimes of the vibrational boundstantially higher, if a specific environment is off resonance

states into a subpicosecond time domain. with the molecular frequencies.

Comparison of the results presented in Figs. 3 and 4 The role of molecular rotation in the presence of an envi-
shows that the optimal design of the laser control field caffonment requires special investigation. The relevance of one-
yield either the efficient population transfer to a very highdimensional to full-dimensional simulations has been dis-
vibrational bound state along with a small dissociation prob-cussed recently for the isolated HF in Re#0] and
ability (as shown in Fig. 3 fofv =20)) or, alternatively, the specifically for the state-selective population transfer in iso-
efficient dissociation of a molecul@s shown in Fig. 4 The  lated OH in Ref[38]. Note also that in the presence of an
overall laser control scheme is basically devided into twoenvironment the role of rotation is diminished by the
stages: in the first stage, a suitable intermediate bound staf@olecule-environment coupling, while the strong linearly
is prepared selectivelgas shown in Fig. 2 fotv=15), for ~ polarized laser fields, used in our control schemes for ma-
example, while in the second stage, an efficient populationnipulation of the dissipative vibrational dynamics of OH, can
transfer to a very high target bound state is achieved bynduce a substantial degree of molecular alignni6t54.
pumping the respective overtone transition, or an efficient The coupling of the dissociation fragments to the environ-
dissociation is realized by pumping a suitable multiphotonment has not been taken into account in the present study,
transition. The series of optimally chosen shaped laser pulsé¥hich corresponds, for example, to a molecule adsorbed on a
provide a flexible tool for controlling the state-selective mo- surface. Note that the aforementioned bound-continuum cou-
lecular dynamics up to the topmost bound states, as well dgjlng could rather eaSily be included in the basic equations of
for efficient dissociation. The overlap of sequential lasermotion(33) and(40) by making use of the respective matrix
pulses is a very important optimization parameter in theelements(v|Q|e), which can be evaluated similar to the
overall laser control scheme which, being optimally chosenbound-continuum matrix elemengs|u|s), as in Ref[39].
significantly increases the population transfer to the targefhis will make it possible to consider molecular recombina-
bound state and the dissociation yield. tion in the gas phase, for example. Our investigations along

this line are currently in progress and will be reported in a
future work.
IV. CONCLUSION The role of the laser-induced continuum-continuum tran-
sitions (which have not been taken into account in the
present studyhas been investigated in detail for the isolated

selective excitation of high vibrational bound states and dis ¥ ouslv[38 3 d in th K h
sociation of diatomic molecules in an environment has beel? previously[38,39, and In the present work we have
used such laser electric-field strengths and the carrier fre-

investigated by means of computer simulation within the re- ; . _ . ;
duced density matrix formalism beyond a Markov-type ap-dUencies that the continuum-continuum transitions are of mi-
proximation. This work provides the extension of our previ-nor _Importance. Suffice it to mdu;ate here that th?
ous study of the ultrafast population transfer to low angcontinuum-continuum transitions can increase the dissocia-
. . . 1 H _ 0 . _
moderately high vibrational bound states where the laseri" Yield not more than by about 1-2 % in the case of se

: ; ot lective preparation of high vibrational bound stafegcita-
induced dissociation could be safely negledigd]. The re-
sults of the present work show that very high vibrationallion Pathway(51) and/or(53)], and therefore they do not

bound states of a molecule coupled to an environment inpractically influence the state-selective population transfer.

cluding the bound states close to the dissociation thresholtjag the case of multiphoton dissociatiexcitation pathway

can be populated selectively on a picosecond time scale wit 9], 'the continuum-continuum tran3|t|ons play on!y a con-
the probability up to 70—80 % or, alternatively, the dissocia-Structive role, because they may increase the dissociation

tion yield of about 75% can be achieved, despite theorobability by _about 10%, at least for th(_e isolated OH_. Note

molecule-environment coupling which reduces the Iifetimesalsoi that takmg account of the Iaser—lnduped continuum-
of the vibrational bound states into a subpicosecond tim&ontinuum transitions seems not to be practlcablg in the en-
domain. The optimal laser fields efficiently controlling these®'9Y represgntatlon used in this work. The coordln_ate space
processes may include the superposition of up to four subpEPresentation may prove to be more suitable, but it requires
cosecond shaped laser pulses with properly chosen ampﬁhe development of the respectlve_efflqlent numerical meth-
tudes, carrier frequencies and overlaps. ods beyond a Markov-type approximation.

Our computer simulations have been carried out for a
one-dimensional dissociative Morse oscillatar moleculg
tailored to the local OH bond in the ® and HOD mol-
ecules in the ground electronic state. The environment has We would like to thank Professor J. Manz for helpful
been represented by an infinite ensemble of harmonic osciliscussions. The present research was supported by the
lators, with the maximal strength of the molecule- Volkswagen-Stiftung, Project No. 1/69 348, which is grate-
environment coupling corresponding to all molecular fre-fully acknowledged. The computer simulations were carried
guencies. The quasiresonant molecule-environment couplingut on HP 9000/S 750 workstations at the Freie Universita
assumed in this work, being the most unfavorable conditionBerlin.

In the present work the laser-controlled ultrafast state
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