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Ultrafast state-selective dynamics of diatomic molecules in the electronic ground state under the
control of infrared picosecond and femtosecond shaped laser pulses is investigated for the discrete
vibrational bound states and for the dissociative continuum states. Quantum dynamics in a classical
laser field is simulated for a one-dimensional nonrotating dissociative Morse oscillator, representing
the local OH bond in the 50 and HOD molecules. Computer simulations are based on two
approaches — exact treatment by the time-dependent” @olyer equation and approximate
treatment by integro-differential equations for the probability amplitudes of the bound states only.
Combination of these two approaches is useful to reveal mechanisms underlying selective excitation
of the continuum states and above-threshold dissociation in a single electronic state and for
designing optimal laser fields to control selective preparation of the high-lying bound states and the
continuum states. Optimal laser fields can be designed to yield almost 100% selective preparation
of any prescribed bound state, including those close to the dissociation threshold. State-selective
preparation of the highest bound state may be accompanied by the appearance of a quasi-bound
molecular state in the continuum with the kinetic energy of the fragments being close to zero. The
respective above-threshold dissociation spectrum contains an additional, zero-order peak. The
laser-induced dissociation from selectively prepared high-lying bound states is shown to be very
efficient, with the dissociation probability approaching the maximal value. Flexible tools of
state-selective laser control are developed which enable one to achieve selective control of the
dissociation spectra resulting in time-selective and space-selective control of the dissociation
fragments. ©1996 American Institute of Physids§0021-96006)02729-9

I. INTRODUCTION selective molecular preparation at specified high vibrational
levels, up to the dissociation threshold, in the electronic

Selective excitation and dissociation of molecules by la-yrqund state on a femtosecoffd) and picosecon¢ps) time
ser radiation is a subject of considerable interest in recergcale, along with the laser-induced dissociation from selec-

years!~° It constitutes a wide field of investigations resulting tively prepared states. Until now, high vibrational levels
N many tfundalmenltal appllct;atlons ranglc?? from Cr? "r'l‘:’(;%?ydy'have not been a target for ultra-fast state-selective excitation.
namics 1o molecuiar Specroscopy and 1aser Chemistly. - g0 _selective vibrational excitation in the electronic ground

An important line in this field is selective control of molecu- . L
lar dynamics by properly designed laser fields SelectiveState has been simulated for low vibrational levels of several
' d8;2144-4neglecting the

) o . . diatomic and triatomic molecul
steering a molecule to a specified target may result in varlouFaser induced counling of the discrete bound states to the
types of intermolecular and intramolecular selectivity includ- indu upiing ! u

ing, in particular, isotope-selectivifymode-selectivity:*~14 dissocia_tive continuum states. At _the same time, in theoreti-
state-selectivity®~25 wave packet focusing on electronic cal studies of the Igser-mduceq dissociatisae, e.g., Refs.
surface?®2° narrowband inversion of populatidh, laser- 50—51_) a molecule is oﬁen c_on3|_dered to be already prepared
controlled  isomerizatic—3® and  related isotope selectively at a certain vibrational level, neglecting the
separatior? The respective optimal laser pulse shaping techPreparation itself, which can obviously be accompanied by
niques have been a topic of much interest recefitf! They ~ Substantial dissociation if no care is taken of optimal design
may be based, for example, on optimal control theoryOf the laser field preparing the state. This is especially im-
(OCT),*® as developed by Rabitz and co-work&ts* they  portant for very high vibrational states, close to the dissocia-
may employ the individual optimization of olel?19 o  tion threshold. At the same time, it is most desirable to pre-
more31-34aser pulses with arbitrary shapes, adiabatic paspare a molecule selectively specifically in high vibrational
sage control schemes with optimal timing of pulsestates. This creates favourable starting conditions for effi-
sequence&~2°control of the frequency sweep in broadband cient dissociation and for controlling the state-selective exci-
laser pulses® or make use of chirped laser puldés? tation of the continuum as well. Besides the laser-induced
In this work we consider the laser-controlled state-dissociation, ultrafast state-selective preparation of mol-
ecules at high vibrational levels is useful for subsequent

dpermanent address: B. I. Stepanov Institute of Physics, Belarus Acadenﬁ/hem'(?all reactions, for controlllng'cross-.sectlons in molecu-
of Sciences, Skaryna ave. 70, 220602 Minsk, Republic of Belarus. lar collisions, and for spectroscopic studies.
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In the present work we bridge the gap between the statdt. MODEL, EQUATIONS OF MOTION AND
selective preparation and controlled state-selective dissocid ECHNIQUES
tion.of diatomic molecules. In the first stage, ogr_ aim is to The OH bond under study is specified by the molecular
achieve maximal, close to 100%, state-selectivity for themiltonian
preparation of high vibrational bound states up to the very 3 5
top ones, along with minimization of the dissociation prob-  ~moi=P“2m+Vy(r), @
ability. In the second stage, we use shaped infrared lasetith the reduced mass and Morse potential
tpulses of fs/ps dura}tlon for controlhr.]g mglecular dissocia- V(1) =D{ex — B(r—ro)]—1}2-D, @
ion from the selectively prepared high-lying bound states.
Our goal in this stage is to achieve maximal dissociationvhere the equilibrium distanag=1.821a,, Morse param-

o ) o : _ -1 _
probability along with controllable localization of population eter3=1.18%, ", and well depttD =0.1994 hartree.
in narrow energy domains of the continuum. The ultimate The discrete, bound molecular eigenstates are denoted as

H;). The molecular Hamiltonianz,,, supports 22 bound

aim is state-selective steering of a molecule to any specified’ /- ' ' X : ) X
vibrational eigenstates with the respective eigenenergies

target in the discrete and continuum spectra.
An alternative approaéhincludes efficient multiphoton E,=—D+#A[ws(v+0.5—A%v+0.52], 3)
dissociation by the OCT-designed laser pulse SequUences o , =01 V=21, the harmonic frequency
from .the vibrational ground state. Howeyer, the .state—wezﬁ\/m’ and the anharmonicity constant
selective laser control of molecular dynamics both in thexa_y 24D The eigenfunctions, (r) of bound states are
€ " v

potential well and in the continuum was not specified as gye||-known Morse oscillator wave functiorisee, e.g., Refs.
target in Ref. 41. In earlier workésee, e.g., Refs. 50-p4 57 and 58

simulations were carried out for rectangular pulses, which  The continuum eigenstates with eigenenergies0 are

are not suitable for state-selective control of molecular dydenoted agE), and the eigenfunctiong(E,r) of the con-
namics on a fs/ps time scale, or shaped laser pulses were niiuum states may be represented by the Whittaker functions
properly optimizedsee, e.g., Ref. 55nd they did not yield (see, e.g., Ref. 59

appreciable state-selectivity. The molecular eigenstates satisfy the time-independent
The most straightforward approach to the problem aiSchralinger equations
hand is direct numerical solution of the time-dependent Tmo(DVY=E,[v), Fmo(r)|E)=E|E) (4)

Schralinger equation. Alternative, approximate methods,
which may use complex, non-Hermitian effective Hamilto-
nians(CEH), or variousL? discretized continuum schemes, (vlv'y=6,,, (E|E"Y=8E—-E’), (Elv)=0. (5

have been discussed in detail in Ref. 53. The interaction of OH with a linearly polarized laser

In our present work, the quantum dynamics of an isog|q s described within the semiclassical electric dipole ap-
lated nonrotating diatomic molecule is treated by the t'me'proximation by the interaction Hamiltonian

dependent Schdinger equation for the wave function
¥ (r,t) as well as by the respective equations of motion for (1,0 == p(r) (1), ®)
the probability amplitudes, where the laser induced transiwhere £(t) is the component of the electric field strength
tions between the continuum states are neglected. The lattatong the molecular dipole, and the molecular dipole mo-
treatment follows in part the approach of Flosnik andment operator is described by Mecke functibtt
Wyatt.53 Combination of the two approaches proved to be ()=, + exp(—r/r?) @
suitable for revealing mechanisms underlying selective exci-
tation of the continuum states, for analysing the processes dfith fo="7.85D/A andr°f0.6 A. , S
above-threshold dissociation in a single electronic state, and The quantum _dynamlcs of OH .|.n_the laser f'.emt) IS
for designing optimal laser fields controlling selective prepa-descr'bed by the time-dependent Salinger equation
ration of the bound and continuum states.

As a model system in our simulations we use a dissocia-
tive, one-dimensional Morse oscillator, with the specific pa-
rameters representing the local OH bond in thgdDHand

HOD molecules, which is an extension of the previousiS solved by a split time propagati¢S8 TP method®>~®*with

. . . —21 . . . L]
|.nvest|gat|on§9 where dissociation was neglected. Rota-yq fast Fourier transform procedure used at each grid point.
tions are not taken into account. The interaction with therpe time step of propagatiofrt ranges from 1 to 3 atomic
laser field is treated semiclassically: quantum molecule ifime units. The spatial grid parameters ane=0.06 a, and
classical electric field, which for intense laser fields has beep_=nAr for n=1,2,... N with N=1024,2048,4096 and
shown to be numerically equivalent to the fully quantumg192. The Morse potenti&®) is cut off atr = Ar. At the end
treatmenf® Atomic units are used unless otherwise explic-of the grid, the wave function?(r,t) is damped using a
itly indicated. “gobbler” technique with a Gaussian-shaped functfdrin

and the orthonormalization relations

2 (0,0 = [ o)+ O (1), ®)

Initially, at t=0, the OH is supposed to be in the vibrational
ground state. The time-dependent Sclimger equation(8)
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fact, in the present simulations the damping is practically d v
avoided during the state-selective preparation and dissocia- ih&a(E,t)= —Z(t) X (ElufvYexpliwg, t)a, (1),

tion of a molecule because of the very large valuer pf v'=0
This is checked by the norm remaining on the grid,

./f/'(t)=f;“drxp(r,t)*qr(r,t),

which always fulfils./(t)=1 with much better than 1%
accuracy. The extended griflarger,) are also important in
order to achieve a good resolution in momentum space. The
continuum contribution to the overall wave function
W (r,t) is evaluated in configuration space as

\I'conl(r ) :\P(r )

\Y
=3 [Marg ey, w0
v=0 Ar

and in momentum space as

(15
wherew,, = w,— v, andwg, = wg— w,, . The initial con-

(99  ditions are
a,(t=0)=6,, a(E,t=0)=0 (16)

for the bound and the continuum states, respectively.
The formal solution of Eq(15) with the initial condi-
tions (16) has the form

v t

a(E,H)=(ilh) 3, <E|u|v’>f dt' £(t')
v'=0 0

Xquinvrt,)aur(t,). (17)

Substitution of Eq(17) into the right-hand side of Eq14)
yields the following {+1)-dimensional set of integro-
differential equations(IDE) for the discrete bound states

P AL i only:
oK t)=(2m) drW ondr,t)exp( —iKr). y
Ar
d
(11 it gra,(t)=—4(1) > (vlplvYexpio,, t)a, (t)
The dissociation probability is defined as v 0 y
Emax
r (i 7 ;

fZ’/‘(t)=L?dr|‘I’com(r,t)|2- 12 (./ﬁ)a(t)exp(uwvt)zo . GE
The time-dependent Schdimger equatior(8) is the first ba- X ftdt’<v|,u|E><E|p,|v')eXF(—iwEt)
sic equation of motion in the present work, which will be 0

refered to as the STP approach.

In the second approach the time-dependent wave func-

><g(t,)exqinvrtl)ayr(t,), (18)

tion is represented in the basis of boumd)j and continuum  where the upper limit of integration over the continuum en-
(|E)) states. The respective equations of motion for theergy E is set toE,, Which is detailed below. The initial
probability amplitudesa,(t) and a(E,t), where the laser- conditions area,(t=0)=6,,.

induced continuum—continuum transitions are neglected, are The IDE (18) is the second basic equation of motion in
derived following Flosnik and Wyait as follows. The time- the present work in addition to the time-dependent Schro
dependent wave functiod (r,t) is expressed in the interac- dinger equatiori8). It allows the quantum molecular dynam-

tion picture as
\Y

V(r,t)=2, a,(t)exp—iw,t)|v)+ f:dEa(E,t)

X exp(—iwgt)|E),

ics to be evaluated in terms of the bound states only and is
refered to as the IDE approach. Further approximations to
the IDE(18), similar to those of Flosnik and Wyatt proved

not to be acceptable here, because of the fast oscillations of
the probability amplitudes, (t) in strong laser fields.

13 The dipole moment matrix elements for bound—bound

whereE,=#w, and E=fiwg, while a,(t) anda(E,t) are transitions(v|ulv") are evaluated from Eq7) following

the probability amplitudes for the bound and the continuummethods developed in Ref. 58. A similar approach is used
states, respective|y_ Subsutu“ng Hq_3) into Eq (8) and here for eVaanting the matrix elements for bound-—
operating, as usual, wit{v|exp(w,t) and (E|explwgt)  CONntinuum transitiongv|«|E), which can be reduced to

yields, after neglecting the continuum-continuum transitionstabulated integraf§ (details are given in the AppendixSuf-
the infinite set of coupled differential equations fice it to indicate here that in our model of OH a strong

t o

- Z(t)J':dE<v|,u|E>EXF(ivat)a(E,t),

and

decrease of the bound—continuum coupling with increasing
energy atE>0.05 D allows in our model of OH the upper

- d < |
I g2 (== 2 (vlul)exio,, Ha, () limit of integration over the continuum enerdyin the IDE

(18) to be chosen a&,,,<0.5 D, with the specific value
depending on the laser field strength and the carrier fre-
quency.

The integrals oveE in the IDE (18) are approximated
with sums, assuming that th@|u|E) are approximately
constant over a series of energy intervals

14
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[Eq).Ea+AEq)], whereAE(; are adjusted to obtain de- @
sired accuracy. The size of each energy intetval;, de- : :

pends on the behavior of the dipole matrix elements
(v||E) in the vicinity of the discretized continuum energy
E). The IDE (18) can be solved by using straightforward < _
modifications of standard numerical meth8d3he solution g
a,(t) of the IDE (18) yields the populations of the vibra- =
tional bound states o
3.
P, (t)=|a,(t)|. (19 g
We shall also use the overall population of all bound states
V L
0.0 0.02 0.03 0.04
Puai(t) = 2, P,(1), (20 ’ b e
o=

and the state-selectivity
(=P ()/Pyei(t) (21 , ®

of the molecular preparation in the bound statg
As soon as the probability amplitudag(t) of the bound
states are obtained from the IDES), the continuum ones

12
n )

[54]
a(E,t) are evaluated from Eq17). The populations of the &
continuum states are represented in our work by integrated a
guantities, =
E+AE/2 i/
PED- | dEaE ] 22
—AE/2
for the narrow discretized energy intervak, and 00 0_0'005 0,(;01 0.02)15 0.002
E (E)
Por(D)= | "dEla(Eb)|? 23 h
conf 1) = 0 la(E, )%, (23 FIG. 1. Bound—continuum couplings for OH. Absolute values of the dipole

moment matrix elements of the bound—continuum transitions are shown for
for the total population of all continuum states, which istwo domains of the continuum energg and (b). Numbers of the bound

equivalent to the dissociation probability(t) of Eq. (12).  States are indicated near the curves.

The results obtained by the approximate IDE approach of

Eq. (18) are treated in comparison with those obtained by the

exact STP method. The phasesgp, proved to be of minor importance in the de-
In the design of optimal laser fields for controlling the veloped laser control scheme, and all results below are dem-

molecular dynamics the use is made of a superposition o¥nstrated fokp, = 0. The pulse durations used in our simula-

several laser pulses constituting the global laser field tions are 0.5 ps and 1 ps. The laser pulse shape dtyie
is used in our simulations as in Refs. 15-17, for example.
éf’(t)=2 Zi Sin2[7'r(t—t0k)/tpk]COS{wk(t—t0k)+qok], This shape is suitable, but rather arbitrary — very similar
K

control schemes can be developed by means of other reason-
(24 able, “bell” type, shapes of the pulses, for example, Gauss-
where pulsek, which has duration,, starts at=tq, i.e., 'ans.
the current time interval is

tok=St<toettp, (25 1. BOUND—CONTINUUM COUPLING AND
SELECTIVE PREPARATION OF INTERMEDIATE

% is the electric field amplitude of thieth pulse,w, is the BOUND STATES

respective laser carrier frequency, apdis the phase.

The amplitudes?, and the carrier frequencies, of the Bound-—continuum couplings, represented by the dipole
individual pulses are optimized separately in order to achievenoment matrix element& |« |E), provide important infor-
a prespecified target: maximize the population of the targemation about the bound states which are suitable for the
bound state along with minimizing the dissociation probabil-state-selective preparation on the one hand, and for the sub-
ity, localize the population in a narrow energy domain of sequent excitation of the continuum states on the other hand.
continuum, or maximize the dissociation probability. The op-Figures 1a) and Xb) show the absolute values of some
timization procedure is described in Refs. 17, 46, and 49bound—continuum matrix elements for OH under investiga-
Finally, the optimal overlaps of the pulses can be used irion as functions of the continuum energyfor several high-
order to diminish the overall duration of the laser control.lying bound state$v).
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FIG. 2. State-selective preparation of OH in the bound dtatel5) by three non-overlapping 1 ps laser pulses, starting from0). (a) Optimal laser field
with the pulse parameterg’;”'=328.05 MV/cm, w{"'=3424.19 cm?, Z3P'=176.44 MV/cm,»dP'=2525.52 cm?, Z3P'=148.07 MV/cm, w3"'=1625.67
cm™ 2. (b) and(c) Population dynamics; numbers of levels are indicated near the curwes,'” — overall population of bound states. 8THERS’ — totall
population of bound states except those indicated expliditlyBound—continuum coupling fgw = 15). (e) Final populations of the continuum statés.
Continuum wave function in momentum space versus the energy.

The following features can be distinguished from Fig. 1:the state-selective preparation. The state-selective prepara-
(i) the bound—continuum couplings increase with increasingion of v =15) can be controlled by superposition of three
number of the initial vibrational leveb; (ii) the couplings laser pulses which pump successive 5-photon resonance tran-
first increase strongly witlie, reaching their global maxima sitions according to the excitation pathway
at E<0.002 D; and(iii) with further increasing energig,
they drastically decreagat least by 1 order of magnitude at
E=0.1D and by 2 orders &=0.2 D). These features make |0)— (5 photon$— |5)— (5 photong—10)
it possible to chpoge the discreti'zed energy intenddts;) — (5 photong— | 15) (26)
and the upper limitg,,, for the integration over the con-
tinuum energyE in the IDE (18).

As our target for the state-selective preparation wevia the intermediate resonant states-5) and|v =10). The
choose|v=15). This state is not very strongly coupled to control laser field is optimized by using the sequential con-
continuum, as can be seen from Fig. 1, therefore it can be#ol schemé?® The optimal sequence of three non-
prepared state-selectively starting from the vibrationaloverlapping laser pulses of 1 ps duration is shown in Fig.
ground state, and serve as a suitable intermediate state f&¢a). The respective population dynamics simulated by the
selective preparation of the very top states. At the same timéDE and STP approaches is presented in Figls) 2nd Zc),
its coupling to the continuum states should not be neglected;orrespondingly. It is clearly seen from FiggbRand Zc),
which allows us to study the dissociation which accompanieshat both intermediate stateg;=5) and |v=10), can be
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prepared selectively with probability close to 100%. Thetion, and additional quanta of photon energy appear as

laser-induced coupling to the continuum states becomes n@venly spaced peaks in the dissociation spectra.

ticeable only for vibrational levels>10. Another possibility to prepare OH selectively in the
The final population of the target stdte=15) at the end  bound statdv = 15) is to pump in the third step of the con-

of the third laser pulse, resulting from the IDE simulations, istrol scheme the overtone transitiph0) —|15). This yields

Ps(tosttps) =0.9557 with the state-selectivity the excitation pathway

/15(tozt153) =0.9939. The overall population of the con-

tinuum stated® ontog* tps) =0.0397. The respective results  |0)— (5 photong—[5)— (5 photons—[10)

of the STP simulations are:Pis(tpst1t,3)=0.9241, — (1 photon—|15). (27)
15(tozt153)=0.9923, and the dissociation probability is
Ptogt1tp3)=0.0688. The overall time of the molecular state-selective preparation

While the state-selectivities for preparation of OH in the can be reduced by employing shorter and overlapping pulses.
target statév = 15) resulting from the IDE and STP simula- In the first two steps of the excitation pathwéd7), the use
tions are in a very good agreement, the total population reis made of two 0.5 ps laser pulses with a 0.15 ps overlap. In
maining in the well is smaller by about 3% for the STP the third stepa 1 pspulse is used for pumping overtone
approach. Though this difference is of minor importance fortransition with a 0.25 ps overlap with the second pulse. The
the bound states, it implies almost 40% difference for theamplitudes#, and the carrier frequencies, of the indi-
dissociation probability, which indicates the influence of thevidual pulses, which constitute the global laser field, have
continuum—continuum transitions, see also Ref. 68. been optimized separately in order to achieve maximal popu-

The population of the continuum states at the end of theation of the target bound state= 15), along with minimiz-
three-pulse sequence, as it is simulated within the IDE aping the dissociation probability. Finally, the overlaps of the
proach, are shown in Fig.(@ for the evenly discretized pulses have been introduced in order to diminish the overall
energy intervals ofAE=0.00005 hartree. The continuum duration of the state-selective preparation without a notice-
state populations are localized in three narrow energy doable decrease of the resulting state-selectivity for the level
mains separated by the energy intervakef, wherew isthe  v=15, and without any additional optimization of the laser
laser carrier frequency optimized for the 5-photon transitionpulse amplitudes and carrier frequencfesich is also pos-
|10)—|15). The first peak in the continuum is separatedsible). The global laser field is shown in Fig(s.
from the target level =15 by the energy interval of Bw. The respective population dynamics is shown in Figs.
This indicates the laser-induced 3-photon, 4-photon an@(b) and 3c) for the IDE and STP simulations, correspond-
5-photon transitions between the bound stdt8) and the ingly. The final population of the target stdte=15) at the
respective continuum states, keeping in mind that theend of the overlapping pulse sequence, as obtained by the
continuum—continuum transitions are not taken into accountDE simulations, isP5(tg3+1t,3) =0.9639. The total popu-
in the IDE approach. The heights of the peaks reflect thdation of the bound states By (toz+t,3) =0.9763, imply-
strength of the laser-induced coupling between staténg the state-selectivity5(to3+tp3) =0.9874. The overall
|v=15) and the respective continuum states. The coupling ipopulation of the continuum staté%on{togttp3) =0.0237.
represented by the dipole moment matrix elemenfThe corresponding STP simulations yield for the bound
(v=15u|E), which is shown in Fig. @). The bound- states:Pe(tosttp3)=0.9586, Pis(tosttp3) =0.9454, and
continuum coupling is noticeable for the continuum states irthe state-selectivity is/15(tg3+1t,3) =0.9862, with the dis-
the vicinity of 3-photon and 4-photon resonances with thesociation probability”(tyz+t,3) =0.0414.
bound statdv =15), and it is very small for the 5-photon In the case of pumping the overtone transition
resonance. Therefore, for the laser frequencies used hefe=10)—|v=15) in the third step of the excitation path-
there are only two efficient pathways for excitation of theway, the IDE simulations for the continuum states are in
continuum states from the bound state= 15). better agreement with the exact STP simulations, than in the

During the state-selective preparation of the bound statease of pumping the respective 5-photon transition. This con-
|v=15) the laser-induced continuum—continuum transitionscerns both the bound states and the continuum states.
are more important for the continuum states than for bound The continuum states populations are localized in a
states. This is illustrated in Fig(f2 for the continuum wave single and narrow energy domain. This is shown in Fig) 3
function in momentum space at the end of the three-pulséor the IDE simulated results with the discretized energy in-
pumping, | ® conf K, toztty3) |2, which is plotted versus the tervals AE=0.0001 hartree, and in Fig.(f3 for the STP
energyE= (#K)?/2m. It is seen from Fig. &) that the laser generated continuum wave function in momentum space at
induced continuum-continuum transitions result in increasthe end of the three-pulse pumping, which is plotted versus
ing the second peak in continuum in comparison with thethe energyE. The target bound state = 15) and the selec-
first one and cause the fourth, comparatively small peak téively populated domain of the continuum are spaced by the
appear. The last peak is not seen in the IDE picture, K&). 2 energy interval ofiw, wherew is the laser carrier frequency

Dissociation spectra presented in Figé)2and 2f) are  optimized for the overtone transitidd0)—|15).
typical for above-threshold dissociatighTD),* " — a The reason for formation of a single peak in continuum
nonlinear phenomenon in which a molecule absorbs more evident from Fig. &), where the dipole moment matrix
photons than the minimum number necessary for dissocieelement(v =15 u|E) is also plotted against the energy
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FIG. 3. State-selective preparation of OH in the bound statel5) by three overlapping laser pulses, starting frians0). (a) Optimal laser field with the
pulse parametersZ”'=400.75 MV/cm, w"'=3425.79 cm?, t,;=0.5 ps, £3"=214.56 MV/cm, wP'=2524.69 cm®, t,,=0.5 ps, t;,=0.35 ps,
“P'=426.47 MVicm, 0$"'=8148.58 cm! t,3=1 ps,te3=0.6 ps.(b) and (c) Population dynamics; labelling is as in FiggbRand Zc). (d) Bound—
continuum coupling fotv =15). (e) Final populations of the continuum statéf. Continuum wave function in momentum space versus the energy.

The bound-continuum coupling is noticeable only for thethe multiphoton excitation and several excitation pathways
continuum states in the vicinity of 1-photon resonance withinto continuum may result in efficient dissociation.
the bound statly = 15), and it is very small for the 2-photon
resonance. Therefore, for the laser frequencies used her@
there is only one efficient pathway for exciting the con-
tinuum states from the bound stdte=15). The fact, that
additional peaks do not appear in the STP picture of the In this section we assume that OH is already prepared
dissociation spectrum, Fig.(f3, implies weak continuum— selectively in the bound vibrational stafe=15) by using
continuum couplings between the respective continuunthe technique described above and consider its dissociation
states. starting from|v=15) as initial state. We investigate two
The dissociation probability in the case of pumping in approaches for dissociatiofi) direct 1-photon excitation of
the last stage the overtone transitid®) — |15) is about two  continuum states, andii) multiphoton excitation via a
times smaller than the dissociation probability for the respechigher-lying bound state. The former approach implies mak-
tive 5-photon transition. This allows one to assume that largéng use of more intense laser fields for dissociation on a fs/ps
photon energy and a few efficient excitation pathways intaime scale because the bound—continuum coupling for state
the continuum associated with the overtone excitation ar¢v = 15) is not very strongsee Fig. 1, but it can yield con-
more suitable for state-selective preparation of a molecule itrollable state-selectivity for continuum excitation. On the
high-lying bound states, close to dissociation thresholdpther hand, multiphoton excitation via a higher bound state
while comparatively small photon energy corresponding toshould profit from its strong bound—continuum coupling and

. ABOVE-THRESHOLD AND STATE-SELECTIVE
DISSOCIATION
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FIG. 4. Multiphoton above-threshold dissociation of OH from the bound dtatel5). Numbers of the bound states are indicated near the curves,
“ CONTINUUM” — total population of the continuum state@) Optimization of the laser pulse amplitude at the laser carrier frequeney822.448 cm* and
t,;=0.5 ps.(b) Continuum wave function in momentum space versus the enécgptimal laser pulse£{'=177.32 MV/cm,w{P'=822.448 cm* at
tp1=0.5 ps.(d) Population dynamics.

from several efficient excitation pathways into continuum asof continuum states or dissociation probability. The IDE
well, which yields less state-controllable but more efficientsimulations give the correct optimal laser field strength,
dissociation. while the dissociation probability is smaller by about 10% as
Starting with the multiphoton dissociation from compared to the STP approach which yields maximal disso-
|v=15), we choosdv=19) as a higher intermediate bound ciation probability’=0.9564 at#°"'=177.32 MV/cm. The
state which, being pumped in 4-photon resonance, is spacesptimal laser pulse is shown in Fig(e}, and the respective
by one quantum of photon energy from the continuum statepopulation dynamics is presented in the bottom, Figl),4
lying in the vicinity of maximal bound—continuum coupling where curve “others” gives total population of all bound
represented by the matrix elemént=19 u|E) (see Fig. 1  states exceplv=15), which is presented by the separate
This also ImpIIeS several efficient multiphoton tranSitionSCurve_ The dissociation spectrum presented in Rig) & the
into the continuum, which are enhanced by the continuumsijgnature of the ATD spectrum, with the spacing between the
continuum transitions. The supposingly dominant excitatiorpeaks being equal to one quantum of photon energy. At the

pathway can be presented schematically as follows: same time, the sequential peaks in Fifp)4re not separated
|v=15)— (4 photon$— |v = 19)— (1 photon from the resonant bound state=19) by any integer num-
bers of photons, but they are shifted to slightly smaller ener-
—{|Eap}— (L photon—{[Ez)}t— ..., (28  gies. This reflects the influence of other, non-resonant bound
where {|[Eg))}, k=1,2, ..., stand for continuum states states, mostly 16v <19, which acquire substantial popula-

close to resonance with the laser field, which are usuall§ions during the excitation process, as seen from Fd).4
represented by sequential peaks in the dissociation spectrbhe dissociation described above will be referred to as mul-
This excitation pathway is to be realized by a single pulsdiphoton ATD.
pumping, and in the following it is shown that it can yield The multiphoton excitation of OH prepared selectively
above-threshold dissociation. in a certain bound vibrational state, which results in multi-
As soon as the laser carrier frequency is fixed by thegdohoton ATD, enables one to produce free H atoms with dif-
exact resonance for 4-photon transitid®) —|19), only the  ferent, well established and well separated kinetic energies.
laser field strength should be optimized. Figuf@)4hows In an optimal case, the dissociation probability may exceed
final populations at the end of the 0.5 ps laser pulse as funcZ=0.96 even in moderate laser fields, but the tools of con-
tions of its electric field amplitude resulted from both IDE trol over the multiphoton ATD spectra are restricted to the
simulations(lines) and STP simulationgdark points joined choice of the initial bound state and the multiphoton reso-
with lines). Curve “CONTINUUM” gives overall population nance to be pumped. Detuning the laser carrier frequency off
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FIG. 5. One-photon dissociation of OH from the bound state 15>. Curve “weLL” gives the total population of the bound states;oNTINUUM” — total
population of the continuum states, the population of the initial $tatel5) is indicated explicitly(a) Optimization of the laser carrier frequency at the laser
pulse amplitude?; =265.99 MV/cm and;=0.5 ps.(b) Optimization of the laser pulse amplitude at the laser carrier frequerey4654.60 cmt and
tp1=0.5 ps.(c) Population dynamics at the optimal frequenc'=4654.60 cm?, and %, =221.66 MV/em,tp;=0.5 ps.(d) Continuum wave function in
momentum space versus the energy.

the resonance, in order to shift all the multiphoton ATD the laser field amplitude fixed t6;=265.99 MV/cm. Re-
peaks for example, decreases the dissociation probabilitgults are obtained from the IDE simulations. Sharp minima
The envelope of the multiphoton ATD spectrum, the numbelin the population of the initial statey =15) at low frequen-

and the heights of the peaks as well as their positions, are nefes result from the competition of the following bound-
easily controlled. However, it is most desirable to obtain, forpound transitions:

example, a single dominant peak in the continuum with con-

trollable position in energy space, or several peaks with arll®— (1 photon—[21), 15— (2 photons—|10),

bitrary positions. o |15)— (3 photong—|9), |15)— (1 photon—|12),
More flexible tools of control over the dissociation spec-

tra can be gained from direct 1-photon excitation of the conWhich are close to the respective resonances. This frequency

state|v = 15), the supposedly dominant excitation pathwayPromising domain is that ab>1.2w,o, where only the ini-

at the end of the laser pulse. Other bound states are not
lv=15—(1 photon —{|E1))}—(1 photon— . ... . populated by the end of the pulse, which is very suitable for
(29 sequential pulse excitation. Therefore, it is reasonable to op-
This excitation pathway may require more intense lasetimize the laser field amplitude for the carrier frequencies
fields than the multiphoton ATD, because of not very strongbelonging to the aforementioned state-selective domain
bound-continuum coupling fdo =15). On the other hand, >1.2w4,. Figure §b) shows the final populations at the
the optimal laser carrier frequency can be varied in ratheend of the 0.5 ps laser pulse as functions of the electric field
wide domain with two “boundary” restrictionsi) decreas- amplitude at the carrier frequency fixed éo=1.23w,g, re-
ing of the bound—continuum coupling for high frequenciessulting from the STP simulation&ark points joined with
(see Fig. 1, which can be compensated by using strongelines). Monotonous increase of the dissociation probability,
laser fields, andii) competition of the laser induced bound— represented by curve EONTINUUM,” implies almost 100%
bound transitions for low frequencies. Therefore, the firstdissociation in strong laser fields. It is also clear that com-
step in the optimization procedure should be optimization oflete dissociation from selectively prepared higher bound
the laser carrier frequency. states,v>15, with stronger bound—continuum couplings
Figure 5a) shows final populations at the end of the 0.5 (see Fig. 1 will require much weaker laser fields, than in the
ps laser pulse as functions of the laser carrier frequency atase oflv =15) under consideration. The problem of state-

(30
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FIG. 6. State-selective control of the dissociation spectrum for OH under the successive excitation by 0.5 ps laser plised Horhabelling is as in Fig.
5. Left-hand columr(a), (d), and(g) — optimal laser pulses; middle colunth), (e), and(h) — population dynamics; right-hand colunfo), (f), and(i) —

dissociation spectra. Optimal pulse paramet@s?$"'=140.09 MV/cm,w{"'=4654.60 cm?. (d) £, ™ are as in the cag@), and#5"'=177.33 MVv/cm,
w3'=4919.50 cit. (g) £, ™, 43, w3 are as in the cas@), and #3"'=262.44 MV/cm,w3'=5449.29 cm*,

selective preparation of top bound states is to be addressedseparated from the first, strongly dominant peak by one
the next section. Here we consider laser-controllable seleguantum of photon energy. Therefore, the dissociation spec-
tive excitation of continuum states. Figuréchshows the trum presented in Fig.(8) is also an ATD spectrum, but a
population dynamics for a direct 1-photon excitation of theyery special one — with a single dominant peak, which is the
continuum states from the bound stpte=15) with a single  signature of a 1-photon ATD for OH under study. The dis-
0.5 ps laser pulse. The respective dissociation spectrum ig,ciation probability achieved with the laser pulse param-
shovyn in F|g 5d). I'F repre;ents a smgle dom.ln.arjt peak in eters #,=221.66 MVicm and w,=4654.60 cm® is
continuum; its maximum is located in the vicinity of the (t,)=0.5268, and the state-selectivity achieved by the end
resonant energy of the pulse with respect to the initial state is
Eq=E,-15tho (31)  g(tp)=0.9998.

with much better than 1% accuracy, on the contrary to the ~ 1he fact that after a 1-photon dissociation from a selec-
multiphoton ATD spectruniFig. 4b)] which is shifted to tively prepared bound state all non-dissociating molecules
smaller energies. The height of the dominant peak and it§1ay return to the initial bound state with almost 100% prob-

position in energy space are controllable: The height is con@bility enables one to achieve a flexible state-selective con-
trolled by the laser field amplitude, while the position is con-trol of the dissociation spectra by making use of sequential
trolled by the laser carrier frequency, see Figs) and 3b).  laser pulses with different carrier frequencies and ampli-

The second-order peak has a very small height, and it itudes. Figure 6 gives three examples of 1-photon dissocia-

J. Chem. Phys., Vol. 105, No. 5, 1 August 1996



1872 Korolkov, Paramonov, and Schmidt: Laser control of diatomic molecules

(2) IDE and STP simulations ©
I : : . ~ W . .
: g
» 2
z
& W S sl
2 -
3 o) a
=] -l
& ol 0 -N\/W \)\/vw
2 oaf 5
Q
- =
)
:  nf g ,
- o
0 \ S e, e Q00 . . R .
0 50 100 150 20 0 01 02 03 04 05
LASER FIELD AMPLITUDE (MVicm) TIME (ps)
1 (b) STP simulation | (d) IDE simulation
o~ 12 b
< 08 z 03
- °
Loo06 £ 06f
" <
TooM o 04t
§ 4
S w o ot
0 : 0
0 001 002 003 0 01 02 03 04 05
E(Ey) TIME (ps)

FIG. 7. State-selective preparation of OH in the bound $tatel9) by the overtone transition frofw = 15). Numbers of the bound states are indicated near
the curves, WeLL” — overall population of the bound state&@) Optimization of the laser pulse amplitude at the laser carrier frequeney3289.78
cm~* andt,;=0.5 ps.(b) Continuum wave function in momentum space versus the enés@ptimal laser pulsez?'=87.776 MV/cm,»{P'=3294.32
cmt att,;=0.5 ps.(d) Population dynamics.

tions by one[Figs. 6a)-6(c)] two [Figs. 6d)—6(f)], and tion on the one hand, and yield unidirectional beams of the H
three[Figs. 6g)—6(i)] laser pulses of 0.5 ps duration with the atoms on the other hand. For example, in the case of sequen-
laser carrier frequencies increasing from pulse to pulse. Drivtial three-pulse 1-photon dissociatipRigs. 6g)—6(i)], pa-
ing laser pulses are shown in the left-hand column of Fig. 6rameters of the laser pulses can be chosen enabling three
the respective population dynamics — in the middle columnwave packets representing free H atoms to be superimposed
and dissociation spectra — in the right-hand column, correin a prescribed space-domain at a prescribed time to form a
spondingly. It is clearly seen that one-pulse dissociatiorsort of a transition state suitable for collisions, or for chemi-
yields one strongly dominant peak in the dissociation speceal reactions with other reactants.
trum, two-pulse dissociation yields two strongly dominant  To conclude this section, both 1-photon and multiphoton
peaks while three-pulse dissociation yields three dominandissociation from a selectively prepared bound state
peaks. The carrier frequency of the second laser pulse i® =15) can be joined to the stage of preparation, see Figs. 2
chosen to yield the second peak very close to the first onegnd 3, to yield the dissociation from the vibrational ground
and the frequency of the third laser pulse is chosen to yieldtate. The influence of the preparation stage is of minor im-
the third peak apart from the first two. The amplitudes of theportance for dissociation because of very small dissociation
pulses are specially chosen to yield equal heights of th@robability during the preparation f = 15). The respective
dominant peaks in the dissociation spectra, emphasising tHaser control scheme may include four or more sequential, or
flexibility of control. The higher-order peaks generated byoverlapping laser pulses.
each of the laser pulses have very small heights, and they are
of minor importance.

Contrary to the multiphoton ATD spectra, positions,
heights, and times of appearance of dominant peaks in thg y_TRAFAST SELECTIVE PREPARATION OF TOP
1-photon dissociation with sequential laser pulses are cony|IBRATIONAL BOUND STATES
trollable by frequency, amplitude and time-delay of the
pulses, correspondingly. This implies time-selective and It is well known that multiphoton excitation of mol-
space-selective control of the dissociation fragments. For Otécules may change radically the dynamics of molecular and
under study one can envisage an experiment in which OH iatom—molecular collisions. Of special interest is ultrafast se-
adsorbed on a surface with a high adsorption energy, folective preparation of high-lying vibrational eigenstates
example OH on Nil11)’4 where strong coupling to the sur- which can yield a stable molecule with large collisional
face diminishes the role of rotation and orientation and mayross-section. Besides the collision dynamics, selective
allow dissociation to be realized without substantial desorppreparation of high-lying bound states, close to the dissocia-
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FIG. 8. Dissociation of OH by 0.5 ps laser pulses from the bound ktatd5) (a) and(b), and from|v =19) (c) and(d). Numbers of the bound states are
indicated near the curves,wELL” — overall population of the bound statescOnTiNnuum” — overall population of the continuum state&@) Optimal
two-pulse sequence for initial stafe=15). (b) Population dynamics at the optimal pulse paramet&f= #5"'=177.33 MV/cm, 0= w3"'=3289.78
cm L. (c) Optimization of the laser pulse amplitude for initial sthie=19) at the laser carrier frequeney, = 1692.35 cm'* andt,=0.5 ps.(d) Population
dynamics at the optimal pulse paramet&f8'=199.49 MV/cm,w{"'=1692.35 cm .

tion threshold, is important for stimulating chemical reac-simulations(lines) and STP simulationgpoints joined with
tions, laser-induced and collision-induced dissociation andines). The laser carrier frequency is fixed to the exact
spectroscopic studies as well. 1-photon resonance. The results of IDE simulations are in a
In this section we investigate the process of ultrafasivery good agreement with the exact STP results up to the
selective preparation of very high-lying bound vibrational electric field strength”;~100 MV/cm, yielding the first
states of OH including the very top stdte=21). Our main  maximum of the state-selectivity 48"'=87.776 Mv/cm. A
goal is to achieve maximal, close to 100%, state-selectivityninor additional optimization of the laser carrier frequency
of molecular preparation along with minimizing the dissocia-yje|ds the final state-selectivity’,o(t=t,,) =0.9999. The op-
tion probability. At the same time, several possibilities for tjmal |aser pulse is shown in Fig(d, and the respective
effic?entdissociation are also investigated. As in the pr_eViou?)opulation dynamics is presented in the bottom, Fig).7
section, we assume OH to be already prepared selectively e gissociation spectrum presented in Fign) 7s a typical
the |pFermed|ate boun_d state=15)-. To dgmonstrate the -photon ATD spectra with a strongly dominant first-order
specific of state-selective preparation we first choose bou':éeak and a small second-order peak spaced from the first one

ztee:;tgl)l:](:si? Fa}s a;a,tt?gtettﬁét ;—ai:tiinrsggr\:\;nn(l:r; thjr:r;anwogf y one quantum of photon energy. The dissociation probabil-
9. X pumping ity at the end of the optimal laser pulse is

|15)—|19) transition can yield a very efficient dissociation, (t=t,)=0.0999.

but it is not suitable for state-selective preparation. In con- Itis al ¢ th timizati ted i
trast, it is shown below that the overtone pumping with the IS alS0 seen 1rom the optimization curves presented in

respective excitation pathway Fig. 7(a) that at a certain laser fie!d strgngth, specifica!ly at
#£1=177.32 MV/cm, the dissociation probability
|v=15)— (1 photon —|v=19) (82 (t=t,)~0.4, and non-dissociating molecules return back

can vield a very high state-selectivity along with a smallt0 the initial bound statfy = 15) with almost 100% probabil-
dissociation probability, if the driving laser pulse is properly ity. This fact can be used to enhance dissociation by pump-
optimized. ing the overtone transitiofl5)—|19) with sequential laser
Figure 7a) illustrates the first step of the optimization pulses. As an example, we illustrate in Fig&)&nd 8b) the
procedure — optimization of the laser field amplitude. Finalprocess of two-pulse dissociation with 0.5 ps laser pulses.
populations at the end of the 0.5 ps laser pulse which pumpEhe optimal two-pulse sequence is shown in Fi@)8and
the overtone transitiof5)— |19) are shown therein as func- the respective population dynamics — in Figb8 The over-
tions of its electric field amplitude resulting from both IDE all time of the multiple-pulse dissociation can be diminished
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configuration spacéd) by the end of the pulse. Continuum wave function in momentum s@@nd in configuration spadé) after a 0.5 ps free evolution
since the end of the pulse.

by making use of shorter and overlapping laser pulses.  previous section fojv = 15) (see Fig. 5, will result in simi-
Another possibility to achieve an efficient dissociation islar tools of flexible control of the dissociation spectsee

direct 1-photon excitation of the continuum starting from theFig. 6), implying similar time-selective and space-selective

selectively prepared high-lying bound stdte=19). Fig.  control of the fragments, but much less demanding for the

8(c) shows the final populations at the end of the 0.5 ps laseéaser field strength.

pulse as functions of its electric field amplitude resulted from  State-selective preparation of the very top bound state

STP simulationgpoints joined with linesand IDE simula- |v=21) is achieved by making use of an optimization pro-

tions (lines. The laser carrier frequency is fixed to cedure similar to that demonstrated for=19). The excita-

0=1692.35 cm?, which is not far off the optimal value tion pathway is

corresponding to the maximal bound-continuum coupling

for [v=19) (see Fig. 1L The dissociation probability by the |v=15)— (1 photon— |v = 21). (33

end of the pulse is7(t=t,)>0.96 at a field strength

Z£(t=t,)>155 MV/cm. Population dynamics is presented inIn Fig. 9(a) we show the population dynamics stimulated by

Fig. 8(d). It is seen from Fig. &) that the laser pulse dura- the optimal laser pulse of 0.5 ps duration which is preparing

tion could be chosen about two times shorter, and it can yielthe target bound statey=21) with the final population

almost the same dissociation probability. Additional optimi- P,y (t=t;)=0.5969 and the state-slectivity/,(t=t;)

zation of the laser carrier frequency with respect to the state= 0.9890, starting fronfv = 15) as the initial state. The dis-

selectivity of |v=19), similar to that demonstrated in the sociation probability by the end of the pulse is
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(t=t,)=0.3963, which is at least four times larger than preparation of a stable molecule ready for various transfor-
for any other high-lying bound state, includifig=19) and mations. As a good approximation to such state one may
|v=20). consider a molecule which has been selectively prepared in
Another specific feature of the very top state preparationthe very top vibrational bound state, as demonstrated in this
Fig. Ab), is the appearance of an additional, strong peak irsection for preparation of OH in the very top bound state
the dissociation spectrum at a very small energy includingv =21).
E=0. This peak is referred to here as a zero-order one, be-
cause |t_s position in energy space corresponds t_o Ies§ Fhrw CONCLUSION
the minimum number of photons necessary for dissociation
from the initial statdv = 15) when pumping a 1-photon tran- In this work we have investigated the laser-controllable
sition|15)—|21). The other two peaks are the familiar first- state-selective preparation of isolated diatomic molecules in
order peak and the very small second-order peak. The threspecified vibrational bound states, up to the dissociation
peaks are spaced by one quantum of photon energy, which fereshold of the electronic ground state, and the laser-
the signature of the ATD spectrum, but it includes a newcontrollable state-selective excitation of the continuum states
component — the zero-order peak. The overall ATD specfrom selectively prepared bound states on a femtosecond and
trum presented in Fig.(B) is shifted to higher energy off the picosecond time scale. In the stage of the bound states prepa-
resonance with respect to bound states=15) and ration our aim has been to achieve maximal state-selectivity
|v=21), in contrast to the multiphoton ATD spectrum de- along with minimizing the dissociation probability. In the
scribed in the previous sectiofsee Fig. 4b)] which is  stage of dissociation the aim has been to achieve maximal

shifted to smaller energies. dissociation probability and selective control for the excita-
The continuum wave function by the end of the lasertion of continuum states.
pulse, which is depicted in Fig.(§ in momentum space, As a model system we have considered a one-

clarifies that the momenta of fragments have noticeablelimensional dissociative Morse oscillator. The molecular di-
negative and equal to zero components. This implies the agpole moment operator has been represented by the well-
pearance of dissociation fragments, specifically H atomsknown Mecke function. The interaction with the laser field
with very small and even zero kinetic energy in analogy tohas been treated semiclassically: quantum molecule in a clas-
electrons with zero kinetic energy in ZEKE spectroscGpy. sical electric field. The general nature of the model implies
The continuum wave function in configuration space bythat the tools of state-selective laser control similar to those
the end of the laser pulse represents two well-localized wavdescribed in this work can be developed for other diatomic
packets corresponding to the dominant first-order peak andholecules. Specific parameters of the model used in our
to the zero-order peak in the ATD spectrum. The wavecomputer simulations have been chosen to represent the local
packet corresponding to the zero-order peak also contains@H bond in the HO and HOD molecules.
sort of a standing wave just under the potential well, whichis  The role of molecular rotation, which has not been taken
shown in Fig. 9d). This standing wave indicates the forma- into account in this work, requires special investigatifor
tion of an overexcited quasi-bound molecular state, whichthe discussion of the relevance of one-dimensional to full-
resembles in part a bound state because a noticeable partdifnensional simulations for diatomic molecules see Ref. 41
its wave function is located under the potential well, but it However, the concept of vibrational excitation can be carried
definitely belongs to the continuum states, because its aveover from the one-dimensional to the three-dimensional case,
age energy i€>0, though it is very small. The appearance especially because the control by linearly polarized fields
of such states during the laser pulse excitation is readily unalready induces some degree of alignmért
derstandable within the dressed states treatment, for ex- Basically, molecular rotation should be slow enough as
ample. Their existence after the end of the laser pulse is hatompared to the rate of the laser controlled molecular prepa-
trivial and may be useful for generating molecular transitionration and dissociation, because it results in deviation of the
states suitable for chemical reactions and collision processedectric field strength along the molecular dipole from the
as well. The continuum wave functions in momentum spac@ptimal value. In the stage of state-selective preparation, this
and in configuration space after a 0.5 ps free evolution sincwill decrease the final population of the target leifelr ex-
the end of the laser pulse are presented in Figg.ahd 9f), ample, leveb =15 in Figs. 2 and Band increase final popu-
respectively, and they show that the aforementioned quaslations of intermediate resonant levets<{5 and 10. Non-
bound molecular state exists at least on a fs time scale, whialesonant bound states will not acquire substantial final
is knowr’® to be long enough for the primary processes ofpopulation, as it follows from the optimization procedure
chemical reactions, for example. which is illustrated in Fig. @) for the|15)—|19) transition.
Selective preparation of quasi-bound molecular states di the stage of dissociation, the role of rotation can be com-
the type described above may prove to be very promising fopensated by making use of stronger laser fields, due to mo-
many important fundamental applications, and it requiresiotonous increase of the dissociation probability with in-
special investigation. Here we only indicate the possibility tocreasing laser field strength, see Figb)5and Fig. &c), for
prepare such states. Of special interest is the problem axample.
selective preparation of long-living quasi-bound molecular A favourable system for a basic application of the tools
states with the average energy very close to zero, implyingf state-selective laser control developed here may be a mol-
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ecule adsorbed on a surface, where the role of rotation ankhowledged. The computer simulations were carried out on
orientation is diminished. HP 9000/S 750 workstations at the Freie Univetsiarlin.

Our computer simulations have been based on the direct
numerical solution of the time-dependent Sainger equa-
tion by making use of a split time propagati¢®TP method, APPENDIX: BOUND-CONTINUUM COUPLINGS FOR
and on the approximate approach of integro-differentiat® MORSE OSCILLATOR WITH MECKE DIPOLE
equationgIDE) for the probability amplitudes of the bound FUNCTION

states only, neglecting the laser-induced continuum—  Generalized matrix elements in discrete and continuum
continuum transitions. The IDE approach is computationallystates for the Morse oscillator have been evaluated in Ref.
less demanding than the exact STP method, therefore all 09 ynfortunately, the results presented therein for the
timizations of the controlling laser fields have been carried,oynd—continuum transitions are not suitable for program

out within the IDE approach and afterwards checked byimplementation. Therefore, we present below the derivation
making use of the STP method. Good agreement between thg matrix elements

results obtained by the IDE and STP methods show that the
less demanding IDE approach can be used for simulations of {Nl(r —ro)exd —\(r—ro)]|E), (A1)

the molecular quantum dynamics, at least as a first approxivhich have been used in our IDE simulations. For the sake
mation. The IDE approach is based on the availability of thepf completeness we also include some general results for the

dipole matrix elements for the bound—continuum transitionsgiscrete and continuum spectra of the Morse oscillator.
which have been evaluated in this work in an analytical form The one-dimensional Morse potentiaL see a)r in di-
suitable for program implementation. Combination of themensionless variables
two approaches proved to be suitable for revealing mecha-
nisms underlying selective excitation of the continuum X=(r=ro)lrg, —Ilsx<w (A2)
states, for analysing the processes of multiphoton ang written as
1-photon above-threshold dissociatigATD) in a single
electronic state, and for designing the optimal laser fields for ¥ (X)=Dlexp(=2ax) =2 expg—ax)], (A3)
state-selective steering a molecule to a specified target in thehere a= 8r,. As is well known, see, e.g., Ref. 57, it ad-
discrete and in continuum spectrum. mits exact solution of the time-independent Schinger

The results obtained in this work show that a non-equation
rotating diatomic molecule can be prepared on a fs/ps time,
scale in any prescribed vibrational bound state, including thm +[242 - — 2 _

' 2 Y" exp(— ax) =y~ expl— 2ax) Ji(x)

very top one, with the state-selectivity approaching the maxi-
mal value.”,=1. The controlling laser field may include = a2P(x), (A4)
several properly optimized sequential or overlapping ul-
trashort infrared laser pulses. State-selective preparation ¥fhere
the very top vibrational bound state may be accompanied by  ,2—om2p/42, 2= —2mr2E/A2, (A5)
the appearance of an overexcited quasi-bound molecular ) _
state in the continuum, with a noticeable probability for the Transformation to the new variables
kinetic energy of fragments being equal to zero. The signa-  y=2d exp(—ax), d=y/a, (AB)
ture of this process is the appearance of the zero-order peak i .
in the dissociation spectrum. and taking for the solution
_ The I_aser-induced dissociation from selegti_vely prc_epared W(y)= exp(_y/z)yv/ap(y), (A7)
intermediate bound states may be very efficient, with the . ' ,
dissociation probability approaching the maximal valueylelds fmally Kummgrs standard form of the confluent hy-
Z=1 for a multiphoton pumping which yields typical ATD pergeometric equation
spectra. Direct 1-photon dissociation from selectively pre- d’F
pared bound vibrational states by making use of properly yd—y2+(C_Y)d—y—aF:0: (A8)
optimized sequential laser pulses enables one to achieve a
flexible state-selective control of the dissociation spectra, imWhere
plying time-selective and space-selective control of the dis-  ¢=(2¢/a)+1; a=(o/a)+0.5-d. (A9)

sociation products. . )
Therefore, the general solution of E#\4) is

P(y)= exp(—yl2)y"*[A;®(a,c;y)
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condition atx=—1 ory=2d exp(a)>1 with the use of the
asymptotic expansion fo®(a,c;y) at y—o, see Ref. 80,
results in

a=-n, n=0,1,2, .. N<(d-0.5,
with c=—2n+2d, and finally gives eigenenergies
E D+#4[we(n+0.5—A%n+0.5?], (A12)

where the harmonic frequenay,= (a/rq)y2D/m, and the
anharmonicity constama=hw§/4D. The confluent hyper-

(A11)

n —

geometric function reduces to the associated Laguerr
and the eigenfunctions of the discrete states

polynomial®!

take the form
Un(Y) =Ny exp—y/2yS'2L (y),
whereS,=2d—2n—1 and the normalization constant is
N,=[a(2d—2n—1)n!/T(2d—n)]*2 (A14)

For the continuum spectrunk>0, it is suitable to set
o=ig, then from Eqs(A5) and(A9) one has

e%=2mriE/h?;

(A13)

E>0, (A15)

and
c=i(2ela)+1;

a=i(e/a)+0.5-d, (A16)

with the following relations for the respective complex con-
jugates:

a*=a—c+1; c*=2-c. (A17)
The general solutiofA10) takes the form
Yy)= exp(—y/2)[Ary'"*“®(a,c;y)
+Ay D (At c*iy)]. (A18)

The boundary condition at=—1 ory=2d exp(@)>1 with
the use of the asymptotic expansion
I'(c)

Yy,a—C 9 -1
T &Y Tyl
aty—o, wherel'(z) is the gamma functioff result in

A;=T'(1-c)/T(a—c+1), A,=T'(c—1)/T(a).
(A20)

From Egs.(A18) and (A20) one can get eigenfunctions
WEY)=N(E)e "' ¥(a,c:y), (A21)

whereW(a,c;y) is the ¥ function® EigenfunctiongA21)
die rapidly atx— —. The equivalent representation in
terms of the Whittaker functioff,

P(E,y)=N(E)Yy YWy, /u(y),

d(a,c;y)= (A19)

(A22)

is more suitable for evaluating matrix elements for bound—

continuum transitions.
The normalization constamM(E) is obtained as follows.
Assuming that the main input in the normalization integral

I(E’,E)=f:zp(E’,x)* Y(E,x)dx (A23)
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results from the domain of—o or y—0, we keep only the
first term in the expansion

®d(a,c,y)=1+(alc)y+(|y|?) (A24)

aty—0, see Ref. 80. Then, the eigenfunctions in theari-
able (A2) have the form

P(E,x)= N(E)[Al(zd)islaeisX+A2(2d)—is/ae—igxl
(A25)

whereA; andA, are given by Eqs(A20). Evaluation of the

ormalization integralA23) with ¢(E,x) defined by Eq.
A25) yields

I(E',E)=N(E’)*N(E)A;A2mwd(e’ —¢), (A26)

where§ is the Dirac delta-function. Taking into account the
relation

(e’ —e)=2|e|8(e'?—£2)— 8(e' +¢), (A27)

and 8(¢'+€e)=0 ate'>0 ande>0, one finally can get
from Eq. (A26) the normalization constant
I'(0.5-d—iel/a)

m
V2me TI'(—2iela)

The normalization constar{d28) differs from that of Ref.
79, but agrees with the results of Ref. 82.

The dipole matrix elements for the bound-continuum
transitions are evaluated as follows. The dipole moment
function (7) in the dimensionless variable (A2) has the
form

p(X) = wor o(X+1)exd — (x+1)ro/r],
and the matrix elements in question at rgg(x) are

N(E)=rh—°

(A28)

(A29)

(nlulE)= flwn(xm(x)w(ax)dx. (A30)

Transformation to variablg=2d exp(—ax), see Eq.(A6),
yields
<n|M|E>=J0 Y)Y U(EY) L0, (A31)

where the dipole functiop.(y) is obtained by making use of
the relations

Iny= In(2d)—ax; y* Iny=(d/d\)y*, (A32)
yielding
p(y)=(kof o/ @yg){[In(2d) + a]y*— (d/dN )y},
(A33)

where \=ry/ar® and y,=2d exp(a). Finally we get the
following representation for the matrix elements:

Mol o

(n|u|E)= az—%([ln(Zd)Jra]l(n,E;)\)

, (A34)

d I(n,E;\
ax (NEN)
where we have introduced the integral
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I(EN)= f:wnw)y“lway)dy, (A35)

containing parametex, and we have changed the order of
integration overy and differentiation ovei. The integral
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associated Laguerre polynomfis

n
Ly ()= 2 Crny (A36)
whereCy ,, are defined as
(-Dk(n+S,
kn= | pek |- (A37)

This yields the eigenfunctions of the discrete spectrum

n
n(y)= Nne—yIZySn/Zl;O Ck,nyka

(A38)
and, correspondingly, the parametric integraB5)
n
1(N,E;N)=NyN(E) D, Cynli(NE;N), (A39)
k=0
where
l(n,E;N)= f /2y STZEMITIAN oY) dy.  (A40)
0
The integral(A40) is tabulated® and one gets
_ IT(Sy/2+ N+ k+iela)|?
In a similar way we obtain
dI E')\—NNEéC dI E;\ A42
ﬁ (n1 ’ )_ n ( )k:O k,nﬁ k(nv ’ ) ( )

From Eqg.(A41) one can get by differentiation:
d
alk(n,E;)\)zIk(n,E;)x){ZRe[«//(Sn/2+)\+k+is/a)]

—y(N—n+Kk)}, (A43)

wherey(z) is the logarithmic derivative of the gamma func-
tion: ¢(z2)=T'(2) " 1(dI'(2)/d2), and R¢. . .] stands for the
real part.

Dipole matrix elements for the bound—continuum tran-
sitions evaluated from EqA34) with making use of Egs.
(A37), (A39), (A41)—(A43) and (Al4), (A28) have been
used in our IDE simulations.
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