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We propose a new strategy for optimal control with tailored ptigipmp pulses which drive a system of
moderate complexity via electronically excited states to a desired objective in the ground state with a maximal
yield. It is based on the concept of the intermediate target in the excited state which selects the appropriate
Franck-Condon window at a given time delay between the two pulses mandatory for reaching optimally the
objective. The existence of the intermediate target ensures the connective pathway between the initial state
and the objective in the ground state, necessary for the controllability of multidimensional systems involving
two electronic states. We show the scope of this concept by optimizing and analyzing the pump and dump
pulses for driving the isomerization process in thesacluster to the second isomer by suppressing
radiationless transition through the conical intersection between the first excited and the ground state. This
has been realized by employing our ab initio Wigner distribution approach.

I. Introduction one-dimensional systems, here, at least two problems arise which
. . . . . have to be solved: The first one concerns the existence of the
The optical control of chemical reactivity using tailored laser connective pathway between the initial state and the objective
pulses interacting with molecules has been substantially ad-\\hen the latter is reached via a different electronic state with
vanced over the past years because of intense joint theoreticalyisinct features, and the second is, even if this is ensured, how
and_experlmental efforts (é:f' refs 1 and 2 and ref(_arences therein).ihe optimal path can be found. To address this issue, we present
Optimal control theory® and methods treating quantum j, his contribution a combination of molecular dynamics,
interference phenomehiwere used to compute the light fields o e ctronic structure calculation, and the development of a new
Wh_lch_are ak_)le to drive a material system to a desired goal or optimal control strategy applicable to systems of moderate
ObJeCt.'VG' Simultaneously, the expe_nmental de_velopm_ent of complexity. We consider the pumlump control for two phase
techniques for ultrafast pulsltz-shqplng made it possible 10, 5cked ultrafast fields in the weak response regime. A density
generate tailored light fields *® which are able to suppress  ayrix formulation is used based on our ab initio Wigner
one pathway and to favour the other one. . distribution approach’-1° This method combines the Wigner
~ It remains still to be answered whether optimal control \oyal representation of the vibronic density matrix with ab
involving more than one electronic state can be achieved for jnitio molecular dynamics (MD) in the excited and ground
the systems with increasing complexity. In contrast to simple gjectronic states without precalculation of both energy surfaces
and is therefore suitable for systems with a considerable number
* To whom correspondence should be addressed. E-mail: vbk@chemie.hu-of degrees of freedom. The analysis of the classical trajectories
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valid for pulses on the very short fs time scale. The intermediate andAq; are the deviations. The Theta function ensures that the
target is defined as a localized ensemble corresponding to thekinetic energy is kept below the lowest isomerization barrier
maximum overlap between the forward propagated phase spacémin.

density on the electronic excited state (starting from the initial ~ Equations for the pulse envelopes to be optimized are obtained
state) and the backward propagated phase space density fronby considering the functional

the objective, at the opti.mal time d_elay between the two pulses. . .

The role of our intermediate target is to guarantee the connective J(t) = At — Ap fo A1) dt — A ﬁ) E;M)2dt (2)
pathway between the initial state and the objective and to use

the excited-state ensemble for selecting the appropriate Franck The last two terms are due to the general constraint of the finite
Condon window and the optimal time delay by sampling the total energy of the pump and the dump pulses, respectively,
portions of the both molecular energy surfaces involved. In fact, and A(t;) is the yield at the timés which can be calculated in
the latter is related to the inversion problem. The advantage of weak field second-order perturbation thet#$2! and in the

our optimal control strategy is also an easy access to underlyingframework of the Wigner representation according to
ultrashort processes reflected in the shape of the pulses because

of the available analysis of the molecular dynamics. We illustrate — 2 b T (T [T g -

the new optimal control strategy by optimizing pump and dump Al ffd To 0 de J(‘)dt */(; de j(; de A(rg(tf v

pulses for driving the isomerization process in the nonstoichio- Lz —7"T j(eg=UgdTe(t'—7";T0))) (1 —7') i (weg—Uge L)) (7" —7"")

metric NaF, cluster, avoiding conical intersection between the (7 — 7 To))e € x

ground and excited stat®,and maximizing the yield in the Nk 1 ,
second isomer. Pao(Co)Ep(T"")Ex(t")Ep(T')Ep(7) (3)

This expression involves the propagated excited and ground-
state ensembl€e and Iy induced by the pump and the dump
Starting from an initial thermal ensemble in the lowest energy PUIS€S, respectivelfeg in eq 3 is the time-dependent energy
isomer, our aim is to occupy maximally the second isomer, the 92P between the states, ang(I'o) denotes the initial distribution
objective, at a given timg by using a phase-unlocked pump qf the phase spack in t.he Wigner representation. Optimal
dump control strategy involving dynamics on the first excited field envelopes are obtained by calculating the extrema of the
state (pumping) and the ground state (dumping). Therefore, thecontrol funct_lonal eq 2 from a va_matlonal procgdure. This I(_eads
temporal shape of both pulses and implicitly the time delay 0 the following pair of coupled integral equations for the field
between them have to be optimized. This is, in general and also€nvelopes of the Fredholm type:
for the NaF, example, an optimization problem of a multidi-

Il. Optimal Control Strategy

t I I I J—
mensional system. For these systems, in the case of the Ji de Me(x, 7'; Ep) Ex(') = AgE(r) (4)
isomerization process it is important to notice that the connective
niti i 1 I t ! I ! p—
pathway between the initial state and the objective is guaranteed ﬁ) "dr' My(z, 7'; Ep) Ep(t') = ApEp(7) (5)

if the propagation on the first excited state can be controlled

by the shaped pump pulse in such a way that the geometriesynqre the integral kernels usually denoted as material response

related to the transition state between the two isomers in the,nctions are given by

electronic ground state can be reached. Then, the controlled

shaping of the dump pulse induces the population transfer to . _ 2 oy o (T _

the ground state and the localization of the population in the Mg(z, 7'; Ep) ffd To 0 dr ﬁ) dr A(Fg(tf o

Second |Somer at re(_l/,nl - ro)))ei(w997Ueg(re(T"'*T;FO))(T”*T'”)ei(weg7Ueer))(T*‘E') X
In the optimal phase-unlocked pumgump control, the pump = (ot o

and dump pulses of the forepp)(t) = Epp)t) exp(—iwed) + PaoTo)En(T")Ep(7") r=7 (6)

E’,;(D)(t) explwed) are considered, wher&pp) is a slowly , 5 ? o T

varying envelope of the pump (dump) field, respectively, and Mo(z, 7' Ep) = [ [T [Tde” [7de" ATyt —

wegis the difference between the energies of the minima of the @ — 7T )))ei(weg—Ueg(Fe(r'—r";FQ))(T—T’)ei(weg—Ueg(l"o))(r"—r"') %

excited and the ground states. Variation with respect to the pulse ™ © o

envelopespp) has to be performed in order to maximize the pgg(FO)Ep(r”’)E’,?,(t”) =1 (7)

yield at the time. In the case of the isomerization process, the . . .

objective in the ground state can be described in the Wigner These coupled nonlinear integral equations can be solved

representation by an operay= A(I')|glg| whereA(T') is the iteratively gi\_/in_g a solution_for optimal pump and plump fields.
Wigner transform of the objective in the multidimensional phase However, this is computationally a very demanding task even
spacel’ = {q;, pi} of coordinates and momenta, argily| is for systems of moderate complexity because coupled classical

the ground state projection operator. Because we focus in ourtrajectory simulations on the ground and excited states have to
optimization problem to the maximal occupation of the second be performed. In fact, the calculation of the objective function
isomer, only the spatial localization of the phase space densityA in egs 6 and 7 requires the propagation of the ensemble onto
is of relevance, and we assume an arbitrary distribution of the the ground stat& starting at different initial conditions which
momenta. Thus, we write are obtained from the propagated ensenifiyef the excited
state at every time step.
However, we will show in the following that by restricting
1) the optimization problem to field envelopes in the fs regime a
new strategy can be proposed which reduces the problem to
solving single Fredholm-type integral equations for the optimal
pump and dump fields at acceptable computational demand. Our
whereg; denotes the Cartesian coordinates of the second isomerstrategy involves the following steps:

N N p?

1 5)2 2
A(p, q) — |_| —e*(Qi*Qi) 12(Ag;) ® Emin _ _
=% vV 21Aq, =1 2m
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(i) It is justified in the ultrashort time approximation and in
the zeroth order of an iterative procedure to calculate the kernel
functionsMp and Mp with strongly localized pulse envelopes
Ep 0 6(t) andEp [0 6(t — tg) wherety is the time delay between
the pulses to be determined. This yields for the zeroth order
material response functions egs 6 and 7:

MR, o) = [ [dT6 ATt — tg Telty — 7 1))

e Vedl™p (T 727 (8)
MO, 7) = [ [T, ATyt = 7 T(e'; T)) x
gl (@eg=Ued Tz To))(z—7) Pl 727 (9)

Obviously, in this approximation, the equations for the pump
and the dump fields are decoupled. According to eq 8, the pump
pulse optimization involves the propagation on the excited state
T'e(tqg — 7) from = = O until ty starting from the initial ensemble
T'o, whereas for the dump pulse optimization, eq 9, the dynamics
on the ground statEy(tr — 7; T'e(ta)) for 7" = tq until t; has to

be performed with initial conditions given by the ensemble of
the excited stat&'(tg) attq. We call the ensemblE(ty) at ty

the intermediate target which can be determined from the
maximal overlap between a forward propagated ensemble from
the first isomer on the excited state and a backward propagatec
ensemble from the second isomer on the ground state.

(ii) The optimized pump pulse in first order of the iterative
procedure can be calculated from egs 4 and 8 which localizes
the phase space density at the intermediate target.

(i) Optimization of the dump pulse by solving eqs 5 and 9
projects the intermediate target to the ground state and localizes
the phase space density into the objective at the specified final
time t;.

It should be pointed out that the mentioned problem of the
connective pathway between the initial state and the objective
is related to the existence of the intermediate target at attime
The condition for this is that the functioNI'y(tr — tq; T'e(td)))
has nonvanishing contributions as it follows from eqgs 8 or 9
which can be found from classical trajectory simulations.

The described procedure can be in principle continued
iteratively leading to fully optimized pump and dump pulses.
However, in many practical cases, as we will show in the next
section, it can be expected that the zeroth and first order iteration
leads to sufficient accuracy. With our strategy involving the
concept of the intermediate target, we have succeeded in
reaching the objective with the maximum yield by optimizing
the pulses independently, which is computationally acceptable
even for the systems of moderate complexity. At the same time,
the analysis of the ensemble of trajectories corresponding to
dynamics in the excited and in the ground states allows easy
interpretation of the shaped pulses and the underlying ultrashort
processes.

[ll. Optimal Control of the Isomerization in Na sF;
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Figure 1. Scheme for the pumpdump optimal control in the N&-
cluster with geometries of the two ground-state isomers and the
transition state separating them, the conical intersection, and the
intermediate target. The optimal electric fields corresponding to the
pump and dump pulses are shown in the upper part. The mean energy
of the pump pulse is 1.20 eV, and the mean energy of the dump pulse
is 0.6 eV.

characterized by the Na atom bound to the ionigf@ubunit,

and in the second isomer Il wiii,, symmetry, a metallic Na
subunit is bicapped by the F atoffsBecause of strong ionic
bonds, the first excited state arises primarily by the excitation
of the single excess electron. The first excited state exhibits a
shallow local minimum (not shown) related to the transition
state of the ground state and the global minimum with a linear
geometry corresponding to a conical intersection between the
ground and the first excited state (cf. Figure 1) which has been
fully characterized in our previous wotR.The isomerization

through the conical intersection is characterized by a large excess

of energy &0.65 eV), and therefore, a population of only the
single isomer Il is excluded by this nonradiative transition. Thus,
another pathway due to optimal control is preferable for reaching

the objective with a maximal yield. For this purpose according

In this section, we apply the concept of the intermediate target to the optimal control strategy described in section II, we first

to the pump-dump-induced isomerization of the M cluster.

generate an initial ensemble of tkk isomer, then determine

The aim of the investigation is to gain an understanding of the the intermediate target involving excited state and ground state

mechanisms behind the pumgump control processes includ-
ing the estimate of the efficiency of the controlled isomerization.
The choice of the Ngr, cluster with nine degrees of freedom

is particularly suitable because two isomers with different
structures and the transition state separating them with a
relatively low barrier of 0.12 eV are present. The lowest energy
isomer | (cf. lower part of Figure 1) wittCs symmetry is

dynamics, and finally optimize the pump and the dump pulses.
Our ab initio Wigner distribution approach involving ab initio
MD “on the fly” for the excited and the ground states, as
described in refs 18 and 19, has been used throughout the paper.
This method yields an accurate description of ultrashort
processes as illustrated on the example offiNay comparing

the measured pumprobe signals with the simulated ones. The
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excellent agreement between the theoretical and experimenta: 150
pump—probe signals allowed for the identification of periodic FT of the
geometrical rearrangements between the linear and bend struc
tures in the first excited state of Biabecause of the breaking

of the Na-Na bond??

In this contribution, we assumed for the initial ensemble a
50 K temperature canonical distribution in the ground state of
the Cs NagF, isomer | in Wigner representation (cf. eq 27 of
ref 18 withw; being the nine normal modes of jfa) given by
a set of 800 coordinates and momenta. The ensemble was
propagated classically for 300 fs on the first excited state which
corresponds to the vertical excitation energy of 1.33 eV (pump
step). To define the intermediate target and the optimal time
delayty (cf. section Il), the ensemble was dumped back to the
ground state every 25 fs and subsequently propagated for 1 ps
It was found that the objective can be reached by the ensemble

Franck—Condon

optimal pump profile

pulse

S

w
o
L

Intensity [arb. units]

= L ) v 1
atty = 250 fs where residence times of at least 500 fs within 000 050 1.00 150 2.00 2.50 3.00
the C,, basin were observed. The ensemble averaged geometry E[eV]
afterty = 250 fs defining the coordinatég of the intermediate 1.4
target is shown in Figure 1. It should be noted that also for - 0.7 .
time delays larger than 250 fs the objective could be reached. { s Wigner transform

of the pump pulse

However, the residence times and the occupation is much
smaller because of the larger excess of energy gained by the 1.34
propagation on the excited state. The analysis of the ensemble
averaged momenta aftey = 250 fs defining the momenta
of the intermediate target has shown that it is directed in the '@ 2.
way which leads to the second isomer Il. The averaged kinetic E‘
energy in the intermediate target corresponds to about 75% of
the isomerization barrier in the ground state. This guarantees
that the ensemble remains localized in the basin corresponding 1.14
to the isomer Il after the dump.

Next we consider the optimization of the pump pulse leading
to a localization of the phase space density in vicinity of the

V]

. . . . -0 ¥ T . T b T v, T ¥ L 1 1 T L T *
intermediate target. Thus, for the intermediate target operator 10 20 30 40 50 60 70 80 90 100
in Wigner representation (eq 8), we assume a minimum
uncertainty wave packet of the form time[fs]
IN—15 Figure 2. Fourier transform of the optimal pump pulse and the
— - i ! Franck-Condon profile for the first excited state corresponding to the
I I 2/2 A I 2 { { 2/2 A { 2 . - .
Ap, g) = —————¢ [GTWT0A" g pI2AR) (10) excitation energyle = 1.33 eV (upper panel (a)) and Wigner transform
=1 2TApAq, of the optimal pump pulse (lower panel (b)).

where the uncertainties in the coordinatap were defined such  corresponds to the first temporal portior0 fs) of the pulse,

that they correspond to the spreading of the initial ensemble whereas the very short second portion after-80 fs with the
which is about 0.053 A, and the uncertainties in the momenta duration of~10 fs is energetically much wider. The latter region
are given byAp; = 1/Aqg. The material response function is related to the lower lying and higher lying tails of the Fourier
M(z, ') for the pump pulse (eq 8) was calculated on a time transform (Figure 2a) which are symmetric with respect to the
grid with a spacing of 1 fs, then symmetrized, and finally, 1.2 eV transition reflecting the fact of equally distributed
according to eq 4, diagonalized using the standard Jacobivelocities in the initial ensemble.

procedure. The largest eigenvalue which corresponds to the Forthe dump pulse optimization leading to spatial localization
globally optimal pump pulse was obtained to be 0.82 which of the phase space density in the objective, the intermediate
corresponds to a 82% efficiency of localizing the ensemble in target operator (eq 10) was propagated on the ground state and
the intermediate target. The optimized pump pulse obtained fromthe dump pulse was determined from the solution of egs 5 and
eg 4 has a complex temporal shape where the envelope consist8. The largest eigenvalue obtained was 0.78 corresponding to
of two portions corresponding 70 and~10 fs (cf. first part 78% efficiency of the localization in the second isomer. The
of the upper panel of Figure 1). Physical insight can be gained obtained dump pulse with a duration of omb20 fs (cf. second

by considering the Fourier transform and the Wigner transform part of the upper panel of Figure 1) gives the evidence that the
of the pump pulse (cf. Figure 2 parts a and b). Obviously, time window around, for the depopulation of the excited state
comparing the Fourier transform with the initial Frard&ondon induced by the dump pulse is very short in accordance with the
profile of the Cs isomer (Figure 2a), the excitation of the low fact that the system rapidly gains a large amount of excess
lying Franck-Condon transition around 1.2 eV of the initial energy on the excited state. The Fourier transform of the dump
ensemble is mainly responsible for reaching the intermediate pulse (not shown) is centered around 0.6 eV corresponding to
target. This spectral region corresponds to lower lying vibra- the Franck-Condon transition energy &t

tional modes which opens th@; structure by breaking of the Figure 3 shows snapshots of the ground-state ensemble
Na—Na bond and one NaF bond. The Wigner transform  propagated onto the ground state after the dump process. It can
(Figure 2b) shows that this energetically sharp transition be seen that the ground-state phase space density is catched
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4 - T - 4 T T T systems under the condition that the intermediate target can be
& . found. The gained knowledge about pulse shapes can be used
2r » 1 2F i » 1 to introduce a guidance toward the understanding of experi-

mentally shaped pulses. At the same time, the controlled

y[A] of . 1 o - 1 population of such a bimodal system might provide a basis for
- = constructing the molecular “flipflop” switch which can be used
=F . ; B % l for information storagé?
t=0fs t=100fs
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