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The performance of locally generated driving fields in the case of strong mode competition in two-dimensional
models of the title reaction is investigated. The simulations are based on an all-Cartesian reaction surface
Hamiltonian derived from ab initio quantum chemistry data. Here the one-dimensional reaction coordinate is
defined by the CeCO distance and motions of the HCo(G@)agment are described in the harmonic
approximation. The influence of two substrate normal modes is investigated in detail. First, we consider the
high-frequency H-Co stretching vibration, whose presence is shown to give no problem for driving the
reaction coordinate. Second, we focus on a low-frequency umbrella-type mode involving the equatorial
carbonyls. This mode provides a challenge to the method because of resonance and dipole gradient effects.

I. Introduction fragment. We note in passing that even though the alternative
concept of following the minimum energy pathnjoys great
popularity in the field of reaction dynamics (see, e.g., ref 10
and references cited therein), there has been only one application
to reaction controt! This study, however, revealed that the
complications arising from the nonadiabatic couplings neces-
sitate further approximations.

In ref 12 a straightforward scheme for photodissociation of
a bond by means of IR laser light was proposed. Here a single
haser pulse of the form

Selective excitation and dissociation of chemical bonds by
means of tailored ultrafast laser pulses is an active area of curren
research (for recent reviews see, for instance, refs 1 and 2). At
the time being it is not the desire for controlling chemical
reactions on a large scale in the laboratory that provides the
driving force in this respect. Instead, the challenge is given by
the problems that need to be solved along the road toward this
goal. At the very heart is the proper description of the molecular
system at hand. Although there has been quite some success i
controlling one-dimensional model systems (in experiment and .
theory), real-life applications are more likely to have a €t) = ¢ sirf(zit/t) cos@t) 2)
multidimensional character with respect to electronic and nuclear
degrees of freedom. Fortunately, chemical reactions quite oftenis used to accomplish the driving of the nuclear wave packet
involve large-amplitude motions of a few nuclear coordinates towards dissociation. In this scheme the expectation value of
(active coordinates) only, whereas the majority of nuclear the reaction coordinate resembles the behavior of a driven
degrees of freedom can be described within the harmonic classical Morse oscillator. However, in contrast to the classical
approximation. This sets the stage for the so-called system case, which had been studied in quite some detail already in
bath approaches to multidimensional nuclear dynafitisis the 1970s and 19808 the actual wave packet dynamics is
concept can be implemented either by defining an active not necessarily close to classical. For example, studying selective
coordinate along the minimum energy patir along some breaking of the H-Co bond as an alternative to eq 1 in refs 12
Cartesian reaction paftiThe two approaches essentially differ and 15, it was shown that for the stiff+Co bond, wave packet
in the way the coupling between active and substrate degreegdispersion is substantial, but also for the softer-C® bond it
of freedom is accounted for: In the first case it is contained in cannot be neglecteéd1>15The most appealing feature of this
the kinetic energy operator, whereas in the second case it is inapproach is the simple form of the laser pulse. Starting with
the potential energy operator. In refs-8 it was shown that  the contributions of Bandrauk and co-workétshirped-pulse
the idea of an all-Cartesian reaction surface Hamiltonian can excitation has been favored as an efficient route to dissociation
be implemented for polyatomics on an ab initio level of quantum (see also ref 17). In fact, chirped-pulse vibrational ladder
chemistry. Given a careful choice of the active coordinates, this climbing has already been demonstrated experimentally, for
allows one to simulate laser-driven nuclear dynamics in the example, for NO in ref 18. Chirped-pulse excitation of
adequate dimensionality. In particular we have studied the vibrational manifolds can also be achieved within an off-

photodissociation reactié resonant Raman adiabatic passage scH&ff@lternatively to
the use of chirped pulses, multipulse vibrational excitation and
HCo(CO), + hv — HCo(CO), + CO (2) bond dissociation has been successfully demonstrated (see, e.g.,

refs 15 and 21).
in the electronic ground state. The loss of the axial carbonyl Whereas the approaches mentioned so far are based on a
group (frozen at its equilibrium geometry) has been modeled parametrized pulse form providing enough flexibility to reach
along a one-dimensional Cartesian reaction coordinate, that is,a predetermined target, optimal control theory has been devel-
the Co-CO distance, coupled to the motions of the HCo(€0O) oped to find those laser fields that give a maximum reaction
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yield under certain physical constraiffsHere one defines a  three-dimensional model of HONOwas investigated. The

cost functionall = |[OT) — Orarge(T)|? + Jpenaity Where[O(T) general effect of nonreactive modes on laser control in a double
= [W(T)|O|W(T)Uis the expectation value of some operaibr minimum potential has been discussed in ref 37. Control of a
taken at timeg = T with respect to the state vectdP(T)l This two-dimensional model of a hydrogen atom transfer reaction

expectation value is supposed to assume the target valuewas simulated in ref 38. Here the methods of condensed-phase
Owarge(T). By solving the set of equations resulting from the dynamic$ were used to incorporate a heat bath. In fact, there

condition 6J = 0, with additional constraints added by the are a number of studies combining the quantum master equation
penalty termJpenary ONE obtains the required fiekdt). Via the approach with laser control (for an account on approaches
method of Lagrangian multipliers the penalty term ensures, for involving also excited electronic states see re#%2}*

example, that the field fluence is minimized and that the state  The remaining text is organized as follows: In section Il we

vector obeys the Schdinger equation first introduce the model Hamiltonian and then briefly review
the formalism of inverse and local control. Numerical results
o 0 are presented in section Ill and the paper is summarized in

ik WO 0= [Ho — ue®]W(O0 @ ey e baper 1s stmmanizec !

Here Ho describes the field-free evolution of the system, and II. Theory
the interaction with the external fiekdt) is considered within
the semiclassical dipole approximation with the dipole operator
given byu. In practical terms the solution of the control problem
has to be obtained by numerical iteration. Several efficient
procedures have been suggested in this regpétiThere are
also comparative studi®sshowing that different numerical
methods might provide different answers. This is not surprising,
for the solution to the optimal control problem is not unique.
Despite these efforts, noniterative approaches might be more
adequate when treating multidimensional systems. However
here the feedback for the field from the objective trajectory is
accounted for only approximately, if included at all (for a
discussion see ref 26). The simplest approximation, requiring
the operatoiO to commute with the total Hamiltonian, gives
the so-called local control meth&e’ (see also ref 28). Viewed

A. Model System.The construction of ab initio multidimen-
sional potential energy surfaces presents a serious challenge if
more than about three degrees of freedom are involved in a
reaction. In many cases, however, the reaction dynamics will
not cover all the available configuration space and a partitioning
into active and substrate coordinates becomes possible. Whereas
the former are allowed to perform motions of arbitrary large
amplitude, the latter are treated within the harmonic approxima-
tion. Here we will use the all-Cartesian formulation of this
concept which had been given in ref 5 (for details of the

implementation see also ref 6). Introducing (mass-weighted)
normal modeg Qn} for the substrate coordinates and denoting
the one-dimensional reaction coordinatexpgne arrives at the
following (system-bath) Hamiltonian

as resulting from an expansion & with respect tae(t), local pz 1
cqntrol corresponds to the ze_ro-order approxima%ﬂmrhpugh Ho=—+ V(X + _Z[pj2 + sz QJ? — 2fj(X)Qj] (4)
this does not necessarily give the optimal field, a first-order 2m 24

approximation for the determination of the field has been shown
to provide a significant improvement, if built on a reasonable In the present case of eq\I(x) is the one-dimensional reference
zero-order field?® Local control has quite some similarities to ~ potential for the motion of the reaction coordinate, which is
tracking or inverse contr@®-3! The main difference between  given by the Ce-CO bond length (the internal bond of the CO
both methods is that in the tracking approach the expectationfragment is kept fixed at its equilibrium distance). The coupling
value of some observable is specified from the very beginning. between the reaction coordinate and the normal mode oscillators
By construction, tracking control provides us with a unique field is contained in the functiofy(x).
for following a predefined objective. However, the price to pay For the interaction with the external laser field we use the
is that the field may become rather unrealistic and even semiclassical Hamiltonian
singularities can occur. The latter aspect and the conditions for
removing such singularities have been discussed in ref 32. Local H(t) = —é(t)Z/l(X, {Q}H) (5)
control, on the other hand, can be viewed as a sequence of J
optimal control steps, with the final wave function at the end
point of each time step being the initial wave function for the
next interval. Thus the expectation value of some objective
operator is generated “on the fly2. wu(x{Q})
In this paper we will apply the methods of inverse and local 1) = = e
, . - ux {QH) =ux {Q=0)+H
control to study eq 1 on the basis of the Cartesian reaction ] 0Q;
surface Hamiltonian presented in ref 9. Our motivation derives
from the observation that the presence of substrate normal modedhe derivatives of the dipole moment function along the
renders the dissociation scheme based on the simple pulse (egubstrate normal mode coordinates can be calculated numeri-
2) inapplicable in certain cases. Besides, vibrational ladder cally, for example, by using a finite difference approximation.
climbing and dissociation in multidimensional systems has not In ref 9 it was shown that there are two substrate normal
yet been addressed in great detail. An early account was givenmodes that couple appreciably to the one-dimensional reaction
by Billing and Henrikser¥? who developed a semiclassical coordinate. The potential energy and dipole moment surfaces
approach to the photofragmentation of polyatomics. More recent along the reaction coordinate and the two important substrate
examples include the study of excitation of the C stretching normal modes are shown in Figure 1. Mod® can be
vibration in planar acetylen¥,focusing on the influence of  characterized as a+Co stretching vibration, whereas mode
Fermi resonances and the vibrational Stark effect. This five- Q;is of umbrella type with respect to the equatorial carbonyls.
dimensional treatment was made possible by exploring the ideaFor the following analysis it is of importance that both modes
of essential state®.In ref 36, bond-selective dissociation in a have quite different frequenci&d; (21 ~ 2000 cm' and Q»

For the dipole moment(x, {Q}) a low-order expansion with
respect to the substrate coordinates is performed, that is,

g-Q  (6)
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position tracking, that is,O corresponds to the reaction
coordinate operatot. Becausey, u(x)] = 0 we have to use the
equation of motion for the respective momentpmwhich is
given by

SO 2P, H O D, (V)0

d
= a Prrack (7)

In the second line we made use of the condition that the
evolution of the momentum expectation value should follow
the predefined trackyack Equation 7 is easily inverted to give
the field as

mgt ptrack + [%D
ety = ———

a, q, %]

Figure 1. Potential energy surface (A, C) and dipole moment surface

(B, D) for a two-dimensional model of eq 1 including a high-frequency \We note that this expression does not include any restriction
H—Co stretching mode (A, B) and a low-frequency umbrella-type mode on the field as far as it concerns its fluence. In practice the use
(C, D) (reaction coordinate in atomic units, normal mode in mass- ¢ his method therefore requires a careful choice for the tracking

\c/)v%ghtedoatlohm;(r:térgts()é;'g e_C2° gtour 1"”5:@? ?g))t_tid_ag 5(A’ Cl) g 01, variablepyack This holds in particular if the concept is extended

Debye. In the numerical calculations the coordinate grid has been choserfO More dimensions as proposed in ref 29.

as 128x 256 forx andQ, respectively, with the grid boundaries given An alternative is provided by local competitive tracking

by x = —0.94...6.08,, Q; = —3.0...3.@, andQ, = —6.0...5.%0. The suggested in ref 31. Here the desired track is not specified a

gobbler function starts at= 4a, which also defines the boundary of  priori but determined from the instantaneous expectation values

the interaction region in eq 13. entering the right-hand side of the equations of motion for the
momentum. To drive the reaction coordinate toward dissociation

~ 500 cnr?). Because the harmonic frequency along the itis reasonable to assume that the objective trajectory is specified
reaction coordinat€sysis about 350 cm', unwanted resonance b

effects can be expected when driving the reaction coordinate y

with a spectrally broad laser pulse. This effect will be of d BV(X) d

particular importance because of the dipole gradient, which aptrackz “ax an@m 9)

points basically along the umbrella-type normal mode in the

vicinity of the equilibrium geometry [cf. Figure 1 panel (D)].  wherey, is a constant playing the role of a damping parameter.
The quite different characteristics of the two normal modes Equating eq 9 with eq 7 one obtains the fielde = y,[pll

allows us to study their influence on the dynamics of the reaction [g,./dx(] As shown in ref 31, this expression does not perform

coordinate separately in section IIl. well in practical calculations, particularly in situations where
B. Laser Control. One of the main results of ref 9 was the the wave packet is rather delocalized. Instead it has been

observation that the inclusion of the umbrella-type mode renders suggeste#t to formulate a related variational problem on the
the dissociation control with a simple laser pulse of the form pasis of the cost functional

of eq 2 impossible because of resonance and dipole effects. An

(8)

appreciable part of the available laser energy is consumed for = _ (t)gg ZD (10)
heating the substrate normal mode. This is not the case for the VP — €
high-frequency H-Co mode; because of the large frequency
mismatch the presence of this mode is no problem for the laser-Minimizing this functional gives the field as
driven dissociation with the pulse (eq 2).
To take up the challenge provided by the very competitive Re[%&pﬂ
umbrella-type mode we will apply the methods of tracking and e(t) = x X (11)
local control in the following?®~3! Tracking or inverse control /Ex(t) mdﬁ)zﬂ
is based on an intuitive guess for an optimal trajectOgyck dx

The Heisenberg equations of motion for the quantum mechanical

expectation value of the opera@rassociated t@trackare then As has been pointed out in ref 31, the fact that the field is
inverted to give the field necessary for following this track. Proportional to the momentum ensures very efficient energy
Because the calculation of the expectation value requiresdeposition into the reaction coordinate. Note that we have
knowledge about the state vector, the equation for the field is included a factor 4/ E,(t) whereE(t) is the expectation value
coupled to the Sclidinger (eq 3) (for a detailed discussion see of the system energy. This factor prevents an exponential
ref 29). If the considered operator commutes with the field- increase of the momentum and thus of the enétg\s we will
dependent part of the Hamiltonian, that is, with the dipole show below, this factor also leads to fields of more moderate
operator, one encounters a so-called trivial singularity in the strengths. Equations 10 and 11 are easily extended to the
field, which can be removed by stepping to the higher-order multidimensional case. One obtains the locally optimized field
derivatives of0.32 To be specific, let us consider the case of as
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(12)

Here we introduced damping parameters for the different degrees 8
of freedom asy, and y;.3! This will allow us to trigger the
motion along one coordinate while damping competing degrees
of freedom (see below). The relative weight of this desired o
motion of the different coordinates is specified by the functions ’
W (t) and Wj(t). Note that in ref 31 these weights have been
taken as constants. However, for one of the applications °
presented below it was essential to allow for a time dependence
at this point (cf. section Ill). Finally, we included the factors 0.0
1/\/E(t) and 14/E(t), with E(t) and Ej(t) being the instanta-
neous expectation value of the energy for the different (un- _ » ) ) ) .
Figure 2. Position tracking control of one-dimensional reaction

coupled) degrees of freedom (see above). X o ; !
In the followi il Its f he diff coordinate. The objective trajectonac(t) is generated from the
n the following we will present results for the different antidamped classical equation of motiotx/dt> = —dV(x)/dx + ydx/

6

4

; ! 0.0
2 0 500 1000
time [fsec]

0

2

variance

0 200 400 600
time [fsec]

methods using the dissociation probability dt with y = 20. Field, position, and variance of the position are given
in atomic units.
12
Psd) =1~ [, dxdQI¥(xQi)| (13) 06

as a measure for successful driving. In eq\3 denotes that
part of the potential energy surface where the gradient along
the exit channel is appreciably different from zero.

Ill. Results

A. One-Dimensional CaseTo provide a reference case, we L i 1 o5 Pdiss
first study the laser-driven dynamics along the one-dimensional - 0.0
reaction coordinate only. Throughout we will use the fast Fourier 0 500 1000

coordinate

transform method, together with a symmetrically split time 6 | time [fsec]
evolution operator for propagation of the wave functions on a 4r 1
grid (grid parameters in caption of Figure “b)*6 To prevent 21

reflection from the grid boundaries along the reaction coordinate 0 ‘ \ ‘ ‘
we used a sin-type gobbler functiéh.

We start with the position tracking according to eqs 7 and 8.
The objective trajectory is given by an antidamped classical
motion in the potentiaM(x) (see middle panel of Figure 2, 0 200 200 600 800 1000
dashed line). Tracking this trajectory presents no problem at time [fsec]

a!l, as can b_e Seen n the middle pan_el of Figure 2. The Figure 3. Local control of the one-dimensional motion along the
dissociation yield is close to 100 % (see inset) at the expensergaction coordinate according to eq 11 without using the energy
of a very strong field, which is shown in the upper panel of prefactor. For a choice of, = 0.0307 the wave packet remains quite
Figure 2. In the initial part of the dynamics the field is very localized (not shown) while moving into the exit channel. Field,
similar to the simple analytical form (2). This is in accord with ~ position, and momentum are given in atomic units.

the fact that the pulse (eq 2) drives the Morse-type oscillator in

a way that the behavior dk[{t) basically corresponds to that Comparing the field (upper panel) and the expectation value of
of a classical antidamped oscillator. Whereas the driving via the momentum operator (lower panel) shows that the dipole
the field of eq 2 gives appreciable dissociation even after the gradient plays an important role for the determination of the
wave packet becomes delocaliZdd,the present case the field field (cf. eq 11), that is, the field does not follow directly the
strength strongly increases when the variance of the coordinatemomentum of the system.

expectation value increases, as shown in Figure 2. This implies  Including the energy denominator in eq 11 reduces the
that it is very demanding for the field to ensure that the system maximum field strength by a factor of 10. The results of the
follows a classical trajectory. numerical simulation are plotted in Figure 4. The dissociation

Next we consider the same problem using local control theory. yield is about 65% and, in contradistinction to Figure 3, the
Here the field is given by eq 11. Neglecting for the moment coordinate expectation value more closely resembles the dynam-
the factor 1{/E,(t), we find the dynamics shown in Figure 3. ics of the classical antidamped Morse-type oscillator. The power
Obviously, the local control approach is better suited to deal spectrum of the field is shown in the inset of the upper panel in
with situations where the wave packet becomes delocalized. TheFigure 4. It is dominated by a peak at 330 ¢ma frequency
maximum field strength is a factor of two lower than in the thatis close to the 8~ 1 vibrational transition frequency along
position tracking case, without deterioration of the reaction yield. the reaction coordinaté€s,s~ 350 cnr'?). Thus the mechanism

momentum
|
N NG
oo oo
?
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1Ab 0
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% 0.04 1 frequency [1/cm] ]
= 0.02
0.00
-0.02
I j 0.5 Pdiss t=250 fs
2 0.0
2 0 500 1000
e .
5 time [fsec]
o L
Q
c ; : ,
2 50
] 0 J\/\/\/\N\/\’\,\W
§ s0 Figure 6. Snapshots of the wave packet dynamics corresponding to
€ _100 ] w w the situation in Figure 5 (absolute values scaled for visualization).
0 200 400 600 800 1000
time [fsec] C. Low-Frequency @ Mode. Next we focus on the influence

of the umbrella-type substrate normal mode. Because a simple
pulse of the form in eq 2 failed to trigger dissociation in this
case, we expect the two-dimensiongl,) system to provide
a more stringent test for the local control approach.

For the weighting functions we used (cf. also ref 29)

Figure 4. Same as in Figure 3 but including the energy prefactor in
eq 11. Field, position, and momentum are given in atomic units.

(A)

0.02

0
-0.02
-0.04
-0.08

field

W,(t) = co(at) (14)

0 100 200 300 400 500
time

and

(C)]

051; ]

Wi(t) = sin(at) (15)

P
diss

It turned out that the resulting dynamics are very sensitive to
the actual value chosen for the parameter The general
dependence is in accord with the idea of a stroboscopic

0 100 200 300 400 500
time

Figure 5. Local control in for the two-dimensional including the

reaction coordinate and the high-frequency mode [cf. Figure 1 (A) and

(B)]. The energy prefactor in eq 12 has not been taken into account.

(A) Laser field, (B) dissociation probability, (C) trajectory (field and

weighting provided by eqgs 14 and 15dfis of the order of the
0 — 1 transition frequency along the reaction coordinate,
dissociation could be achieved with a certain flexibility in the

coordinates in atomic units, time in femtoseconds). The weight functions damping parametens, andy,. For a much largew. > Qsys NO

in eq 12 are taken to be constavif, = 0.8 andwW; = 0.2. The damping

control was possible. On the other hand, for< Qg we

parameters arg, = 0.45 andy, = —1.0. observed dissociation, but with a yield that was very sensitive

to the choice of the damping parameters. No control on a time
; ) Y - scale of about 1 ps was possible for constant weight functions.
of the simple field of eq 2 that was studied in refs 8 and 9. First we present the results for the case where the energy
B. High-Frequency Q. Mode. As a first example for a  denominator in eq 12 had been neglected. The results of the
substrate mode that presents a competition to the laser drivingnumerical simulation are summarized in Figures 7 and 8.
of the reaction coordinate, we consider the high-frequency |nspecting Figure 7, we first notice that the dissociation yield
H—Co stretching mode. In Figure 5 we show the expectation s close to 100%. When contrasting this success with the zero
value of the coordinates together with the driving field and the yield obtained for the simple-pulse driving case, one has to
time-dependent dissociation probability. The time-dependent consider that the driving field has a rather exotic shape and it
energy factors in eq 12 have been omitted because reactionhecomes very strong as well [cf. panel (A) in Figure 7]. Thus
control could be achieved using moderate field strength already it is very likely that the Bora-Oppenheimer approximation
in this case. Further, it was not necessary to use time-dependengreaks down, and processes like ionization would have to be
weight functions in eq 12, and we have tak&p= 0.8 andwW, considered in a more realistic model (cf. ref 48). Because this
= 0.2 for simplicity. is beyond the scope of the present investigations, we will view
The power spectrum of the driving field has a major peak at the results shown in Figure 7 as a reference case that provides
280 cn1?l, that is, close to the frequency reaction coordinate useful information about the mechanism leading to the dis-
Qsys Because the normal mode frequerfey is much higher, sociation within the adopted model. In panel (C) of Figure 7
this mode is basically not excited during dissociation. This can we have plotted the time-dependent coordinate expectation
be seen from the coordinate expectation values in Figure 5 butvalues. Apparently, the initial part of the dynamics can be
also from the snapshots of the wave packet dynamics shown incharacterized as leading mostly to an excitation of the substrate
Figure 6. From Figure 6 we further see that the moving wave normal mode. In view of the dipole surface shown in Figure
packet remains compact up to the dissociation. The overall 1(D), this does not come as a surprise. However, with increasing
behavior is in accord with the results of the simulations that energy the moving wave packet covers a region where the
used the simple pulse form ecf2. potential couplingfy(x) becomes important as well. The

of local driving can be considered as being similar to the case
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field
field _g,

0 100 200 300 400 500 600
time (B) 0 500 1000 1500 2000
time

08

p 0.6

diss 0.4
0.2
0

(B)

0 100 200 300 400 500 660
time

Figure 7. Local control in for the two-dimensional including the 0 S0 1000 1500 2000 ©)
reaction coordinate and the low-frequency mode [cf. Figure 1 (C) and fme
(D)]. The energy prefactor in eq 12 has not been taken into account. Figure 9. Local control in according to eq 12 for the two-dimensional
(A) Laser field, (B) dissociation probability, (C) trajectory (field and including the reaction coordinate and the low-frequency mode [cf.
coordinates in atomic units, time in femtoseconds). The weight functions Figure 1 (C) and (D)]. (A) Laser field, (B) dissociation probability,

are chosen according to egs 14 and 15 with a stroboscopic frequency(C) trajectory (field and coordinates in atomic units, time in femto-

of a = 330 cn1l. The damping parameters gre= 0.85,y, = —35.0. seconds). The weight functions are chosen according to egs 14 and 15
with a stroboscopic frequency ak = 220 cnt® The damping
t=0fs =300 fs parameters argx = 0.09,y, = —3.0.

Figure 8. Snapshots of the wave packet dynamics corresponding to
the situation in Figure 7 (absolute values scaled for visualization).
Figure 10. Snapshots of the wave packet dynamics corresponding to

concerted action of both driving and coupling finally guides the situation in Figure 9 (absolute values scaled for visualization).
the wave packet into the exit channel. Looking at the wave

packet snapshots in Figure 8, the most striking observation is!V- Summary

that there is Only little delocalization. In other WordS, the motion Local Competitive control of two-dimensional models of the

is to a good approximation that of a classical particle. On the ground-state photodissociation reaction (eq 1) has been studied
basis of our experience with the one-dimensional limit, we on the basis of an ab initio all-Cartesian reaction surface
expect that upon inclusion of the energy factors in eq 12, the Hamiltonian. After the failure of the approach to drive the
field will behave more moderately also in this two-dimensional reaction with the simple pulse (eq 2) in the presence of the low-
case. In fact, the numerical results shown in Figure 9 support frequency umbrella-type substrate normal mode reported in refs
this supposition. The maximum field strength is reduced by a g and 9, our initial intention was to use optimal control the®ry.
factor of eight and the overall behavioretf) is much smoother  Thjs iterative procedure, however, turned out to be numerically
than in Figure 7. However, this behavior comes along with & very demanding because of the present need for a large grid.
lower dissociation yield of about 12%. As a consequence of The noniterative local control approach, on the other hand,
the reduced antidamping of the reaction coordinate dynamicsperformed well in producing reasonable reaction yields for
[Oy A/ ELD)], it takes a much longer time to deposit enough moderate laser pulse shapes. To accomplish this goal, the use
energy into this coordinate such that dissociation occurs. The of a stroboscopic-type weight function for the different objec-
respective dynamics of the coordinate expectation values coverdives, that is, antidamping of the reaction coordinate and
large parts of the bound-state potential energy surface. Thisdamping of the substrate normal mode, proved to be crucial in
behavior, however, can no longer be interpreted in terms of the case of strong mode competition. Further, it was shown that
classical dynamics. In fact, the snapshots of the wave packetthe inclusion of a time-dependent energy factor that gives an
plotted in Figure 10 reveal that already after 500 fs, that is, additional damping led to a considerable smoothening of the
well before any dissociation takes place, the wave packet is pulse shape and a reduction of the maximum pulse strength
covering most of the available configuration space. The needed for efficient dissociation. Finally, we found the dynamics
circumstance that despite this almost complete delocalizationupon inclusion of the high-frequency normal mode to be rather
there is appreciable dissociation setting in at about 1.5 ps pointsclassical, that is, the dissociation proceeds without substantial
to the strength of the competitive local control method. wave packet dispersion. On the other hand, in the presence of
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the low-frequency mode and for a reasonable pulse form, the
wave packet becomes delocalized over the available configu-
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ration space already well before dissociation. However, even ‘(s - weinheim: Verlag Chemie, 1995; Vol. 2, p 671.

in this case, the local control method is able to guide a good

fraction of the wave packet toward dissociation.
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