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Alignment enhancement by the combination of a short and a long laser pulse
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The alignment dynamics of polyatomic molecules subject to two temporally overlapping nonresonant laser
pulses is studied theoretically and experimentally. We examine the potential advantage of combining a long
(compared to the molecular rotational periods) with a short pulse, where both laser fields are linearly polarized
with common polarization direction. Experimentally, iodobenzene molecules are irradiated by a 2 ps pulse at
800 nm synchronized to the peak of a 9 ns pulse at 1064 nm. The alignment dynamics following the short laser
pulse is measured using time-resolved Coulomb explosion with a delayed 25 fs-long intense laser pulse. The
alignment attained with the two-pulse combination is significantly enhanced compared to that attainable with
either a short or a long pulse alone under nonionizing conditions. Numerically, we solve the time dependent
Schrodinger equation nonperturbatively for asymmetric top, symmetric top, and linear molecules subject to
similar combinations of long and short excitation pulses. The alignment dynamics, and in particular the
alignment enhancement, are explained and their generality is tested.
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I. INTRODUCTION

During the past decade the problem of molecular align-
ment by intense laser pulses has been attracting ever increas-
ing theoretical and experimental activity due to both the in-
teresting physics involved and the broad range of anticipated
applications [1]. Two qualitatively different modes of align-
ment have been discussed in the literature and are relevant to
the present work. The adiabatic approach [2—4] is very simi-
lar in concept and identical in mathematical structure to
alignment (of nonpolar molecules) in a strong dc field. For
pulses long as compared to the rotational time scale,
7> 7, (7 is the pulse duration, 7, the rotational period),
each eigenstate of the field-free rotational Hamiltonian
evolves adiabatically into the corresponding state of the
complete Hamiltonian during the pulse turn-on, returning to
the original (isotropic) free rotor eigenstate upon turn-off. In
particular, alignment is lost after the interaction has turned
off. The nonadiabatic approach [5-9] is based on general
wave packet concepts. A laser pulse of short duration with
respect to the rotational time scales, 7<<7,, produces a
broad superposition of rotational levels that results in align-
ment at a controllable time delay with respect to the pulse
peak and subsequently exhibits a generic rotational revival
structure. In the case of linear and symmetric top molecules
the early alignment is precisely reconstructed (in the rigid
rotor limit) at integer multiples of the rotational revival time.
Alignment is thus available under field-free conditions. A
synergy of the two approaches, where long turn-on of the
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laser pulse is followed by a rapid turn-off, 7,,> 7,
Toir << Too has also been investigated [10,11]. In this situation
the complete Hamiltonian eigenstate that has been produced
in the course of the adiabatic turn-on is reconstructed subse-
quent to the sudden turn-off periodically in time, at multiples
of the rotational revival time, and is available for applica-
tions for a controllable period under field-free conditions.

In recent years two closely related schemes of enhancing
the alignment that is available through the nonadiabatic ap-
proach have been proposed and intensively investigated. The
first applies two or more short pulses, appropriately time
delayed with respect to one another [12—14], and the second
uses optimal control theory or genetic algorithms to shape
the laser field for optimizing the alignment [15-17]. Both
schemes were applied also to the analog problem of short-
pulse-induced orientation [18,19]. At the same time the ques-
tion whether the adiabatic or nonadiabatic mode produces
the sharpest alignment remains open. The possibility of ap-
plying an adiabatically turning-on, rapidly turning-off pulse
[10,11] to produce the adiabatic alignment under field-free
conditions makes this question relevant. What makes it non-
trivial is the fact that the maximum intensity one can exert is
generally determined not by the availability of sufficiently
powerful laser sources but rather by the onset of competing
processes. The main competing process to take into account
at nonresonant frequencies is typically field ionization, as
discussed in the following sections.

The main goal of the present contribution is to propose
the combination of temporally overlapping long (7> 7,,,) and
short (7<7,,) laser pulses as a means of enhancing the
alignment that can be obtained from either alignment route
alone under nonionizing conditions and to demonstrate its
utility experimentally, theoretically, and numerically. Our
motivation is twofold. First, we are intrigued by the possibil-
ity of using the combination of molecular focusing with mo-
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lecular alignment to simultaneously control both the center-
of-mass translation and the alignment of molecules. One
application of simultaneous translational and orientational
control with intense pulses, which we plan to explore experi-
mentally and theoretically in the future, is nanoscale process-
ing of surfaces by placing a surface at the focus of the mo-
lecular lens (see Refs. [20-22] for details). Other potential
applications are noted below. As illustrated in the past, ma-
nipulation of the center-of-mass motion with intense laser
pulses relies on the spatial intensity gradient of the laser
beam [22-25]. Under typical molecular beam and focal spot
conditions, the field-matter interaction turns on and off
slowly (with respect to rotation time scales) as the molecules
enter and exit the laser beam, giving rise to adiabatic align-
ment [10]. It is interesting to investigate the possibility of
manipulating this alignment by overlapping the long molecu-
lar focusing pulse with a short pulse that produces a super-
position of the eigenstates of the adiabatic Hamiltonian and
hence a time-dependent alignment. From a practical perspec-
tive, the combination of a long focusing pulse with a short
alignment pulse allows a certain degree of alignment to sur-
vive after the molecules have (adiabatically) excited the
long-pulse laser beam and reached the focus. Our second
motivation is the anticipation, based on qualitative argu-
ments, that the combination of an adiabatic with a nonadia-
batic pulse as a means of enhancing the alignment may
have advantages over schemes that were previously proposed
to that end for various systems of interest. This anticipation
is substantiated numerically and experimentally below.
Theoretically we show also that the alignment dynamics in-
duced by the combined fields contains interesting insights
into rotational coherences that could be probed in future
experiments.

Before proceeding to explore the quality and controllabil-
ity of the alignment produced by combined long- and short-
pulse fields, it is helpful to address the related question
of when a single adiabatic pulse may produce sharper
alignment than a single nonadiabatic pulse. While it is clear
that for fixed peak intensity a long pulse would produce
sharper alignment, the question of which approach would be
advantageous under conditions that avoid field ionization is
nontrivial.

In the next section we briefly outline our experimental
(Sec. II A) and theoretical (Sec. II B) methods. Section III
presents our experimental results, focusing on the static and
dynamical alignment properties of iodobenzene, an asym-
metric top molecule that was studied theoretically and ex-
perimentally in previous work [26-28]. Section IV general-
izes our results to other molecular symmetries and casts them
in terms of transferable observables by means of theory and
numerical simulations. We conclude in Sec. V with an out-
look to future research.

II. METHODS

Both our theory [29] and our experimental technique
[27,28] have been discussed in the recent literature and hence
only brief summaries are provided here.

PHYSICAL REVIEW A 73, 033405 (2006)

A. Experimental setup

A pulsed molecular beam, formed by expanding 1 mbar
iodobenzene in 3 bar Helium, is crossed by three focused
laser beams. One laser beam originates from a Q-switched
Nd:YAG laser and consists of 9-ns-long almost-transform-
limited pulses at 1064 nm. It is focused to a spot size
wp=33 pum, and the highest intensity, used in the experi-
ment, is ~8 X 10" W/cm?. A second laser beam consists of
few-ps-long pulses (tunable from 0.1 to 4.5 ps) obtained by
passing part of the output from an amplified Ti:sapphire fem-
tosecond laser system (A=800 nm) through a grating
stretcher. It is focused to a spot size wy=28 um. The ns
pulses from the Nd:YAG laser and the ps pulses from the
Ti:sapphire laser are linearly polarized parallel to each other,
and they are both used to align the iodobenzene molecules.
The third laser beam consists of 25-fs-long pulses obtained
by passing another part of the output from the Ti:sapphire
system through a homebuilt hollow wave guide compressor
setup [30]. The pulses have a spot size wy=25 um and a
peak intensity of ~2X 10'* W/cm?, and they are circularly
polarized. These pulses are used to Coulomb explode the
iodobenzene molecules in order to determine the spatial ori-
entation of the molecular C-I axis [31].

The measurements are based on recording the direction of
the I* ions, produced by the intense 25-fs laser pulse, be-
cause these ions recoil along the C-I axis of the parent mol-
ecule. A weak static electric field accelerates the ions towards
a two-dimensional detector, and the ion images are recorded
by a charge-coupled-device (CCD) camera. This enables a
determination of the coordinates of each individual ion hit.

B. Theory

The complete Hamiltonian takes the form

H=Hy+ > HY), (1)
j=1.2

where Hj,4 is the field-matter interaction and the superscript
(j) distinguishes between the long (j=1) and short (j=2)
pulses. The field-free Hamiltonian is approximated in the
rigid rotor limit by the rotational kinetic energy H,,

2 2 2
S S 2)
2xxy  2lyy 21,

Ji,k=X,Y,Z are the components of the material angular mo-
mentum vector along the body-fixed Cartesian axes, and Iy,
are the corresponding components of the inertia tensor. The
field-matter interaction in Eq. (1) is cast in the form of an
induced dipole Hamiltonian [32]

. 1 . ;
)*
Hiy= T3 o0l ®
pp

where p,p’=x,y,z are the space-fixed coordinates, « is the
molecular polarizability tensor, the field is written in the
semiclassical approximation as
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V(1) = 5[8(])0)6“"0)’ + 0¥ (1)eie"', (4)

£)()=2Y(r), & is a unit vector in the field polarization
direction, 80)(Z) is the pulse envelope, and oY is the center
frequency. In all calculations below the two pulses have the
same temporal center, differing in the pulse duration. The
long pulse is taken to have an adiabatic turn-on (long as
compared to the time scale of rotation about the largest mo-
ment of inertia) and hereafter it remains constant at the peak
intensity value. The short pulse is Gaussian with the duration
of the experimental pulse.

Restricting attention to the case of linearly polarized fields
and transforming the polarizability tensor from the space-to
the body-fixed frame (see Ref. [33], Table 1) we have

. 1.
HY),\ = - Z[s(’)(t)]z[a'zx cos® O+ ¥ sin® fsin” x], (5)

where we introduced generalized polarizability anisotropies
as o =a,—ayy, & =ayy—ayy, ay, k=X,Y,Z, are the
body-fixed components of the polarizability tensor, and
Ié=(0,¢, x) are the Euler angles of rotation specifying the
orientation of the body-with respect to the space-fixed frame.
In Eq. (5) we omit a term independent of the angles that
amounts to an overall shift of the potential and has no effect
on the alignment dynamics.

The time evolution during and after the short laser pulse is
determined nonperturbatively by expanding the wave packet
in a complete set of stationary eigenstates, to convert the
time-dependent Schrodinger equation into a set of first-order
coupled differential equations. To maximize the efficiency of
the solution, we use a basis set of symmetric top eigenstates
during the pulse and a basis of eigenstates of the field-free
Hamiltonian after the turn-off of the short pulse. A transfor-
mation between the symmetric top and asymmetric top basis
sets is applied in calculations dealing with asymmetric top
molecules. The associated transformation matrix is sparse,
making this a numerically inexpensive operation. The alter-
native of computing the eigenstates of the adiabatic Hamil-
tonian, Hr0t+Hi(;()i(t=t0) (where 1, is the temporal center of
the pulses), and expanding the wave packet as a superposi-
tion of these eigenstates before and after the short pulse is
conceptually appealing but numerically difficult, since the
calculated observables are more easily computed in the sym-
metric top basis and the transformation between the adiabatic
states and the free rotor symmetric top states involves a
dense transformation matrix.

With the time-dependent wave packet W,(f) correspond-
ing to a set of initial conditions collectively denoted by i
determined, all observables can be computed nonperturba-
tively as a function of time. The expectation value of cos® @
in the wave packet, {(cos® 6),(t)=(¥;|cos? |¥,), is the ob-
servable most commonly used for quantification of the align-
ment and is also used here. We remark, however, that it does
not provide all the information available in the probability
density (as it is conveys the second moment of the alignment
alone) and that its maximum may be slightly shifted with
respect to the alignment maximum of the wave packet prob-
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FIG. 1. Images of the I" ions originating from Coulomb explo-
sion of iodobenzene at different alignment pulse conditions. (a)
Probe only. (b) Strongest alignment obtained with a 2.1-ps-long
pulse (Iy=6x10'> W/cm?). (c) The alignment obtained with a
9-ns-long pulse (I;=8 X 10! W/cm?). (d) Strongest alignment with
both the 2.1-ps pulse (Iy=6X 10> W/cm?) and the 10-ns pulse
(Ip=8x 10" W/cm?). The probe pulse is circularly polarized and
the two alignment pulses are linearly polarized along the vertical
axis.

ability density. The thermal analog {cos’ 6);(¢) is obtained
through Boltzmann averaging of the {cos® 6),(r) at a rota-
tional temperature 7. More details of our theory and numeri-
cal implementation are provided in Ref. [29].

III. EXPERIMENTAL RESULTS

In Fig. 1(a) we show an I* ion image recorded when only
the intense 25-fs probe pulse is incident on the iodobenzene
molecules. The radial structure in the image originates from
multiphoton ionization of CqHsI and subsequent Coulomb
fragmentation [31]. The spatial orientation of the molecules
is quantified by the average value of cos® 6y, {(cos® 6,,),
where 6,, is the angle between the projection of the I* ve-
locity vector (the orientation of the C-I bond) and the polar-
ization direction of the alignment pulses (vertical in the im-
ages). The I* ions in the outer half rings are produced from
triple ionization of C¢Hsl and Coulomb explosion into I* and
C6H§Jr [31]. Using a radial range that includes only the outer
ring a {cos® #,,) value of 0.65 is obtained when the probe
pulse alone is used. The deviation from circular symmetry
({cos? 6,,»=0.50) is due to the angular selectivity of the
probe ionization process. Molecular alignment, expected
when the alignment pulses are included, should manifest it-
self as an increase in the value of (cos? 6,,) corresponding to
an angular narrowing of the ion image in Fig. 1(a).

In the first part of our experiment we measured the align-
ment induced by either the long (YAG) pulse or the short
(800-nm) pulse. In each case the laser parameters were ad-
justed to optimize the degree of alignment. For adiabatic
alignment, created by the YAG pulse, the intensity is the only
parameter that determines the degree of alignment (for a
fixed rotational temperature of the molecular sample). The
results, displayed in Fig. 2, show that the degree of align-
ment increases monotonically with intensity in accordance
with previous measurements [31,34]. For experimental rea-
sons the highest YAG intensity used was 8 X 10'' W/cm?
but the degree of alignment can be slightly enhanced by
increasing the YAG intensity to a few times 10'> W/cm?
which is where ionization starts to occur [31].

For nonadiabatic alignment, created by the 800-nm pulse,
the degree of alignment is determined by the intensity, the
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FIG. 2. Intensity dependence of the adiabatic alignment ob-
tained by the long (YAG) pulse alone. The (cos® 6,,) values are
determined from the outer half rings of the I* images. The lines
between the points serve to guide the eye.

pulse duration,' and the time relative to the pulse. To find the
parameters for which the strongest alignment occurs the
alignment dynamics after the pulse was measured for four
different pulse durations. We only measure the alignment
dynamics at early times after the pulse because the global
maximum occurs here rather than at any of the subsequent
revivals [27]. In each case the intensity was tuned just below
the value where ionization starts to occur. The results dis-
played in Fig. 3 show that the degree of alignment reaches a
maximum immediately after the pulse whereupon it de-
creases rapidly. The alignment dynamics corresponds to an
initial constructive interference of the components in the ro-
tational wave packet and subsequent dephasing as detailed
previously [10,27]. The strongest alignment is approximately
the same at the four different durations with the (cos” 6,,)
values located in the range 0.805-0.815. For the 1.1 ps,
1.5 ps, and 3.1 ps pulse durations the alignment maximum
occurs while the pulse is still on whereas for the 2.1 ps du-
ration the alignment maximum occurs after the pulse is
turned off—i.e., under field-free conditions. We note that the
maximum degree of alignment achieved in the adiabatic re-
gime is significantly higher than the maximum degree of
alignment in the nonadiabatic regime. This is also evident by
comparing the ion images in Figs. 1(c) and 1(b) obtained
with the YAG pulse at [,=8X 10" W/cm? and for the
2.1-ps-long 800-nm pulse at time 2.7 ps, respectively.

In the second part of our experiment we measured the
alignment resulting from exposing the molecules to both the
long (YAG) pulse and the short (800-nm) pulse. The align-
ment dynamics following the 800-nm pulse is displayed in
Fig. 4 for three different combinations of the YAG and
800-nm pulse intensities. The pulse duration of the 800-nm
pulse was fixed at 2.1 ps. In all cases the alignment reaches a
maximum 1-2 ps after the center of the 800-nm pulse. The
alignment at the maximum is significantly stronger than the
best alignment reached by any of the two pulses alone. This
is also clear from comparing the tightly angularly confined
image in Fig. 1(d) to the images in Fig. 1(b) or 1(c).

After reaching a maximum (cos® 6,,) drops below the
value resulting from the YAG pulse alone (indicated by the

"More precisely, the turn-on and turn-off times; see Ref. [10].
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FIG. 3. Nonadiabatic alignment of iodobenzene, quantified
by {cos’ 6,,), induced by pulses with different durations. (a)
Tewam=1.1ps,  [;=69%X102 W/cm?, ~ (b)  Trywuu=1.5 ps.
Iy=62X10"2 W/ecm?, (¢) 7rwpy=2.1ps, I[,=5.8X10'2 W/cm?,
and (d) Tpypy=3.1ps, I)=4.9X10'2 W/cm?. The lines between
the points serve to guide the eyes. In each subfigure the solid curve
shows the intensity envelope of the alignment pulse. Without an
alignment pulse (cos? 6,,)=0.65.

horizontal lines in the three subfigures) and reaches a mini-
mum at a time depending on the intensity of the two pulses.
The minimum occurs at ~15 ps, ~6.5 ps, and ~5.5 ps for
Figs. 4(a)-4(c), respectively. Following the minimum the de-
gree of alignment recovers but stays below the adiabatic
value. At the highest intensity of the YAG pulse and
800-nm pulse the experimental data indicate an oscillatory
behavior in {cos® #,,) [Fig. 4(c)].

IV. NUMERICAL RESULTS

In this section we explore the origin of the observations of
Sec. III, and the extent to which they are general, by numeri-
cal calculations and theoretical analysis. In Fig. 5 we con-
sider the alignment dynamics of iodobenzene subject to a
combination of a long and a short pulse (solid curves) and
compare these to the cases of a single short pulse (dashed
curves) and a single long pulse (dotted curve). The short
pulse duration is as in the experimental study and the inten-
sities of the long and short pulses are chosen slightly below
the field ionization limit, as in the experiment illustrated in
Fig. 4.

We stress that a quantitative comparison of the experi-
mental and numerical results is not sought. For several rea-
sons such a comparison is not possible at the present stage.
First the rotational temperature in the experiment is not
known. The accuracy to which the intensity can be experi-
mentally determined is likewise limited. Further, in our
present experiments the probe samples much of the focal
volume of the alignment laser. Consequently the intensity is
not uniform and it is necessary to average calculations per-
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FIG. 4. {cos® 6,,) determined from ion images of iodobenzene
subject to a 2.1-ps nonadiabatic pulse centered at =0 (squares), an
adiabatic alignment pulse (solid line), or both pulses (circles). Lines
between points serve to guide the eye. The peak intensities
were  (a)  Iy(nonadiabatic)=3.5 X 10> W/cm?,  I(adiabatic)
=3.1x10" W/ecm?,  (b)  Iy(nonadiabatic)=3.5% 10'2 W/cm?,
Iy(adiabatic)=7.8 X 10" W/cm?,  and (c)  I,(nonadiabatic)
=5.8X 102 W/cm?, I,(adiabatic)=7.8 X 10! W/cm?.

formed at different intensities with proper weight functions
in order to contrast numerical and experimental results, a
procedure that washes out several of the features that are
observed in single intensity calculations [28]. To be reliably
performed, the focal averaging requires experimental deter-
mination of not only the peak, but also the spatial distribu-
tion of the intensity. In addition, numerically we compute the
alignment dynamics (using {cos’ 6) as an average measure)
whereas our experimental observable {(cos” 6,,) reflects also
the detection dynamics.
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FIG. 5. Computed alignment dynamics of iodobenzene at
400 mK subject to an adiabatic (long) pulse (dotted curves), a nona-
diabatic (short) pulse (dashed curves), and a combination of both
pulses (solid curves). The duration of the nonadiabatic pulse is

2.1ps. (a) Iy(adiabatic)=3Xx10"" W/cm?,  Iy(nonadiabatic)
=3x10"? W/cm?; (b) Iy(adiabatic)=3 X 10'" W/cm?,
Iy(nonadiabatic)=6 X 10> W/cm?; (c) Iy(adiabatic)

=6X10"" W/cm?, Ij(nonadiabatic)=3 X 10'2 W/cm?; and (d)
Iy(adiabatic)=6 X 10!! W/cm?, Ij(nonadiabatic)=6 X 1012 W/cm?.

The qualitative conclusions of Sec. III are clearly sup-
ported by the numerical results of Fig. 5. In particular,
whereas the peak alignment produced by the separate adia-
batic and short pulses is comparable (for the set of conditions
considered), the combination of the long and short pulses
produces significantly sharper alignment. More careful in-
spection of Fig. 5 illustrates that the alignment subject to the
combined fields is unprecedented, while the parameters of
the field, based on our experiments, are realistic. It is impor-
tant to stress, however, that the temperature in Fig. 5 is rela-
tively low, corresponding to a Boltzmann average of angular
momentum states J;=0-7, —J;<M;=</J,; in the parent state.
The degree of alignment degrades rapidly with increasing
rotational temperature. (This applies to the isolated molecule
limit. In dissipative media the role of temperature is more
complex [35].) Other features of Fig. 5 are similarly in good
agreement with the experimental results of Fig. 4. Subse-
quent to the initial sharp peak, where (cos® 6) rises well
above the adiabatic limit, the alignment drops and exhibits a
broad structure. This structure reflects the beating of several
eigenstates of the adiabatic pulse Hamiltonian (the stationary
Hamiltonian that includes the rotational Hamiltonian and the
adiabatic pulse at its peak value, often termed “pendular
Hamiltonian” in the case of linear molecules [2]) that are
excited by the short pulse, and its details depend on the in-
tensities of both pulses, as elaborated below. At the intensity
regime of Figs. 4 and 5, the alignment induced by the com-
bined fields is higher than that available from the nonadia-
batic excitation alone and is less structured, since a given
short pulse can excite a much broader superposition of field-
free rotor states in the absence of the adiabatic pulse than the
superposition of dressed states the same pulse can excite in
the presence of the long pulse. The results of Figs. 4 and 5
have been anticipated. Since the short pulse produces a su-
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FIG. 6. (Color online) Computed alignment dynamics of a
model symmetric top subject to a long adiabatic pulse (red), a sud-
den pulse (green), and the combination of long and short pulses
(black). The rotational constants are chosen so as to keep the rela-
tive system and field time scales as close as possible to those of the
iodobenzene experiment (C,=B,=0.748 GHz, A,=5.68 GHz) while
exploring a different symmetry. The polarizability components are
chosen so as to keep the relative strength of the molecular and
field-matter Hamiltonians as close as possible to those of the iodo-
benzene experiment (ayy=ayy=105.3, az;=152.6 bohr’). The du-
ration of the short pulse is as in Figs. 4 and 5. In panels (a) and (b)
the intensity of the long pulse is 1X 10'© W/cm? and that of the
nonadiabatic pulse is 6X 10'' W/cm?. In panels (c) and (d) the
intensity of the adiabatic pulse is increased by a factor of 20 and in
panels (e) and (f) by a factor of 50 as compared to panels (a), and
(b). Panels (a), (c), and (e) show the short-time, and panels (b), (d),
and (f) the long-time alignment dynamics.

perposition of the eigenstates of the adiabatic pulse Hamil-
tonian, the resulting beat pattern is expected to transiently
exceed the stationary value of {cos’ 6) established by the
long pulse.

In order to explore the generality of these results, we have
repeated the calculation for a symmetric top and linear rotor.
To keep constant the relative system and field time scales and
the relative free Hamiltonian and interaction Hamiltonian
strengths, we consider artificial model molecules whose po-
larizability and inertia tensors have the symmetric top and
linear rotor symmetries but are otherwise identical to those
of the iodobenzene system studied in our experiments. Com-
parison of Fig. 5 with panel (c) of Fig. 6 illustrates that the
message of Figs. 4 and 5 applies equally to symmetric top
systems. The same result has been obtained for the linear
case.

Both the experimental and numerical results show that the
alignment peak in the case of combined fields appears earlier
than the alignment peak in the case of the nonadiabatic pulse
alone. Consequently, the alignment peak in the case of com-
bined fields occurs when both fields are on under the condi-
tions of Figs. 4 and 5. This raises the concern that the revival
pattern produced by the short pulse—the recurrence structure
of the wave packet of the adiabatic Hamiltonian
eigenstates—would correspond to a much less sharp align-
ment than the early peak value. This expectation is borne by
the long-time calculations illustrated in Fig. 6(d), where we
retain the pulse duration and intensities of the combined-

PHYSICAL REVIEW A 73, 033405 (2006)

fields experiment but explore the alignment evolution at
much longer times than those probed by our experiment.
Whereas the initial combined-fields alignment rises well
above the adiabatic alignment limit, the subsequent revival
peaks fall short. The details of the revival structures of Figs.
6(b), 6(d), and 6(f) are discussed at the end of the section.

An interesting and practically pertinent question is thus if,
and under what conditions, the combined-fields effect could
produce long-time revival features that exceed the adiabatic
limit. Theoretical considerations, based on an analytical so-
lution of the linear molecule case, suggest that both at lower
intensities of the adiabatic field, below the range used in our
experiments, and at higher adiabatic field intensities than
those used in our experiments the combined fields provide a
long-time advantage over the adiabatic route alone. Panels
(b) and (f) of Fig. 6 support this suggestion numerically. The
case of a low adiabatic field intensity is studied in Figs. 6(a)
and 6(b), whereas the case of high adiabatic field intensity is
studied in Figs. 6(e) and 6(f).

We note in Figs. 6(b), 6(d), and 6(f) the gradual change of
the revival structure from that typical of rotational revivals to
that characterizing a librational wave packet as the intensity
of the adiabatic pulse increases. For relatively low interac-
tion strength of the long pulse, Qz=(eV)*(ay;—ayy) com-
parable to the rotational energy [Fig. 6(a)], the long-time
alignment dynamics resulting from the combined fields re-
sembles that corresponding to the short pulse alone. The lat-
ter is a characteristic revival pattern of symmetric top mol-
ecules, shown in Ref. [29] to have common features with the
extensively studied case of rotational revivals from linear
molecules, but exhibit an additional structure, corresponding
to rotation about two axes. As the intensity of the long pulse
grows, adiabatic alignment subject to the gradual turn-on of
the long pulse produces eigenstates of the adiabatic Hamil-
tonian Hmt+Hi(‘1d that consist of broader superpositions of
free rotor states and are better spatially aligned, correspond-
ing, in rough language, to librational, rather than free rota-
tional motion. The alignment dynamics subsequent to turn-
off of the short pulse exhibits the revival pattern of a
librational wave packet—a superposition of the Hmt+Hi(I:()j
eigenstates that is coherently excited by the short pulse. The
time scales in Figs. 6(d) and 6(f) are thus a direct measure of
the librational motion of the molecule in the cos? #-shaped
potential well produced by the long pulse. The rapid oscilla-
tions correspond to the period of the librational dynamics.
This period, as expected, decreases as the intensity of the
adiabatic pulse is increased and the gradient of the laser-
induced potential at the equilibrium configurations 6=0 is
increased. The envelope of the oscillation observed in Fig.
6(f) corresponds to the revival pattern of the librational wave
packet. Its time scale increases as the intensity is increased,
as the anharmonicity of the librational motion decreases.

V. CONCLUSIONS

The previous sections have studied the alignment dynam-
ics of polyatomic molecules interacting simultaneously with
a long (compared to the rotational periods) and a short (com-
pared to the rotational periods) laser pulse. To that end we
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combined a nonperturbative solution of the time-dependent
Schrodinger equation with time-resolved photofragment im-
aging technology. One of our goals in this research has been
to explore the possibility of combining molecular alignment
with the related technique of molecular optics, wherein the
spatial intensity gradient of the laser beam is used to manipu-
late the center-of-mass motion of molecules. A second moti-
vation has been the current worldwide effort to introduce
methods of optimizing the nonadiabatic alignment and three-
dimensional (3D) alignment of molecules. Experimentally,
we measured the alignment characteristics of iodobenzene
subject to a single adiabatic pulse, a single short pulse, and
the combination of both pulses for different field parameters.
Numerically we first applied these three alignment ap-
proaches to iodobenzene, keeping the relative system and
field time scales and the relative strengths of the field-free
and interaction Hamiltonians as in the experiment. We then
repeated the calculation for different molecular symmetries
and for different relative strengths of the molecular and in-
teraction Hamiltonians. Our numerical results support the
conclusions of our measurements and generalize them to
classes of molecules different from the one probed. They
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also point to a trade-off between the desired alignment char-
acteristics that is controlled by the parameters of the two
pulses. Finally, a numerical study of the long-time evolution
illustrated the revival pattern of a librational wave packet,
corresponding to the beat pattern of a wave packet of eigen-
states of the adiabatic Hamiltonian. One of our goals in on-
going experimental and theoretical research is to extend
these results to the case where the long- and short-pulse elec-
tric fields are not parallel to one another (and may or may not
be orthogonal), and hence their combined effect produces 3D
alignment.
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