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We present a strategy for postpulse molecular orientation aiming both at efficiency and maximal duration
within a rotational period. We first identify the optimally oriented states which fulfill both requirements. We
show that a sequence of half-cycle pulses of moderate intensity can be devised for reaching these target states.
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Molecular orientation plays a crucial role in a wide vari-
ety of applications extending from chemical reaction dynam-
ics to surface processing, catalysis, and nanoscale design
[1–4]. Static electric field[5] and strong nonresonant long
laser pulses[6,7] have been shown to yield adiabatic mo-
lecular orientation which disappears when the pulse is off.
Noticeable orientation that persists after the end of the pulse
(and even under thermal conditions) is of special importance
for experiments requiring field-free transient orientation. It
has recently been shown that very short pulses combining a
frequencyv and its second harmonic 2v excite a mixture of
even and odd rotational levels and have the ability to pro-
duce such postpulse orientation[8]. But even more decisive
has been the suggestion to use half-cycle pulses(HCPs), that
through their highly asymmetrical shape induce a very sud-
den momentum transfer to the molecule which orients under
such a kick after the field is off[9,10]. Both thesv+2vd and
the kick mechanisms have received a confirmation from op-
timal control schemes[11]. The caveat is that the postpulse
orientation is maintained for only short times. Recently, the
use of a train of kicks to increase the efficiency of the orien-
tation has been suggested in optimal control strategies[11]
and applied to molecular alignment[12] and orientation of a
two-dimensional (2D) rotor [13]. However, due to the
strength of the kicks used, only the efficiency of the process
has been optimized, its duration decreasing strongly. In the
present paper, we propose a control strategy using specially
designed series of kicks delivered by short HCPs, that allows
to significantly enhance the duration of the orientation, main-
taining a high efficiency. Our construction is first based on
the identification of target states which fulfill the previous
requirement. These states are characterized by the fact that
they only involve a limited number of the lowest lying rota-

tional levels and that they maximize the orientation effi-
ciency within the corresponding restricted rotational spaces.
At a second stage, we show that these selected states can be
reached by a train of kicks, acting at appropriately chosen
times. The choice of the strength of the pulses(taken equal
for simplicity), together with the total number of kicks allow
to approach these target states with good accuracy.

The time evolution of the molecule(described in a 3D
rigid rotor approximation) interacting with a linearly polar-
ized field is governed by the time-dependent Schrödinger
equation(in atomic units)

i
]

] t
csu,f,td = fBL2 − m0Fstdcosugcsu,f,td, s1d

whereL is the angular momentum operator,B the rotational
constant,m0 the permanent dipole moment, andFstd the field
amplitude.u denotes the polar angle between the molecular
axis and the polarization direction of the applied field. The
motion related to the azimuthal anglef can be separated due
to cylindrical symmetry. From now on, we assume a sudden
approximation due to the short durationst of the HCPs, as
compared to the molecular rotational periodTrot=p /B. For
relatively low l swhere l labels the quantum eigenstates of
L2d, this amounts to the definition of a dimensionless, small
perturbative parameter«=tB. This definition, together with
a rescaling of times= t /t ssuch thatsP f0,1g during the
pulsed leads to an equation suitable for the application of
time-dependent unitary perturbation theoryf14,15g

i
]

] s
csu,f,sd = f«L2 − Essdcosugcsu,f,sd, s2d

where Essd=m0tFstsd. At lowest order in«, the emerging
dynamical picture is the followingf15,16g: an individual
HCP imparts a kick to the molecule described by an effective
instantaneous evolution operatoreiA cosu, where A
=e0

1 Essdds is the total pulse area. Between two kicks, the
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molecule evolves under the effect of its field-free rotation
e−i«L2s.

The goal of the field driven molecular orientation is to
maximize (or to minimize, depending on the choice of the
orientation) for the longest time duration, the expectation
value kcosulssd=kcsu ,f ,sducosuucsu ,f ,sdl after the pulse
is over. An understanding of this process can be obtained by
analyzing the molecular dynamics in a finite subspaceHm

sNd

generated by the firstsN+1d eigenstates ofL2, i.e., ul ,ml sl
= umu , umu +1, ...N+ umu d for a molecule initially in the state
ul0ùm,ml. The justification of such a reduction is in relation
with the finite amount of energy that a finite number of HCPs
of a given areaA can transfer to the molecule. The math-
ematical advantage it offers is the consideration of an opera-
tor

Cm
sNd = Pm

sNdcosuPm
sNd s3d

sPm
sNd being the projector on the subspaceHm

sNdd which, as
opposed to cosu, has a discrete spectrum. It turns out that
the state uxm

sNdl, which maximizes the orientation in
the subspaceHm

sNd, is the eigenstate ofCm
sNd with the

highest eigenvalue. Using the approximation
kl ,mucosuul ±1,ml.1/2 valid for l @m, straightforward
algebra leads to

uxm
sNdl . S 2

N + 2
D1/2

o
l=umu

l=umu+N

sinSp
l + 1 − umu

N + 2
Dul,ml. s4d

Since the quantum numberm related with the azimuthal
angle is conserved, we will not write it explicitely, unless
necessary. The maximal orientation in this subspace is found
to be

kxm
sNducosuuxm

sNdl . cosS p

N + 2
D . s5d

For a temperatureT=0 Ksm=0d, Fig. 1 gathers two informa-

tions relevant for the characterization of orientation as a
function of N; namely kxsNducosuuxsNdl which is the maxi-
mum efficiency fapproximatively given by Eq.s5d that
can ideally be expected for a process that stays confined
within the finite subspaceHsNd, and Dt /Trot which mea-
sures the relative duration of the orientation over which
kcosul remains larger than 0.5 during the field-free evo-
lution of uxsNdl. The results, expressed as a fraction of the
rotational periodTrot, are molecule independent. From
Fig. 1, we observe that, in order to keep a duration of the
order of s1/10dth of the rotational periodswhich may
amount to durations exceeding 10 ps, for heavy diatomic
molecules such as, e.g., NaId, N has to be limited to 5 or 6,
which seems rather limiting. But this turns out to be suf-
ficient for very efficient orientation.N=4 already allows
an orientation efficiency larger than 0.91.

Two basic questions are in order: which set of parameters
and which number of kicks have to be chosen to(approxi-
mately) remain in the subspaceHsNd, and which strategies
have to be followed to reach the maximum possible effi-
ciency within this subspace? The first question is in relation
with the kick momentum transfer operatoreiA cosu, which is
the only evolution operator(as opposed to the free evolution)
that rotationally excites the system and forces it to expand on
a larger subspace. We can estimate the loss outsideHsNd

assuming a preliminary convergence touxsNdl (as shown by
Fig. 2) by looking for the smallness of the norm

iseiA cosu − PsNdeiA cosuPsNdduxsNdli2 = h, s6d

which, for smallA, amounts to

h . fApg2/f2sN + 2d3g. s7d

This allows us to establish a relation betweenA andN for a
given loss.N.4 is found compatible with anh.0.02 snot
more than 2 % of the rotational population leaving the
subspaceHs4dd as far asA does not exceed 1.

The second question can be answered by adapting the
strategy suggested for the orientation of a 2D rotor in Ref.
[13], which consists in applying laser pulses each time
kcosul reaches its maximum. The following argument shows
that, if the dynamics stays within the subspaceHsNd, such a
strategy precisely converges to an optimal stateuxsNdl. This is
done by approximating the operators cosu and eiA cosu by
CsNd and eiACsNd

, respectively. The interaction with a sudden
HCP only alters the slope ofkCsNdlssd and not its value as is
clear from the following relation:

ke−iACsNd
CsNdeiACsNd

l = kCsNdl. s8d

Moreover, if a sudden pulse is applied at a timesi when
kCsNdlssd reaches its maximumCi =kCsNdlssid, the slope un-

FIG. 1. Maximal orientation efficiency(crosses) and associated
duration(open circles) as a function ofN, whereN+1 is the dimen-
sion of the rotationally excited subspaceH0

sNd (see text). The solid
and dashed lines are just to guide the lecture.
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dergoes a change from zero to a finite value:

u
d

ds
kCsNdlusi−0 = ikf«L2,CsNdgl = 0,

s9d

u
d

ds
kCsNdlusi+0 = ike−iACsNd

f«L2,CsNdgeiACsNd
l Þ 0.

kCsNdl being a periodic, continuously differentiable function,
it will reach within the rotational period, a maximum value
larger than the one obtained prior to the application of the
pulse. Iterating the strategy, we get an increasing but
bounded and therefore convergent sequence ofCi’s. Its limit
is a fixed pointCi =Ci+1, corresponding to the eigenvectors of
the impulsive propagatoreiACsNd

which are also the ones of
CsNd. Indeed, at a fixed point, the slopes before and after the
interaction with the last pulse be zero.

Figure 2 gives two different views of the orientation dy-
namics under the effect of a train of HCPs, separated by time

delays corresponding to the above discussed strategy of
maxima, with identical durations«=0.01 and pulse areasA
=1 (that is about 0.3 ps and a field amplitude of 1.5
3105 V cm−1 for LiCl [9]), which leads to a dynamics that
remains within the subspaceHs4d for the considered numbers
of kicks. From panel(a) it is interesting to note that a single
kick produces an orientation of about 0.5, whereas the ap-
propriate application of 15 kicks increases this efficiency up
to 0.89, which is almost the optimal limit as found from Fig.
1. On the other hand, the comparison of the averagekcosul
calculated with the exact wave functionucssdl and with the
one propagated in the subspaceH0

s4d, are close enough to
support the claim that the rotational dynamics actually re-
sides withinH0

s4d. Panel(b) shows the way the wave function
ucssdl gets close to the optimally oriented stateux0

s4dl, show-
ing thus the succesfull outcome of the process. The differ-
ence between the two dynamics can be also estimated by Eq.
(7). Here again, the close convergence of the two calcula-

FIG. 2. Orientation dynamics during the train of HCPs atT
=0 K: panel (a) for kcssducosuucssdl and panel (b) for
ukx0

s4d ucssdlu2. The solid line corresponds toucssdl calculated exactly
and the dashed line to the wave function propagated in the subspace
H0

s4d. The train of HCPs is displayed on panel(b) and the optimal
orientation is indicated by a horizontal line on panel(a).

FIG. 3. Postpulse orientation dynamics of the molecule LiCl
after interaction with a train of HCPs(the timet=0 corresponds to
the first kick) in the caseA=1, T=0 K [panel (a)] and A=2, T
=5 K [panel(b)]. Solid and dashed lines correspond respectively, to
the averages calculated with the exact wave function and the opti-
mal state[ux0

s4dl on panel(a) andrs7d on panel(b)].
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tions shows a coherent choice ofA, N, and the number of
kicks for appropriately describing the dynamics.

The postpulse dynamics, which is our main concern, is
displayed on Fig. 3[panel (a)]. A result expected from the
previous analysis, but particularly remarkable with respect to
previous proposals, is obtained with an efficiency of about
0.89 and a duration of the order ofs2/10dth of the rotational
period (that is about 2 ps for a light molecule like LiCl and
20 ps for a heavy one, like NaI).

Orientation is subject to a drastic decrease with tempera-
ture [10,11]. This is basically due to the fact that, with non-
zero temperature, the initial state is a superposition of a sta-
tistical ensemble of rotational states withmÞ0, which tends
to misalign the molecule. The efficiency of the orientation is
characterized by an additional average ofkcosul over the
density operatorsrmssd:

kkcosullssd = o
mPZ

Trfrmssdcosug. s10d

We recall thatrmssd evolves according to the von Neumann
equation

d

ds
rmssd = ifrmssd,«L2 − Essdcosug s11d

with as an initial condition

rms0d =
1

Z
o

lùumu
ul,mle−Blsl+1d/kTkl,mu, s12d

whereZ=omPZ olùumu e−Blsl+1d/kT is the partition function and
k the Boltzmann constant. Following our previous analysis,
we are looking for the optimal density operator which maxi-
mizes kkcosull in the subspaceHsNd, which is given by
rsNd=om rm

sNd, whererm
sNd= uxm

sNdlTrfrm
sNdgkxm

sNdu with the con-

straint related to the conservation ofm, expressed as
Trfrm

sNdg to be kept constant

Trfrm
sNdg =

1

Z
o
umu

l=umu+N

e−Blsl+1d/kT. s13d

The effect of a sudden pulse onr is e−iA cosureiA cosu, and
because its optimal value corresponds to a fixed point of
the kkCsNdllssid sequence, it is precisely the application of a
train of HCPs with individual pulses at timessi where
kkcosullssid reaches its maximum, that converges to the
best possible orientation within this model. The resulting
dynamics is plotted in Fig. 3fpanelsbdg, with a maximum
efficiency of about 0.75 and a duration of abouts1/20dth
of the rotational period. To our knowledge, this is the
largest duration and efficiency achieved up to date for a
thermal ensemble.

In conclusion, we have presented tools for controlling
molecular orientation dynamics using a train of HCPs,
achieving both efficiency and duration of the postpulse ori-
entation. Moreover, this scheme can be expected to be trans-
posable to a generic system, with free periodic dynamics
governed by a HamiltonianH0, and for which we are aiming
to optimally control an observableO (i.e., maximize or mini-
mize the averagekOlstd of an upper or lower bounded op-
eratorO which does not commute withH0). This could be
done through a device that perturbs the system according to
a unitary operatorU, which commutes withO, such that its
application does not alterkOl=kU−1OUl on one hand, and
the optimal target state is an eigenfunction of bothO andU
on the other hand. This optimum corresponds to a fixed point
of the sequenceOi =kOlstid, where ti are the times when
kOlstd reaches its maximum(or minimum) under the free
evolution. In particular, this scheme provides a comprehen-
sion of previous works on alignment and orientation of 2D
and 3D rotors[12,13].
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