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Abstract
Laser pulse control of molecular dynamics is studied theoretically by using optimal control theory. The control theory is extended
to target states which are distributed in time as well as in a space of parameters which are responsible for a change of individual
molecular properties. This generalized treatment of a control task is ﬁrst applied to wave packet formation in randomly oriented
diatomic systems. Concentrating on an ensemble of NaK molecules which are not aligned the control yield decreases drastically
when compared with an aligned ensemble. Second, we demonstrate for NaK the maximization of the probe pulse transient absorption in a pump–probe scheme with an optimized pump pulse. These computations suggest an overall optical control scheme,
whereby a ﬂexible technique is suggested to form particular wave packets in the excited state potential energy surface. In particular,
it is shown that considerable wave packet localization at the turning points of the ﬁrst-excited R-state potential energy surfaces of
NaK may be achieved. The dependency of the control yield on the probe pulse parameters is also discussed.
Ó 2005 Elsevier B.V. All rights reserved.

1. Introduction
Although there are recent experimental demonstrations on possible laser pulse control of polyatomic systems [1–5] the interest in simple systems continues,
too. At least, diatomic molecules should oﬀer the best
chance to achieve a direct comparison between experimental data and theoretical simulations (see, e.g. [6]).
First of all, the success of such a comparison depends
on the quality the molecular dynamics have been described. However, in carrying out such a comparison a
number of diﬃculties have to be accounted for caused
by the concrete experimental arrangement. These diﬃculties are mainly related to the fact that, so far, laser
pulse control cannot be carried out as a single molecule
experiment. Instead, the pulse which should drive the
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molecular dynamics in the required manner acts on a
large ensemble of molecules. Accordingly, the spatial
intensity proﬁle of the pulse as well as its intensity ﬂuctuations (among diﬀerent laser shots) may inﬂuence the
control yield. A similar eﬀect has to be expected when
considering molecular ensembles with random spatial
orientation or characterized by inhomogeneous broadening. Moreover, what can really be achieved in the
experiment may also depend on details of the pulse
shaping equipment and the way one tries to detect
whether or not the excited molecule has reached the target state.
The eﬀect of the intensity proﬁle of the pulse has been
addressed in [7] and the inﬂuence of intensity ﬂuctuations, for example, in [8]. Inhomogeneous broadening
could be included in the studies of [9], and the inﬂuence
of the pixel number of the liquid crystal spatial light
modulator on the control yield was quantiﬁed in [10].
Own recent studies discussed the direct optical detection
of the control yield (within a pump probe scheme)
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[11,12]. These considerations will be exempliﬁed here for
NaK molecules, and, additionally, it is demonstrated
how random spatial orientation of the molecules alters
the control yield.
Of course, the diﬀerent ways the control task is solved
in the experiment as well as within numerical simulations may aﬀect the comparability, too. While in the
experiment non-deterministic approaches like genetic
algorithms are used, optimal control theory (OCT, cf.
e.g. [13–16]) is routinely applied within the simulations.
It results in a nonlinear functional equation for the laser
ﬁeld (the optimal pulse) which should be ready to solve
the control task. We do not further comment on this
problem here but will use OCT consequently. The paper
is organized as follows. In the subsequent section we
give some general comments on OCT, and we shortly
introduce the model used for NaK. Then, in Section 3,
laser pulse control is investigated in detail if an ensemble
of molecules with random spatial orientation is considered. The distribution of the target state in time is
considered in Section 4, a situation, one meets in a
pump–probe scheme if one directly tries to optimize
the probe pulse transient absorption signal. The paper
ends with some concluding remarks.

2. Optimal control theory
To achieve laser pulse control one has to optimize a
certain molecular property or observable denoted by
O½Ec  in the following. Usually, the applied ﬁeld (the
control ﬁeld) Ec acts in the time interval (t0, tf), and
the value of O½Ec  obtained after optimization is named
control yield. Because O½Ec  results from the laser pulse
driven dynamics, it is a functional of Ec. Here, and in
the following we will provide linear polarization of the
control ﬁeld, so the vectorial ﬁeld is denoted as
Ec ¼ eEc ðtÞ;

ð1Þ

where e is the polarization unit vector. When applying
OCT one searches for an Ec which leads to an extremum
of the overall control functional
 Z tf

1
E2c ðtÞ
 I0 .
J ½Ec  ¼ O½Ec   k
dt
ð2Þ
2 t0
sðtÞ
The second term represents the constraint to ensure ﬁnite control ﬁeld ﬂux ﬁxed by the value I0. Moreover,
the quantity k is as Lagrange multiplier, and s(t) guarantees that Ec is switched on and oﬀ smoothly. The ﬁeld
pulse Ec resulting in an extremum of O½Ec  will be called
the optimal ﬁeld.
If one restricts the considerations to pure state
dynamics, OCT has to be put into the framework of a
wavefunction formulation with O taken as
b
O½Ec  ¼ hWðt; Ec Þj OjWðt;
Ec Þi.

ð3Þ

b represents an observable which expectation vaHere, O
lue has to be optimized, and W(t; Ec) is the system wavefunction propagated at the presence of the control ﬁeld.
b is given by the projector
In the most simple case O
|WtarihWtar| on that state to be realized at t = tf (the target state).
In the following the more general type of the functional O will be discussed, denoted by
Z 1 Z
b pÞjWðt; pÞi;
O½Ec  ¼
dt dp hWðt; pÞj Oðt;
ð4Þ
t0

where p is a certain parameter or set of parameters,
which should refer to a particular property changing
among the individual molecules. Therefore, the control
functional, Eq. (4) accounts for a distribution of the
b (target state) in the space of the parameter
operator O
p,
and,
additionally,
in
time.
Obviously,
b pÞ ¼ dðt  tf Þdðp  p0 Þ O
b results in the standard
Oðt;
form of O½Ec  given in Eq. (3). If one takes, however,
b pÞ ¼ dðt  tf Þ OðpÞ
b
Oðt;
the functional O½Ec  is ready to
describe, for example, inhomogeneous broadening present in the considered molecular system. In this case p
counts the individual molecules which property, for
example, the excitation spectrum, changes from molecule to molecule. Consequently, it is required to discuss
a distribution of wavefunction in the p-parameter space
[9] (cf. also the discussion in Section 3). If, additionally,
the target operator is distributed in time the control
functional may be used for the optimization of the
probe-pulse signal in a pump–probe scheme [11] (see
Section 4).
The determination of the optimal control ﬁeld is
achieved by searching for the extremum of J via the
solution of dJ/dEc = 0. Using the standard expression
Eq. (3) for O½Ec  the functional derivative of the overall
control functional, Eq. (2) leads to
Ec ðtÞ ¼ 

2sðtÞ
ImhHðt; Ec Þj^
ljWðt; Ec Þi.
hk

ð5Þ

^ ¼ e^
Here, l
l is the molecular dipole operator projected
onto the control-ﬁeld polarization. Besides the system
state vector |W(t; Ec)i propagated forward in time by
means of the time-evolution operator U(t, t0; Ec) (at the
presence of Ec) and starting with |W0i at t = t0, an auxiliary state vector |H(t; Ec)i appears additionally. It has
to be propagated backward in time according to the action of U(t,tf;Ec) starting at tf (Pt) and with the ’’initial’’
b
state OjWðt
f ; Ec Þi. A solution of Eq. (5) can be achieved
by diﬀerent iterative schemes of forward and backward
propagation. We use the one of [17,18] which results
in coupled nonlinear Schrödinger equations for forward
and backward propagation.
By ﬁxing Rk within the iteration scheme a certain value
for the ﬂux dtE2c is obtained which would be diﬀerent
from I0, Eq. (2). However, to get a solution for a given
I0 one has to assume J as a function of k, too. Noting
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Eq. (5) a relation between k and I0 valid for a given
|W(t)i and |H(t)i can be established. It reads
Z
2
ljWðtÞiÞ ;
ð6Þ
k2 ¼ h2 I 0 =4 dt sðtÞðImhHðtÞj^
and guarantees that the ﬁeld ﬂux constrain is satisﬁed.
Accordingly, we modify the iteration algorithm such
that after each backward and forward propagation step
the actual state vectors |W(n)(t)i and |H(n)(t)i of the n 0 th
iteration order are used to estimate the Lagrange multiplier k(n + 1) for the next propagation step. For this estimation Eq. (6) is applied, and the iteration procedure is
terminated as soon as the control yield (given by O) and
the k(n) converge (cf. also [19]).
Now, let us consider OCT based on the more general
functional, Eq. (4). In this case the optimal pulse has to
be determined from
Ec ðtÞ ¼ 

2sðtÞ
hk


Z

e p; Ec Þj^
dp Imh Hðt;
ljWðt; p; Ec Þi.

ð7Þ

The integral with respect to the parameter p points out
that OCT has to search for a pulse which represents a
compromise among the diﬀerent target operators distributed in the p-parameter space. The distribution of
the target operators in time is accounted for by the auxe p; Ec Þi depending on p, too.
iliary state vector j Hðt;
Again it follows from a backward propagation. However, the deﬁnition is more complex as that of |Hi
appearing in Eq. (5)
e p; Ec Þi
j Hðt;
Z sf
b pÞjWðs; p; Ec Þi.
¼
dsHðs  tÞU ðt; s; p; Ec Þ Oðs;
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of NaK named in the following ground state, ﬁrst excited state, as well as higher excited stated and abbreviated by a = g,e,f, respectively (cf. also Fig. 1). As shown
in [25] the related potential energy surfaces (PES) can be
very accurately approximated by Morse potentials. The
coupling of the molecular system to the laser ﬁeld is described within the dipole as well as Condon-approximation. Then, the complete Hamiltonian (expanded with
respect to the electronic states ua) takes the following
form:
X
H ðtÞ ¼
ðda;b H a ðrÞ  EðtÞd ab Þjua ihub j.
ð10Þ
a;b¼g;e;f

Here, E(t) is the total electric ﬁeld-strength polarized
along e (cf. Eq. (1)). When considering a pump–probe
scheme E(t) splits into the control pulse (pump pulse)
Ec(t)  Epu(t) and into the probe pulse Epr(t). The dipole
^
matrix elements are given by d ab ¼ hua je^
ljub i, where l
as well as the ﬁeld polarization unit vector e point along
the molecular axis. According to [25] we take the following values: dgg = 2.8 D, dee = 0.25 D, and dﬀ = 1.5 D, as
well as deg = 10.0 D, dfg = 3.0 D, and dfe = 3.75 D. Furthermore, the zero-temperature case is considered. Thus,
the system is set into the ground state |W(t0)i = |vg0i|ugi
initially, with vg0 denoting the vibrational ground-state
wave function in the electronic ground-state. In order
to determine the time evolution of the laser pulse driven
total wavefunction, an expansion with respect to the
electron-vibrational states uavaM is carried out. The
expansion coeﬃcients CaM(t) can be taken
P to compute
2
the electronic level population P a ðtÞ ¼ M jC aM ðtÞj , or
to determine the probability distribution of the vibra-

ð8Þ

t0

Obviously, this is not a single backward propagation but
a whole sequence starting at diﬀerent times s with the
s-integration realizing a distribution of ‘‘initial’’ conditions. This distribution is restricted to s P t, and sf deb pÞ already equals
ﬁnes an upper time-limit where Oðs;
zero. Note, that Eq. (8) is equivalent to

4

o e
i
e
b
j Hðt;p;Ec Þi ¼  H ðtÞj Hðt;p;E
c Þi  Oðt;pÞjWðt;p;E c Þi;
ot
h
ð9Þ

2

what represents an eﬀective inhomogeneous time-dependent Schrödinger equation (cf. [11,20–24]). It realizes
the backward propagation from a time t = sf with vane f ; p; Ec Þi ¼ 0. Because of
ishing ‘‘initial’’ condition j Hðs
the inhomogeneous term in Eq. (9) this, however, does
not result in zero values of the state vector at all times.
The considerations presented so far will be exempliﬁed by an application to NaK molecules in the gas phase
as a prototypical diatomic systems investigated in many
respects (see, for example, [6,25] and references therein).
We consider the 11R+, 21R+, and 31R+ electronic states
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Fig. 1. PES Ug, Ue and Uf of the 11R+, 21R+, and 31R+ electronic
states of NaK, respectively (according to [25] the excellent approximation of the PESÕs by Morse potentials has been taken).
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P
tional coordinate P a ðr; tÞ ¼ j M C aM ðtÞvaM ðrÞj2 . Here,
this quantity is related to the particular state ua and
visualizes the respective wave-packet motion.

3. Random orientation of the individual molecules
When considering laser-pulse control in a gas-phase
environment the random orientation of the molecules
has to be accounted for. Noting the rather large values
of the diﬀerent dipole operator matrix elements of
NaK listed in the preceding section one expects that
optical transitions are accompanied by rotational excitations. To clearly underline the eﬀect of random orientation on the application of OCT, however, considerations
of rotational excitations will be postponed to future
studies assuming here a frozen spatial orientation of
all molecules considered [26]. As already indicated a given random orientation of the studied molecules can be
described by the control functional, Eq. (4) with the
parameter p, now, given by the diﬀerent angles #
(0 6 # 6 p) between the polarization unit vector e and
the molecular axis. The latter ﬁxes the direction of the
dipole moments related to the R-states of NaK. Accordingly, the coupling of an individual molecule with a given orientation to the radiation ﬁeld polarization reads
Ec ðtÞ^
l cosð#Þ. Since molecules with diﬀerent spatial
orientation ‘‘feel’’ a diﬀerent overall ﬁeld-strength the
optimal pulse will represent a compromise for the diﬀerent ways the individual molecule tries to reach the target
state.
To achieve a clear indication how this orientational
eﬀect inﬂuences the control task we consider a target
b #Þ which is local in time and which prooperator Oðt;
jects on a single target state, i.e. we set
b #Þ ¼ dðt  tf ÞjWtar ihWtar j. The target state |Wtari is
Oðt;
positioned in the 21R+ electronic state (ue) such that
the molecule is stretched to an Na–K distance of
r = 5.1 Å at the ﬁnal time tf = 1600 fs. Therefore, we
set jWtar i ¼ jveðtarÞ ijue , where the vibrational target state
vðtarÞ
ðrÞ is given by the vibrational ground-state wave
e
function ve0(r) of the excited state but displaced by
Dr = 0.92 Å. According to the necessary solid angle
averaging the quantity O, Eq. (4) now reads
Z
1 p
2
O½Ec  ¼
d# sinð#ÞjhvðtarÞ
jve ðtf ; cosð#ÞEc Þij ;
ð11Þ
e
2 0
with the excited-state vibrational wave function
|ve(tf; cos(#)Ec)i = hue|W(tf)i (note the explicite indication of the #-dependence).
Before discussing the described control task in more
detail we note the existence of two excitation intensity
regimes, one of weak and one of strong excitation. In
the former regime we expect the excited state vibrational
wavefunction ve(t) to be proportional to the overall
ﬁeld-strength and thus to cos(#). For this weak excita-

tion regime let us assume that the control task has been
solved for # = 0. Then, also for those molecules with
# > 0, the obtained optimal pulse should move the excited-state vibrational wavefunction into the target state
veðtarÞ , of course with a control yield reduced by cos2(#).
Consequently, the overall molecular ensemble control
yield is obtained as OðrefÞ ½Ec =3 with OðrefÞ being the reference yield at # = 0. We will demonstrate this behavior in
the following and confront it with the case of strong
excitation where the behaviour of the diﬀerently oriented molecules diﬀers substantially.
In order to solve the variant of Eq. (7) following from
O as speciﬁed in Eq. (11) the continuous dependence on
# has to be truncated by a discrete set. We consider N
diﬀerent equidistant values #n (n = 1, 2, . . ., N) of #
which are positioned at #n = (n  1/2)D# (the distance
between neighboring
P values is given by D# = 2p/N). It
follows O½Ec  ¼ n wn jhvðtarÞ
jve ðtf ; cosð#n ÞEc Þij , with
e
the pre-factor wn = [cos(#n  D#/2)  cos(#n + D#/2)]/2
originated by a partial #-integration (for N = 1 we set
w0 = 1). Accordingly, it becomes necessary to consider
N state vectors for forward propagation and N auxiliary
state vectors for backward propagation, all coupled by
the discretized version of Eq. (7).
Fig. 2 displays the inﬂuence of the extent of discretization on the solution of the control task (note that the
used control pulse intensity moves the control task already a little bit out of the weak-excitation regime).
Increasing N the control yield strongly decreases, but remains nearly unchanged at N  4 and converges for
N  12. This behavior has to be expected since the optimal control ﬁeld Ec(t) represents a compromise among
those ﬁelds which would maximize the control yield
for a given orientation. Similar, the shape of the optimal
pulse changes with N and converges like the control
yield (see the upper panel of Fig. 3). When performing
the optimization for one ﬁxed orientation, the optimal
pulse slightly diﬀers from that shown in Fig. 3 underlining again that the chosen control pulse intensity of 1 mJ/
cm2 already leads to a deviation from weak-ﬁeld excitation. It would be of also interest to monitor how the
individual molecules behave under the inﬂuence of the
1

control yield
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Fig. 2. Control yield as a function of the number of the equidistantly
discretized angle # (the computations correspond to control pulse
intensity of 1 mJ/cm2).
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Fig. 3. Optimal ﬁeld pulse for an ensemble of randomly oriented
molecules (upper panel, control task like in Fig. 2 but with ﬁxed
penalty factor k = 1 and N = 16). Populations Pe(#) of molecules with
diﬀerent orientations #n as a function of time are shown in the lower
panel. Solid line: #1 = 5.6°, dashed line: #3 = 28.1°, dotted line:
#5 = 50.6°, and dashed-dotted line #7 = 73.1°.
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order to deal with a larger control pulse intensity calculations have been carried out using the three electronic
level model of [11] with parabolic PES and larger vibrational frequencies. According to Fig. 4 the population of
the excited state becomes largest for molecules with
#  40°. Nevertheless, the wave packet dynamics for
all orientations do not diﬀer so much. This all indicates
that the orientational eﬀect is of less importance when
exclusively focusing within OCT on the study of the
(vibrational) wave packet dynamics (except for the case
of very high control pulse intensities). The consideration
of a wavefunction ve(t) obtained by solving the control
task for a completely aligned ensemble would give suﬃcient insight. However, the correct computation of the
control yield of a random oriented ensemble cannot be
obtained in this way but requires to solve the control
task as described.

4. Optimizing the probe-pulse transient absorption signal
optimal pulse which solves the control task for the
whole random oriented ensemble. This is shown in
Fig. 3 where the time evolution in the excited state ue
is drawn for diﬀerent #n. When #n moves to p/2 the coupling to the laser ﬁeld becomes smaller leading to a
smaller overall population transfer into the excited state.
But, the wave packet dynamics in all molecules remain
similar, i.e. the diﬀerent ve(t; cos(#n)Ec) when normalized
to 1 are nearly identical.
For larger intensities we expect that the temporal
behavior of the individual wave packet motion depends
on the ﬁeld strength. This is demonstrated in Fig. 4. In

Fig. 4. Optimal ﬁeld pulse for an ensemble of randomly oriented
molecules (upper panel, case of intensive and fast excitation, penalty
factor ﬁxed at k = 0.001, N = 20). The populations Pe(#) of diﬀerent
oriented molecules as a function of time are shown in the lower panel:
#1 = 4.5° (solid line), #5 = 40.5° (dashed line), #8 = 67.5° (dotted line),
and #11 = 94.5° (dashed-dotted line).

Various control experiments focus on an optical signal as an observable to be maximized (cf., e.g. [1–4]).
It would be also of interest to consider such a case in
the framework of the OCT just discussing an overall
optical control scheme. To this end let us consider the
maximization of the probe pulse transient absorption
signal (TAS) in a pump–probe experiment. It becomes
immediately obvious that this problem represents an
example for a control task where the target operator
(target state) is distributed in time (cf. Eq. (4)). Thereby,
we have in mind a pump pulse induced transition into
the ﬁrst excited state which is then probed by a transition into the higher excited state (cf. Fig. 1). Just the fact
that the probe pulse has a ﬁnite duration indicates that
an optimization of a quantity becomes necessary which
is determined by the molecular dynamics in a certain
time-interval. To specify the control task O½Ec , Eq. (4)
is identiﬁed by the TAS
Z
oEpr ðtÞ
P pr ðtÞ.
S pr ¼  dt
ð12Þ
ot
This expression speciﬁes the TAS as the energy gain (per
sample volume) the molecular system experiences at the
presence of the probe ﬁeld. Eq. (12) assumes the vectorial probe ﬁeld-strength
pﬃﬃﬃ in a slight diﬀerence to Eq. (1)
as Epr ¼ epr Epr ðtÞ= 2  expðikpr rÞ þ c:c:, with polarization unit vector epr, wave vector kpr and real envelope
Epr(t). The polarization ﬁeld induced by the probe pulse
is taken in a similar form with Ppr also denoting the real
envelope.
To get Spr, Eq. (12) Ppr has to be extracted from the
total polarization P ¼ nmol hWðtÞj^
ljWðtÞi (nmol is the
volume density of the considered molecules and W(t)
the laser-driven wavefunction). We follow the treatment
of [11] and take the diﬀerence between the polarization
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calculated at the presence of the pump and probe ﬁeld as
well as at the presence of the pump ﬁeld only
P pr ðtÞ ¼

nmol cosðkpr rÞ 
pﬃﬃﬃ
^jWðt; Econ ; Epr Þi
hWðt; Econ ; Epr Þjepr l
2

^jWðt; Econ Þi .
hWðt; Econ Þjepr l
ð13Þ

This equation together with Eq. (12) can be used to
b pÞ introduced in Eq.
specify the target operator Oðt;
(4). It reads


pr rÞ
b pÞ ¼  dðp  ppumþpr Þ  dðp  ppum Þ nmol cosðk
pﬃﬃﬃ
Oðt;
2
oEpr ðtÞ
^.
epr l

ð14Þ
ot
Besides the continuous time dependence only two values
of the p-parameter are necessary, namely ppum+pr, and
ppum, indicating in the ﬁrst case the need to propagate
the wave function at the presence of the pump and the
probe pulse and in the latter case at the presence of
the pump pulse only.
To apply this optimization scheme to NaK a Gaussian-shaped probe pulse with an amplitude of
ð0Þ
Epr
¼ 104 V=cm, centered at tpr = 1600 fs is used. Its
length spr (FWHM) is varied between 10 fs and 60 fs.
The central frequencies have been chosen as
hxpr = 0.83, 0.85, 0.87, and 0.90 eV. Considering non
overlapping pump and probe pulses, the pump pulse is
restricted to the interval between t0 = 0 fs and
tf = 1500 fs (with an intensity of 1 mJ/cm2). For s(t)
(cf. Eq. (2)) a sine-square function is applied.
The optimized pump pulse as well as the evolution of
the population in the states ug and ue are shown in
Fig. 5 for the optimization of Spr (spr = 30 fs and
hxpr = 0.85 eV). As it becomes obvious the pump pulse

consists of several sub-pulses, each of them moves population from ug into ue (the population uf is negligible
small and has not been plotted). With the ﬁrst sub-pulse
a vibrational wave packet is created in the state ue,
which propagates across the PES (to be seen as tilted
gray lines). Whenever it returns to its original position,
its overall magnitude is further increased by one of the
next sub-pulses. Correspondingly sub-pulses are 200 fs
apart, according to the vibrational period of NaK in
the 21R+ state (denoted here by ue). By this mechanism
a localized vibrational wave packet is formed at the right
border of the PES when the probe-pulse acts, and the
shape of the wave packet is optimized for a transition
to the higher-excited state uf.
If the probe pulse central frequency is slightly shifted
to 
hxpr = 0.90 eV signiﬁcant changes result as shown in
Fig. 6. The optimized pump pulse consist of a larger
number of sub-pulses compared to that of Fig. 5, and
these sub-pulses are grouped in pairs which are 200 fs
apart. Accordingly, two subsequent vibrational wave
packets are created in the ﬁrst excited electronic state,

Fig. 5. Optimized TAS, Eq. (12). Upper panel: time dependence of the
electric ﬁeld-strength of the optimal pump pulse (solid line, control
pulse intensity equals 1 mJ/cm2) and of the probe pulse (dotted line,
enlarged by a factor of 50, probe pulse parameters: hxpr = 0.85 eV,
and spr = 30 fs). Middle panel: electronic ground-state population Pg
(dotted line) and excited-state population Pe (solid line) versus time.
Lower panel: contour plot of the probability density Pe(r,t) referring to
vibrational wave packet motion in the excited state ue.

shown as parallel tilted gray lines in Fig. 6. These wave
packets interfere such that a localized wave packet is
formed within the PES at r  5 Å (and during the probe
pulse action). The shape and position of this wave packet
is suitable for transferring population from ue into uf
using the central frequency of hxpr = 0.90 eV.
According to the behavior reported so far it is of
interest to study the dependence of the optimized TAS
on the probe-pulse length spr and the carrier frequency
xpr. The results are plotted in Fig.
R 7 with the TAS rescaled by the probe pulse ﬂux E2pr ðtÞ dt. For a short
probe pulse length (620 fs) the rescaled TAS increases
linearly with spr, and for spr = 10 fs, it takes the same value for 0.85 eV 6 hxpr 6 0.9 eV what is caused by the
large frequency broadening of such a short pulse. For
spr > 20 fs the TAS increases slightly sub-linear with
spr, since the vibrational dynamics prevents the localization of the wave packet during the whole probe pulse.
However, there is an optimal xpr with hxpr  0.87 eV,
where the TAS behaves as in the case of an inﬁnite short

A. Kaiser, V. May / Chemical Physics 320 (2006) 95–102

101

resonant and the TAS becomes smaller for all spr compared to what has been observed beforehand. Furthermore, the vibrational dynamics becomes more
dominant leading to a decrease of the absorption signal
already for spr > 30 fs.
In order to combine the optimization of the probepulse TAS presented here with the considerations of the
preceding section by including random orientations of
the excited molecules it remains insuﬃcient to follow
the scheme of Section 3. Instead, orientational averaging
has also to be accounted for when calculating the probe
pulse polarization, Eq. (13). The concentration on a
weak-excitation regime, as discussed in Section 3, however, should not drastically alter the results obtained here.

5. Summary and conclusions

Fig. 6. Optimized TAS, Eq. (12). Upper panel: time dependence of the
electric ﬁeld strength of the optimal pump pulse (solid line, control
pulse intensity equals 1 mJ/cm2) and of the probe pulse (dotted line,
enlarged by a factor of 50, probe pulse parameters: hxpr = 0.9 eV, and
spr = 30 fs). Middle panel: electronic ground-state population Pg
(dotted line) and excited-state population Pe (solid line) versus time.
Lower panel: contour plot of the probability density Pe(r,t) referring to
vibrational wave packet motion in the excited state ue.
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Fig. 7. Rescaled TAS as a function of the probe pulse duration spr and
the central frequency xpr. Triangles: hxpr = 0.83 eV, full circles:
⁄xpr = 0.85 eV, squares: 
hxpr = 0.87 eV, and open circles: hxpr = 0.90
eV.

probe pulse. Accordingly, the rescaled TAS increases
linearly with the probe pulse length up to spr  50 fs.
For 
hxpr  0.83 eV the probe pulse absorption is less

In order to make a step forward in relating theoretical simulations on laser pulse control of molecular
dynamics to respective experiments the OCT has been
generalized to the use of target states which are distributed in a particular space of parameters. In this way,
ﬁrst, it became possible to account for eﬀects of static
disorder. As a particular example a random oriented
ensemble of laser driven molecules has been analyzed
in some detail. Considering a target state distribution
in time, one may optimize an observable measured in
the experiment mandatory within a certain time-interval. As an application the optimization of the TAS of
a probe pulse in a pump–probe scheme has been discussed. To achieve clear indications for the eﬀect of target state distributions when calculating the control yield
all consideration have been concentrated on simple NaK
molecules in a gas-phase situation.
When studying the eﬀect of random spatial orientation of molecules we obtained a considerable decrease
of the control yield compared to the case of spatially
aligned molecules. This behavior has to be expected
because the individual molecules become excited by
a control ﬁeld which decreases with the cosine of
the angle between the molecular axis (deﬁning the
direction of the transition dipole moment) and the
control ﬁeld polarization. Moreover, when solving
the control task, on the one-hand side, for a random
orientation and on the other-hand side for a spatial
alignment, both optimal pulses diﬀer strongly. But if
the overall ﬁeld-strength for the case of random oriented molecules is not too large the vibrational wave
packet dynamics in all molecules are similar. Focusing
on it, an orientation averaging becomes not necessary.
The averaging is unavoidable, however, when the
ensemble control yield is needed for a comparison
with experimental data.
Moreover, we discussed the optimization of the probe
pulse TAS for NaK molecules after photo excitation by
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concentrating on a transition from the 21R+ state into
the 31R+ state (similar studies on a three-level model system but including optimization of the frequency dispersed TAS in diﬀerent chosen frequency windows can
be found in [12]). By optimizing the exciting laser pulse,
the TAS could be maximized, and its dependence on the
probe pulse length and central frequency has been analyzed. For this, a modiﬁed iteration scheme solving the
control task has been used such that the pump pulse
(control pulse) energy could be ﬁxed a priori. The probe
pulse TAS increases with the probe pulse length. Because the vibrational dynamics prevents the localization
of the vibrational wave packet, the increase of the signal
is slower than for the case of impulsive excitations.
However, there exist an optimal central frequency of
the probe-pulse (hxpr  0.87 eV) such that the behavior
of impulsive excitation last up to spr  50 fs. Setting the
central frequency more oﬀ-resonant, then the absorption
signal decreases even after a probe pulse length of 30 fs.
And, the possibility was demonstrated to form a localized or at least a highly concentrated vibrational wave
packet in the ﬁrst-excited electronic NaK state. By
selecting the central frequency of the probe pulse appropriately, the vibrational wave packet can be set either at
the border or within the potential energy surface (PES)
of the ﬁrst-excited state while the probe pulse acts. For
the ﬁrst case the optimal pump pulse forms one vibrational wave packet which is shaped during further excitations. The second case is realized by creating two
subsequent vibrational wave packets. The temporal distance is such that the ﬁrst wave packet, which is reﬂected
from the right border of the PES, interferes with the second one leading to a localized vibrational wave packet
at an appropriate position for excitations into the second-excited state.
To summarize, the presented studies clearly underline
the possibility to account within numerical simulations
for more involved control tasks. This would be one step
further towards matching the peculiarities of respective
experiments.
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S. Vajda, L. Wöste, Science 299 (2003) 536.
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[16] V. May, O. Kühn, Charge and Energy Transfer Dynamics in
Molecular Systems, Wiley–VCH, Berlin, 2004.
[17] W. Zhu, J. Botina, H. Rabitz, J. Chem. Phys. 108 (1998) 1953.
[18] W. Zhu, H. Rabitz, J. Chem. Phys. 109 (1998) 385.
[19] S.H. Tersigni, P. Gaspard, S.A. Rice, J. Chem. Phys. 114 (1990)
1670.
[20] M. Demiralp, H. Rabitz, Phys. Rev. A 47 (1993) 809, and 57
(1998) 2420.
[21] Y. Ohtsuki, K. Nakagami, Y. Fuijimura, W. Zhu, H. Rabitz, J.
Chem. Phys. 114 (2001) 8867.
[22] Y. Ohtsuki, G. Turinici, H. Rabitz, J. Chem. Phys. 120 (2004)
5509.
[23] S. Shi, H. Rabitz, J. Chem. Phys. 92 (1990) 364, and 97 (1992) 276.
[24] H. Zhang, H. Rabitz, J. Chem. Phys. 101 (1994) 8580, and 97
(1992) 276.
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