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Chapter 1

Introduction

The study of molecules exposed to external fields represents, in spite of its substantial history,
a very active, fruitful and promising research area. The great developments in the laser and
optical technologies together with the possibility of producing strong and stable electric fields
have stimulated further studies on the control of the molecular dynamics. The manipulation
of the rotational degrees of freedom by external fields enables the alignment and/or the orien-
tation of the molecule. The alignment refers to the angular confinement of the molecular fixed
axes along the laboratory fixed frame axes, and the orientation adds a well-defined direction
to this concept. The experimental as well as theoretical efforts undertaken in this research
area are motivated by the broad range of intriguing perspectives and possible applications of
these systems. One of the first applications was the stereodynamic control of chemical reac-
tions, which allows to perform a deeper study of their inherent quantum features, opening
new doors to a better efficiency of this process [1-3]. For instance, the experimental studies of
the reactions K+CHsl [4] and Rb+CH3l [5-7] showed that the reactivity is largely enhanced
if the I-end of CHsl is oriented to the alkali atom. This control of the molecular motion has
allowed the investigations of electronic and structural properties of the molecules, such as
spectroscopy [8,9], electron diffraction [10], photoelectron angular distribution [11-13], high
harmonic generation [14, 15] and diffractive imaging of gas-phase molecules [16,17], towards
recording the molecular movie [18]. The high control of both the translational [19] and rota-
tional degrees of freedom [20-22] of complex molecules has also been achieved, direct quantum
effects in the stereodynamics of molecular reactions have been observed in in ultracold alkali
dimers [23].

The first attempt on orienting molecules by means of external fields were carried out ex-
perimentally using the electrostatic field of an hexapole [24-27]. Since the force induced in
the molecule by this field is proportional to its orientation, this technique makes possible the
separation of molecules in different rotational states. In the 90’s, Loesch and Remscheid pro-
posed the orientation of molecules by means of strong dc fields [28]. This brute force technique
is based on the adiabatic transformation of field-free rotational states into pendular states,
i.e., a coherent superposition of field-free rotational states. These pendular states appear for
strong electric fields when the molecule is oriented along the field direction and the rotational
motion becomes a librating one. For the first time, 'Y diatomic molecules were successfully
oriented [29,30]. This procedure has also been used to measure molecular properties, such
as the permanent dipole moment of the electronic ground state [31] and excited states using
pendular spectroscopy [32] or steric effects in chemical reactions [28]. Its main disadvantage
is that it only works properly for rotationally cold molecules with large permanent dipole
moment subject to strong external electric fields.

This brute force technique can be also used to achieve alignment in polar molecules, since
orientation entails it. However, it is not suitable for nonpolar molecules because a permanent
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dipole moment is needed. Friedrich and Herschbach explored the possibility of exploiting
the interaction of a strong nonresonant laser field with the induce dipole moment of the
molecules to align and trap them [33,34]. The first experimental verification came from
Kim and Felker [35] using Raman spectroscopy in naphthalene trimers in strong laser fields.
Seideman developed further this idea for asymmetric molecules exposed to long and short
linearly and elliptically polarized laser pulses [36-40]. The 1D alignment is achieved by a
linearly polarized laser field [41], when the most polarizable axis (MPA) of the molecule
is aligned along the laser polarization axis. In contrast, in the 3D alignment, each of the
molecular axes are aligned along a laboratory axis and requires the use of an elliptically
polarized laser field [42]. Let us also mention that it has also been studied the possibility of
aligning molecules by using moderate and strong magnetic fields [43,44].

In the strong laser field regime, the level structure is characterized by pendular pairs of
quasidegenerate aligned states of opposite parity [45]. By using semiclassical methods, it has
been proven that the energy gap between these two quasidegenerate states is proportional to
exp(—VI ), with « being a constant depending on the doublet and I the laser intensity. A
major breakthrough to achieve a strong orientation came with the proposal of using a weak
electric field to couple the levels in this tunneling doublet and fully hybridize them [46,47].
In such a way, two strongly oriented states, but in opposite directions, are created. This
prediction was done within an adiabatic picture assuming that the switching-on time of the
laser pulse is larger than the molecular rotational period. This theoretical study has been
generalized to symmetric top molecules in tilted dc and nonresonant laser fields [48].

The feasibility of this method was proven experimentally, but the degree of orientation
observed was less than expected theoretically [49,50]. The main reason for such a weak ori-
entation is due to the thermal distribution of the molecular beam. Thus, the combination
of oriented and antioriented states with similar thermal weights gives rise to a small orienta-
tion for the molecular beam. A major breakthrough in the experimental capabilities came in
2009, by using an inhomogeneous electric field a molecular beam of selected quantum states
of iodobenzene was produced. As a consequence, an unprecedented degree of orientation was
measured [20,51]. In this experimental setup, the beam of quantum-state-selected molecules
travels towards the detector. These molecules are now in the presence of the weak homoge-
nous electric field of the velocity map imaging spectrometer, and a nanosecond laser pulse is
switched on. As an additional degree of freedom, they are able to change the angle between
the laser polarization axis and the electric field direction. In such a way, they create either
oriented or aligned molecular beams. To measure the degree of orientation and alignment
a probe laser pulse is overlapped in time and space with the alignment laser. This probe
laser produces a Coulomb explosion of the molecules, and the ionic fragments are accelerated
towards the detector. Within the recoil approximation, the 2D images provided by these
Coulomb-exploded fragments represent a 2D projection of the 3D wavefunction, and, there-
fore, allow them to measure the orientation and alignment of the molecule. These experiments
were performed under the assumption that the alignment and orientation of these molecules
were adiabatic, because the full width at half maximum (i. e. FWHM) of the laser pulse (~ns)
is larger than the rotational period of these systems. For the alignment experiments, several
theoretical studies were in agreement with the measurements [19, 36,42]. However, there
were a lack of theoretical investigations about the impact of combined dc and ac fields on
asymmetric top molecules, which could be used to interpret the experimental measurements.



Aim of this Thesis

The aim of this thesis is to theoretically investigate the impact of external fields on polar
molecules. We now describe in more detail this goal following the temporal development of
our work through this thesis.

We start by studying an asymmetric top molecule in combined electric and linearly polar-
ized laser fields using the rigid rotor approximation. We assume that the dc field is static,
and take the temporal envelope of the laser pulse as constant and equal to one. We have
analyzed the energies, the orientation and alignment as the parameters of the fields are var-
ied, i.e., laser intensity, dc field strength and angle between both. We have also provided a
detailed description of the symmetries of the rigid rotor Hamiltonian for all the possible field
configurations and each irreducible representation has been treated independently.

This knowledge has allowed us to perform a theoretical investigation of the experiment
described above, with the aim of reproducing their measurements for the alignment and
mixed-field orientation of asymmetric tops. Based on the adiabatic hypothesis, we have solved
the time-independent Schrodinger for the experimental field configurations, and computed the
directional properties of the quantum states forming the molecular beam. Our theoretical
results were able to reproduce the experimental measurements for adiabatic alignment but
not for the mixed-field orientation. This disagreement shows that the adiabatic hypothesis
to describe the mixed-field orientation is not correct. We have partially solved this problem
by proposing a diabatic model to classify the adiabatic or diabatic character of the numerous
avoided crossing from the field-dressed spectrum.

Our study for the mixed-field orientation of asymmetric molecules indicate that an alter-
native description of this process is needed. We have carried out a time-dependent analysis
for polar linear molecules. The time-dependent Schrédinger equation for a linear molecule in
mixed-fields has been solved by taking into account the temporal profile of both fields. This
theoretical study has allowed us to realized that under ns laser pulses the weak dc field ori-
entation is not, in general, adiabatic. As a consequence,a time-dependent description of the
mixed-field orientation process is required to explain the experimental results. We have iden-
tified the sources of nonadiabatic effects, and the experimental conditions needed to achieve
an adiabatic molecular dynamics.

Our next goal was to generalize this time-dependent treatment of the mixed-field orientation
to the more complicated asymmetric top molecules. A computational code has been developed
to solve the time-dependent Schrédinger equation of an asymmetric top in an arbitrary field
configuration. However, due to the complexity of the field-dressed dynamics, so far we have
focused on the parallel fields case. Using benzonitrile as prototype example, we have found
that in addition to the pendular doublets formation, the avoided crossing among adiabatic
states is an important source of nonadiabatic effects.

Finally, we have considered an asymmetric top molecule whose dipole moment is not parallel
to any molecular axis of symmetry, and investigated the impact of combined electric and
nonresonant elliptically polarized laser field. Our first approach has been to describe this
system within the adiabatic approximation. We have provided the first theoretical analysis of
the mixed-field orientation for this kind of molecules. In particular, we have shown that the
3D orientation is obtained by using a weak static dc field and an elliptically polarized laser
field. Furthermore, our results show that the 3D orientation becomes possible if a linearly
polarized laser field is combined with a strong dc field. These findings open new doors to the
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experiments with this kind of molecules.

We describe now the structure of this dissertation. We start in Chapter 3 by describing
the Hamiltonian of rigid solid molecules in the presence of a homogenous static electric and an
off-resonance laser fields under the Born-Oppenheimer approximation. For all the field con-
figurations, we provide a detailed study of the symmetries and the corresponding irreducible
representations.

Our work rely on solving the time-dependent as well as time-independent Schrédinger equa-
tions of these molecular systems. The computational techniques employed in this thesis are
presented in Chapter 4. We start describing the linear variational method that transforms
the time-independent Schrédinger equation, which is a second order differential equation in
several variables, in a matrix eigenvalue problem. Next, we provide the more important fea-
tures of the short iterative Lanczos propagation and the split-operator methods used to solve
the time-dependent Schrodinger equations of asymmetric tops and linear molecules, respec-
tively. In the mixed-field experiments, the orientation and alignment are measured by the
detection on a CCD camera of the molecular ions created in the Coulomb explosion [51].
The images recorded on the screen represent 2D projections of the 3D wavefunction of the
molecule just before the Coulomb explosion. Using these 2D images, they measure the de-
gree of alignment and the orientation ratio. At the end of Chapter 4, we describe the
theoretical procedure to obtain the 2D projections of the field-dressed wavefunctions and the
experimental quantities that are measured.

The results are collected in Chapter 5 and Chapter 6, which correspond to the pub-
lished and unpublished results, respectively. In the three publications [52-54] which contains
theoretical and experimental results, we are fully responsible of the theoretical parts.

The publications are contained in Chapter 5 are the following:

1. J. J. Omiste, R. Gonzalez-Férez and P. Schmelcher, Rotational spectrum of asymmetric
top molecules in combined static and laser fields, Journal of Chemical Physics 135,
064310 (2011) [55]

In this work, we perform a theoretical description of asymmetric top molecules in tilted
nonresonant linearly polarized laser and an electric field within the rigid rotor ap-
proximation. We provide a systematic study of the symmetries, and each irreducible
representation is treated independently, so that we can distinguish between avoided and
real crossings in the field-dressed spectrum. We focus on investigating the energy shifts,
the orientation, alignment and hybridization of the angular motion for several field con-
figurations. For the ground state, we propose a novel 3D orientation technique based
on applying a strong electric field perpendicular to a linearly polarized laser. This field
configuration gives rise to the orientation of the dipole moment along the dc field axis,
and the alignment of less polarizable molecular axis along the ac field axis.

2. J. J. Omiste, M. Garttner, P. Schmelcher, R. Gonzalez-Férez, .. Holmegaard, J.
H. Nielsen, H. Stapelfeldt and J. Kiipper, Theoretical description of adiabatic laser

alignment and mized-field orientation: the need for a mon-adiabatic model, Physical
Chemistry Chemical Physics 13, 18815-18824 (2011) [52]

In this publication, we provide the first theoretical description of the mixed-field ex-
periments on asymmetric top molecules, in particular, for benzonitrile (BN). Since the



time scale associated to the laser field was longer than the molecular rotational pe-
riod, this process was widely accepted as adiabatic. Based on this hypothesis, we solve
the time-independent Schrédinger equation and compute the orientation and alignment
of the molecular beam including all states populated in the experiment. For perpen-
dicular fields, our theoretical results are in very good agreement with the alignment
measurements. In contrast, our adiabatic description could not reproduce the degree of
orientation achieved in the experiments. This discrepancy indicates, for the first time,
that the mixed-field orientation could not be an adiabatic process. The field-dressed
spectrum is characterized by a large amount of avoided crossings. Our theoretical re-
sults show that not all of them are crossed adiabatically. Thus, we propose a diabatic
model to classify the character of the avoided crossings in titled fields: those between
states with the same field-free magnetic quantum number M are passed adiabatically;
whereas those between states with different M are crossed diabatically. The degree of
orientation obtained by means of this diabatic model shows a better agreement with
the experimental measurements.

. J. H. Nielsen, H. Stapelfeldt, J. Kiipper, B. Friedrich, J. J. Omiste and R. Gonzélez-
Férez, Making the best of mized-field orientation of polar molecules: A recipe for achiev-
ing adiabatic dynamics in an electrostatic field combined with laser pulses, Physical
Review Letters 108, 193001 (2012) [53]

In this work, we have experimentally and theoretically studied the mixed-field orienta-
tion of rotational-state-selected OCS molecules. The molecular beam is nearly pure in
the rotational-ground state (~ 92%). We provide the first time-dependent description
of the mixed-field orientation experiments by solving the time-dependent Schrodinger
equation. We have shown that for the prototypical field configuration used in cur-
rent mixed-field orientation experiments, the molecular field dynamics is, in general,
nonadiabatic, and a time-dependent description of these systems is mandatory. We
have identified two main sources of nonadiabatic effects. First, when the pendular dou-
blets are formed as the laser intensity is increased, the two quasidegenerate states are
strongly coupled, which leads to a transfer of population from the oriented one to the
antioriented and vice-versa. Second, for tilted fields, the states from the same field-free
J-manifold are strongly coupled and are driven apart at weak laser intensities, which
gives rise to a population redistribution among them. Moreover, this time-dependent
treatment allows us to investigate under which experimental conditions the mixed-field
orientation would be an adiabatic process.

. J. J. Omiste and R. Gonzdlez-Férez, Nonadiabatic effects in long-pulse mized-field
orientation of a linear polar molecule, Physical Review A 86, 043437 (2012) [56]

In this publication, we carry out a theoretical analysis of the rotational dynamics of
a linear molecule in combined dc and nonresonant laser fields. For several rotational
states, their field-dressed dynamics is analyzed in detail for experimentally accessible
static field strengths and laser pulses. We provide results for their directional cosines and
compared them to the predictions of the adiabatic theory. In addition, we investigate
several field regimes identifying the sources of nonadiabatic effects and provide the field
parameters under which the adiabatic dynamics would be achieved.
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The rest of the results of this thesis are collected in the three preprints, two of them have
been submitted for publication, presented in Chapter 6. These works are the following:

5. J. J. Omiste, and R. Gonzalez-Férez, Rotational dynamics of an asymmetric top
molecule in parallel electric and nonresonant laser fields, arXiv:1306.1429v1 (2013) [57]

Here, we present the first time-dependent study of the impact of a dc field and a nonres-
onant linearly polarized laser pulse on an asymmetric top molecule. Using benzonitrile
as prototype example, we perform a detailed analysis of the field-dressed dynamics for
several experimentally accessible field configurations. Due to the complexity of the ro-
tational dynamics, we focus on parallel fields. Our calculations show that the loss of
adiabaticity is caused by two effects: i) the formation of the pendular doublets, and ii)
the avoided crossings among neighboring adiabatic levels. Both phenomena give rise to
a strong coupling between the involved states and the corresponding redistribution of
population. The proximity between the avoided crossings and the doublets formation
prevents us from using a two-state model to analyze these avoided crossings. Unlike the
case of the doublet formation, we show that these avoided crossings cannot be tuned by
varying the electric field strength. Thus, for these molecules, the adiabatic mixed-field
orientation requires the use of laser pulses with longer temporal widths, i.e., longer
FWHM.

6. J. L. Hansen, J. J. Omiste, J. H. Nielsen, D. Pentlehner, J. Kiipper, R. Gonzalez-
Férez and H. Stapelfeld, Mized-field orientation of non-symmetric molecules, preprint
(2013) [54]

In this work, we consider the 6-chloropyridazine-3-carbonitrile (C4NoHyCICN) or CPC
molecule, being its permanent dipole moment non parallel to the any axis of inertia.
For this system, we present a theoretical and experimental study of its 3D alignment
and orientation in mixed-fields. The alignment pulses have either linear or elliptical
polarizations. In our theoretical calculations, we use the adiabatic approximation and
solve the time-independent Schrodinger equation for the experimental field configura-
tions. We find that for a weak dc field and a linearly polarized laser field, only the
dipole moment component along the most-polarizable axis of the molecule is relevant
for the orientation. Our calculations also show that the perpendicular component be-
comes relevant if strong electric fields are used. Our theoretical study confirms that an
elliptically polarized laser and a tilted weak static electric fields are sufficient to obtain
a 3D orientation.

7. J. J. Omiste, and R. Gonzélez-Férez, Mized-field orientation of a thermal ensemble
of polar molecule, arXiv:1306.1251v1 (2013) [58]

In this work, we have investigated the orientation of a thermal sample of linear molecules
for several field configurations. To do so, we solve the time-dependent Schrodinger equa-
tion for many states. Our calculations reveal that to achieve a significant orientation,
either the rotational temperature is reduced or stronger dc fields of a few kV/cm are
used. We also find that using a ns-Gaussian pulse, these avoided crossings are not
passed diabatically.

Finally, some mathematical tools are collected in the Appendix. In Appendix A we
summarize the key points of the transformation between the laboratory and the molecular



fixed frames by means of the Euler angles. The main properties of the Wigner matrix elements
are collected in Appendix B and the matrix elements of the Hamiltonian are written in terms
of the 3J Symbols in Appendix C.






Chapter 2

Introduccion

El estudio de la moléculas expuestas a campos externos constituye actualmente un area de
investigacién muy activa, fructifera y prometedora, a pesar de la gran cantidad de resultados
ya publicados en la literatura. Los avances alcanzados en la tecnologia laser y en 6ptica
unidos a la posibilidad de producir campos eléctricos estables e intensos han dado lugar a
nuevas investigaciones sobre la manipulacién y control de la dindmica molecular por medio de
campos externos. En presencia de campos externos se obtiene la alineacién y/o la orientacién
de la molécula. La alineacién se refiere al confinamiento de los ejes del sistema de referen-
cia fijo en la molécula a lo largo del sistema de referencia del laboratorio; en la orientacién
ademas el momento dipolar eléctrico de la molécula tiene una direcciéon bien definida. Los
esfuerzos tanto tedricos como experimentales llevados a cabo en este area de investigacién
estan motivados por la gran cantidad de nuevas e interesantes aplicaciones que estos sistemas
presentan. Una de las primeras aplicaciones fue el control estereodinamico de las reacciones
quimicas, que permite realizar un estudio detallado de sus inherentes propiedades cudnticas
y aumentar la eficiencia [1-3]. Por ejemplo, los estudios experimentales de las reacciones
K+CHsI [4] y Rb+CH3sI [5-7] mostraron que la reactividad mejora de forma significativa si el
atomo de I del CHsl estd orientado hacia el &tomo alcalino. La manipulacién del grado de lib-
ertad rotacional ha permitido llevar a cabo investigaciones sobre las propiedades electrénicas
y estructurales de las moléculas, como la espectroscopia [8,9], difraccién electrénica [10],
distribucién angular de los fotoelectrones [11-13], generacién de arménicos altos [14,15] y
la toma de imAagenes difractivas de moléculas en fase gaseosa [16,17], con el objetivo final
de rodar la pelicula molecular [18]. Se ha conseguido un gran control tanto de los grados
de libertad traslacionales [19] como rotacionales [20-22] de moléculas complejas, y se han
observado efectos cudnticos de forma directa en la estereodindmica de reacciones moleculares
en dimeros alcalinos ultrafrios [23].

En el primer experimento para orientar moléculas se utilizé el campo electrostatico de un
hexapolo [24-27]. La fuerza inducida en la molécula por este campo es proporcional a su
orientacion, por lo que este método permite la separacién de las moléculas segin sus estados
rotacionales. En los afios 90, Loesch y Remscheid propusieron la orientacion de moléculas por
medio de campos eléctricos intensos [28]. Esta técnica de fuerza bruta esta basada en la trans-
formacién adiabatica de los estados rotacionales en ausencia de campo en estados pendulares,
que son una superposicién coherente de autoestados rotacionales a campo cero. Estos estados
pendulares aparecen para campos eléctricos muy intensos cuando la molécula esta orientada
y su movimiento rotacional se convierte en oscilatorio. Por primera vez, moléculas diatémicas
13} fueron orientadas satisfactoriamente usando esta técnica [29,30]. Este procedimiento ha
permitido medir propiedades moleculares tales como el momento dipolar permanente del es-
tado fundamental electrénico y de estados excitados usando espectroscopia pendular [31,32] o
efectos direccionales en reacciones quimicas [28]. Su principal desventaja es que para orientar
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de forma eficiente las moléculas, han de ser rotacionalmente frias con un momento dipolar
alto y los campos elétricos intensos.

Al orientar una molécula polar también se alinea. Sin embargo, la técnica de fuerza bruta
no es apropiada para sistemas no polares ya que no tienen momento dipolar permanente.
Friedrich y Herschbach exploraron la posibilidad de explotar la interaccion entre la polarizabil-
idad de la molécula y un campo laser intenso no resonante para alinearla y atraparla [33,34].
La primera realizacién experimental la llevan a cabo Kim y Felker [35] usando espectroscopia
Raman en trimeros de naftalina en campos laser intensos. Seideman amplié este estudio
para moléculas asimétricas expuestas a pulsos laser largos y cortos de diferentes polariza-
ciones [36-40]. La alineacién 1D se alcanza con campos laser linealmente polarizados [41],
cuando el eje de mayor polarizabilidad (MPA) de la molécula se alinea a lo largo del eje
de polarizacion del laser. Por el contrario, en la alineacién 3D cada eje de la molécula se
alinea a lo largo de un eje del laboratorio y requiere del uso de un campo léser elipticamente
polarizado [42]. Adema&s se ha investigado la posibilidad de alinear moléculas por medio de
campos magnéticos moderados e intensos [43,44].

En el régimen de campo ldser muy intenso, el espectro estd caracterizado por pares o
dobletes pendulares formados por dos estados alineados de paridad opuesta y energéticamente
casi degenerados [45]. Usando métodos semiclasicos se ha probado que la separacién de energia
entre estos dos estados es proporcional a exp(—yx/f ), siendo y una constante que depende del
doblete e I la intensidad del laser. Basados en la proximidad energética entre ambos niveles, se
propuso usar un campo eléctrico débil para acoplarlos e hibridarlos. De este modo se obtiene
una orientacién alta evitando emplear campos eléctricos fuertes como en el método de fuerza
bruta [46,47]. Asi, se crean dos estados muy orientados pero en direcciones contrarias. Esta
prediccion fue hecha en el marco adiabatico, asumiendo que el tiempo de encendido del pulso
laser es mucho mayor que el periodo rotacional de la molécula. Este estudio tedrico fue
generalizado para moléculas simétricas en un campo eléctrico y uno laser no resonante [48].

La viabilidad de esta propuesta tedrica se pone de manifiesto experimentalmente casi de
forma inmediata, pero se obtiene un grado de orientaciéon muy inferior al esperado teéricamente
[49,50]. Este hecho se explica por la distribucién térmica que presenta el haz molecular usado
en el experimento. De modo que la combinacién de estados orientados y antiorientados con
pesos térmicos similares da lugar a una orientacion muy débil. En 2009 se lleva a cabo un
avance experimental decisivo al crear un haz molecular de estados cudnticos seleccionados
de iodobenceno usando un campo eléctrico inhomogéneo alcanzando asi una orientacién sin
precedentes. [20,51]. En este experimento, el haz de moléculas de estados cudnticos selec-
cionados viaja hacia el detector, y se expone al campo eléctrico homogéneo débil de un velocity
map imaging spectrometer y a un pulso laser de nanosegundos. En el experimento se puede
controlar el angulo formado entre la polarizacién del laser y la direccién del campo eléctrico,
y asi crear tanto moléculas orientadas como alineadas. Para medir el grado de orientacién
y alineacién se superpone temporal y espacialmente un pulso laser de sondeo con el laser
de alineacién. Este ldser de sondeo produce una explosion de Coulomb de las moléculas, y
los fragmentos idnicos son acelerados hacia el detector. En la aproximacién de retroceso, las
imégenes 2D de estos fragmentos de la explosién de Coulomb representan una proyecciéon 2D
de la funcién de onda 3D, y, por lo tanto, permiten medir la orientacién y alineaciéon molec-
ular. Estos experimentos fueron realizados suponiendo que la alineacion y la orientacion
eran procesos adiabdticos, porque la anchura temporal del pulso ldser (~ns) era mayor que
el periodo rotacional de estos sistemas. Varios estudios tedéricos han reproducido los exper-
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imentos de alineacién y las correspondintes medidas [19, 36,42]. Sin embargo, hasta ahora
no se habia llevado a cabo ningtin andlisis tedrico sobre el impacto de una combinacion de
campos eléctrico y ldser en moléculas asimétricas, que permitiese interpretar las observaciones
experimentales.

Objetivo de esta Tesis

El objetivo de esta tesis es llevar a cabo un estudio teérico de la dindmica rotacional de
moléculas polares en presencia de campos externos. Describimos a continuacién este objetivo
con mayor detalle y siguiendo el desarrollo temporal del trabajo realizado a lo largo de esta
tesis doctoral.

Se ha comenzado estudiando una molécula asimétrica sometida a un campo eléctrico y uno
laser linealmente polarizado usando la aproximacion de rotor rigido. Para ello, hemos asumido
que el campo eléctrico es estatico, y para el pulso laser se ha tomado la envolvente temporal
como constante e igual a uno. Hemos analizado las energias de los estados, su orientacién y
alineacién al variar la intensidades del laser y del campo eléctrico y el angulo entre ambos.
También hemos realizado una descripcion detallada de las simetrias del Hamiltoniano del
rotor rigido para todas las posibles configuraciones de los campos. Numéricamente, cada
representacion irreducible ha sido tratada de forma independiente.

Basados en este estudio, se ha llevado a cabo una investigacién tedrica del experimento
descrito anteriormente. Nuestro objetivo es interpretar y reproducir las medidas experimen-
tales para la alineacién y la orientacién de moléculas asimétricas. Usando la aproximacién
adiabatica, hemos resuelto la ecuacion de Schrodinger independiente del tiempo para las con-
figuraciones de campos usadas en el experimento, y calculado las propiedades direccionales
de los estados cudnticos que forman el haz molecular. Nuestros resultados tedéricos han re-
producido las medidas experimentales para la alineacién adiabatica, pero no para la ori-
entacién. Este desacuerdo demuestra que la hipdtesis adiabatica no es correcta para describir
la orientacién en una combinacion de campos. Se ha resuelto parcialmente este problema
proponiendo un modelo diabatico para clasificar el cardcter adiabatico o diabatico de los nu-
merosos cruces evitados que aparecen en el espectro molecular. De este modo, se ha obtenido
un mejor acuerdo entre los resultados tedricos y experimentales.

Este estudio sobre la orientacién de moléculas asimétricas en campos eléctrico y laser indica
que es necesaria una descripcién alternativa de este proceso. Asi, se ha llevado a cabo un
analisis de la dindmica rotacional de moléculas lineales polares expuestas a una combinacién
de campos electromagnéticos. Para ello, se ha resuelto la ecuacién de Schrédinger dependiente
del tiempo teniendo en cuenta el perfil temporal de ambos campos. Este estudio ha permitido
probar que con pulsos laseres en el rango de los ns, la orientaciéon usando un campo eléctrico
débil no es, en general, adiabatica y que se requiere una descripcion dependiente del tiempo
de este sistema para explicar las observaciones experimentales. Ademads, se han identificado
los fenémenos fisicos que inducen a la no adiabaticidad y las condiciones experimentales
necesarias para alcanzar una dindmica rotacional adiabatica.

Nuestro siguiente objetivo ha sido generalizar esta descripcién de la dindmica rotacional en
campos externos a sistemas moleculares mas complejos como son las moléculas asimétricas.
Se ha desarrollado la teoria necesaria y el correspondiente codigo computacional para resolver
la ecuacién de Schrodinger dependiente del tiempo de un rotor asimétrico en una combinacion
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arbitraria de campos. Sin embargo, debido a la complejidad de la dindmica rotacional, en
esta tesis solo hemos analizado en detalle el caso de campos paralelos. Usando el benzonitrilo
como prototipo, hemos encontrado que ademés de la formacién de dobletes, los cruces evitados
entre estados adiabaticos dominan la evolucién temporal de una funcién de onda. Dedido a
la diferencia entre los tiempos caracteristicos asociados a cada uno de estos fenémenos las
condiciones de adiabaticidad son mas dificiles de reproducir experimentalmente.

Finalmente, hemos considerado una molécula asimétrica cuyo momento dipolar no es par-
alelo a ningun eje molecular de simetria en presencia de un campo eléctrico y uno laser no
resonante. Este es el primer estudio tedrico sobre el impacto de campos externos en este tipo
de moléculas. Llevamos a cabo esta descripcién dentro de las aproximaciones adiabéatica y
de sélido rigido. En concreto, hemos mostrado que la orientaccién 3D se obtiene usando un
campo eléctrico estatico débil y un campo laser elipticamente polarizado. Ademads, nuestros
resultados muestran que la orientacién 3D es posible si un ldser linealmente polarizado se
combina con un campo eléctrico intenso.

A continuacién detallamos cual es la estructura de esta tesis doctoral.

En el Capitulo 3 describimos el Hamiltoniano rotacional de estos sistemas dentro de la
aproximacion de rotor rigido en presencia de un campo eléctrico homogéneo y estatico y
laser fuera de resonancia. Para todas las posibles configuraciones de campos, se muestra
un estudio detallado de las simetrias del Hamiltoniano rotacional y de sus correspondientes
representaciones irreducibles.

Para llevar a cabo nuestros objetivos, hemos de resolver las ecuaciones de Schrodinger de-
pendiente e independiente del tiempo para estos sistemas moleculares. Las técnicas computa-
cionales empleadas en esta tesis se presentan en el Capitulo 4. Empezamos describiendo el
método variacional lineal que transforma la ecuacion de Schrodinger independiente del tiempo
en un problema matricial de autovalores. A continuacion, se detallan las caracteristicas méas
importantes de la técnica de propagacién en iteraciones cortas de Lanczos y el método del
operador de divisiéon usados para resolver la ecuaciéon de Schrodinger dependiente del tiempo
para los rotores asimétricos y lineales, respectivamente. En los experimentos en campos
eléctricos y de ldser, la orientacion y la alineacién se miden detectando en una cdmara CCD
los iones moleculares creados en la explosion de Coulomb [20,51]. Las imédgenes recogidas en
la pantalla son proyecciones 2D de la funciéon de onda 3D de la molécula justo antes de la
explosién de Coulomb y a partir de ellas se obtienen los grados de alineacién y orientacion.
Al final del Capitulo 4, describimos el procedimiento tedrico para obtener las proyecciones
2D de las funciones de onda y las cantidades experimentales que son medidas.

Los resultados se recogen en el Capitulo 5 y el Capitulo 6, que corresponden a los
resultados publicados y no publicados, respectivamente. En las tres publicaciones [52-54],
que incluyen resultados tedricos y experimentales, hemos llevado a cabo todo el trabajo
tedrico.

Las publicaciones contenidas en el Capitulo 5 son las siguientes:

1. J. J. Omiste, R. Gonzdlez-Férez and P. Schmelcher, Rotational spectrum of asymmetric
top molecules in combined static and laser fields, Journal of Chemical Physics 135,
064310 (2011) [55]

En este trabajo hemos realizado una descripcién tedrica de las moléculas asimétricas
en un campo laser no resonante linealmente polarizado y uno eléctrico dentro de la
aproximacion de rotor rigido. Hemos considerado que la direccion de ambos campos
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forma un angulo arbitrario. Se ha presentado un estudio sistematico de las simetrias,
esto nos ha permitido tratar numéricamente cada representacién irreducible de forma
independiente y distinguir en el espectro los cruces evitados de los reales. Este trabajo
se ha centrado en la investigacién los desplazamientos de energia de los niveles, su
orientacion, alineacién e hibridacion del movimiento angular para varias configuraciones
de los campos. Para el estado fundamental, proponemos una nueva técnica para obtener
orientaciéon 3D basada en aplicar un campo eléctrico intenso perpendicular al laser
linealmente polarizado. Esta configuraciéon de campos da lugar a la orientacién del
momento dipolar a lo largo del campo eléctrico, y a la alineaciéon del eje molecular
menos polarizable a lo largo del eje del campo laser.

. J. J. Omiste, M. Garttner, P. Schmelcher, R. Gonzilez-Férez, L. Holmegaard, J.
H. Nielsen, H. Stapelfeldt and J. Kiipper, Theoretical description of adiabatic laser

alignment and mized-field orientation: the need for a mon-adiabatic model, Physical
Chemistry Chemical Physics 13, 18815-18824 (2011) [52]

En esta publicacién se ha llevado a cabo la primera descripcion teérica de los experimen-
tos de orientacién y alienacién de una molécula asimétrica, en concreto el benzonitrilo,
en un campo eléctrico y uno laser [52]. Como la anchura temporal del pulso ldser es
mayor que el periodo rotacional molecular, este proceso se consideraba como adiabatico
en la comunidad experimental. Basados en esta hipdtesis, se ha resuelto la ecuacién
de Schrodinger independiente del tiempo. Para el haz de moléculas del experimento,
hemos calculado la orientacién y alineacién. Nuestros resultados teéricos reproducen
las medidas experimentales del grado de alineacién para campos perpendiculares, pero
no el de orientaciéon cuando los campos estan inclinados. Esta discrepancia indica, por
primera vez, que la orientacién en una combinacién de campos eléctrico y laser no puede
ser un proceso adiabatico. El espectro en presencia de campos estd caracterizado por
una gran cantidad de cruces evitados. Nuestros resultados tedricos muestran que no
todos ellos son cruzados adiabaticamente. Por consiguiente, hemos propuesto un mod-
elo diabatico para clasificar el caracter de los cruces evitados en campos inclinados:
aquellos que involucran estados con el mismo nimero cudantico magnético M en ausen-
cia de campos son cruzados adiabaticamente; mientras que aquellos entre estados con
diferente M son cruzados diabaticamente. El grado de orientacién obtenido por medio
del modelo diabatico muestra un mejor acuerdo con las medidas experimentales.

. J. H. Nielsen, H. Stapelfeldt, J. Kiipper, B. Friedrich, J. J. Omiste and R. Gonzélez-
Férez, Making the best of mized-field orientation of polar molecules: A recipe for achiev-
ing adiabatic dynamics in an electrostatic field combined with laser pulses, Physical
Review Letters 108, 193001 (2012) [53]

En este trabajo hemos estudiado experimental y tedéricamente la orientacién de la
molécula de OCS en una combinacién de campos eléctrico y laser. El haz molecular esta
formado por un 92% de moléculas en el estado rotacional fundamental. Se ha llevado
a cabo la primera descripcidn de este sistema resolviendo la ecuacién de Schrodinger
dependiente del tiempo. Hemos encontrado que para la configuracién de campos usada
en los experimentos actuales, la dindmica molecular es, en general, no adiabética, y es
necesario realizar una descripcién dependiente del tiempo. Hemos identificado los dos
principales fenémenos fisicos que dan lugar a efectos no adiabaticos. Primero, cuando
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se forman dobletes pendulares al aumentar la intensidad del laser, los dos estados casi
degenerados estan acoplados fuertemente, y esto conlleva una trasferencia de poblacién
del orientado al antiorientado y viceversa. Segundo, para campos inclinados, los esta-
dos con el mismo momento angular J en ausencia de campos ahora estan acoplados; a
bajas intensidades se separan energéticamente dando lugar a una redistribucién de la
poblacion entre ellos. Este trabajo nos ha permitido investigar bajo qué condiciones
experimentales la dindmica rotacional seria un proceso adiabédtico.

4. J. J. Omiste and R. Gonzdlez-Férez, Nonadiabatic effects in long-pulse mized-field
orientation of a linear polar molecule, Physical Review A 86, 043437 (2012) [56]

En esta publicacién hemos llevado a cabo un anélisis tedrico de la dinamica rotacional de
una molécula lineal en un campo eléctrico y uno laser no resonante. Para varios estados,
su dindamica rotacional ha sido analizada en detalle para intensidades de ambos campos
accesibles experimentalmente. Los resultados para orientacion se han comparado con
las predicciones de la teoria adiabatica para varios regimenes de los campos. Se han
identificado los fenémenos no adiabaticos que aparecen para campos paralelos e incli-
nados. Este estudio nos ha permitido predecir la configuracion experimental que daria
lugar a una dindmica adiabatica.

El resto de los resultados de esta tesis doctoral se recogen en tres preprints, dos de ellos
han sido enviados para su publicacién, que se han incluido en el Capitulo 6. Estos trabajos
son los siguientes:

5. J. J. Omiste, and R. Gongzéalez-Férez, Rotational dynamics of an asymmetric top
molecule in parallel electric and non-resonant laser fields, arXiv:1306.1429v1 (2013) [57]

Aqui hemos llevado a cabo el primer estudio dependiente del tiempo del impacto de
un campo eléctrico y uno laser no resonante linealmente polarizado en una molécula
asimétrica. Usando el benzonitrilo como prototipo, realizamos un anélisis detallado de la
dindmica para varias configuraciones que son experimentalmente accesibles. Debido a la
complejidad de este sistema, nos hemos centrado en el andlisis de la dindmica en campos
paralelos. Nuestros calculos muestran que la pérdida de adiabaticidad es causada por
dos efectos: i) la formacién de los dobletes pendulares, y ii) los cruces evitados entre
niveles adiabaticos vecinos. Ambos fenémenos dan lugar a un fuerte acoplamiento entre
los estados involucrados y a una redistribucion de poblacién. La cercania entre los cruces
evitados y la formacion de dobletes impide usar la aproximacién de Landau-Zener para
clasificar estos cruces evitados. A diferencia de la formacién de dobletes, aumentar el
campo eléctrico no asegura que la dindmica a través de los cruces evitados sea adibatica.
Asi, para estas moléculas, la orientacion adiabética requiere de pulsos laser con anchuras
temporales més largas.

6. J. L. Hansen, J. J. Omiste, J. H. Nielsen, D. Pentlehner, J. Kiipper, R. Gonzéilez-
Férez and H. Stapelfeld, Mized-field orientation of non-symmetric molecules, preprint
(2013) [54]

En este trabajo consideramos la molécula 6-cloropiridacina-3-carbonitrilo (C4NoHyCICN)
o CPC cuyo momento dipolar permanente no es paralelo a ningtin eje de inercia. Para
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este sistema, presentamos un estudio tedrico y experimental de su alineacién y ori-
entacion 3D en una combinacién campos eléctrios y laseres de polarizacion tanto lineal
como eliptica. En nuestros calculos tedricos usamos la aproximacién adiabatica y re-
solvemos la ecuacién de Schrodinger independiente del tiempo para configuraciones ex-
perimentales de campos electromagnéticos. Encontramos que para un campo eléctrico
débil y un campo laser linealmente polarizado, sélo la componente del momento dipolar
a lo largo del eje mas polarizable de la molécula es relevante para la orientacién; y que
la componente perpendicular contribuye en este proceso si se usan campos eléctricos in-
tensos. Este estudio tedrico confirma que un laser elipticamente polarizado y un campo
eléctrico estatico débil inclinado son suficientes para obtener orientaciéon 3D.

7. J. J. Omiste, and R. Gonzélez-Férez, Mized-field orientation of a thermal ensemble
of polar molecule, arXiv:1306.1251v1 (2013) [58]

En este trabajo, hemos investigado la orientaciéon de un haz de moléculas lineales con
distribucién térmica para varias configuraciones de los campos externos. Para ello, se
ha resuelto la ecuacién de Schrédinger dependiente del tiempo para muchos estados
rotacionales. Nuestros calculos ponen claramente de manifiesto que para alcanzar una
orientacion significativa es necesario bien reducir la temperatura rotacional o usar cam-
pos eléctricos con intensidades de varios kV/cm. Ademds, mostramos que usando un
pulso gaussiano de 20 nanosegundos, los cruces evitados no se pueden cruzar de forma
adiabatica.

Finalmente, se recogen algunas herramientas matematicas usadas en esta tesis doctoral en
los Apéndices. En el Appendix A resumimos los puntos clave de la transformacion entre
los sistemas de referencia fijo en el laboratorio y en la molécula por medio de los angulos de
Fuler. Las principales propiedades de los elementos de las matrices de Wigner se muestran
en el Appendix B y los elementos de matriz del Hamiltoniano se escriben en términos de
los Simbolos 3J en el Appendix C.






Chapter 3

Hamiltonian of molecules in the presence of external
fields

We study a polar linear or asymmetric top molecule exposed to a combination of an homo-
geneous static electric field and a nonresonant laser field. The field strengths are considered
so that they have a notable impact on the rotational dynamics of the molecule, but affect
weakly the electronic and vibrational structures, which are treated by first order perturbation
theory. We work within the Born-Oppenheimer approximation, and further assume that the
rotational and vibrational dynamics can be adiabatically separated. Then, these molecular
systems are described within the rigid rotor approximation. In addition, we neglect relativis-
tic, fine and hyperfine interactions, as well as the couplings with different electronic states.
To describe the location of the molecule we use the laboratory (X,Y, Z) and molecule fixed

Figure 3.1: Relation of the Laboratory and Molecular fixed frame by means of the Euler angles (a) and field
configuration with a linear molecule in the Laboratory fixed frame with the Euler angles (b).

frames (z,y, z), LFF and MFF, respectively. The LFF is chosen so that the major polariza-
tion axis of the laser field is parallel the Z axis, and the homogenous electric field forms an
angle 8 with this axis and defines the X Z plane, see right panel of Fig. 3.1. The axes of the
MFF, (x,y, z), correspond to the principal axes of inertia of the molecule. These two frames
are related by the Euler angles Q = (¢, 0, x) [59], which are shown of Fig. 3.1(a). The main
properties of the transformation between the LFF and the MFF are collected in Appendix A.

The Hamiltonian of a rigid rotor molecule in this field configuration is given by

H=H,+Hg+ Hy, (3.1)
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where H, is the field-free Hamiltonian, and Hg and Hj stand for the interactions with the
electric and laser fields, respectively. In the following sections, we analyze in detail the
contribution of each of these terms.

3.1 The Hamiltonian of the Field-Free Rotor

Let us start with the description of the field-free Hamiltonians for three different molecules:
linear, symmetric and asymmetric top rotors.

3.1.1 Linear rotor
In absence of fields, the rigid rotor Hamiltonian for a linear rotor reads as

H, = BJ?, (3.2)

2
with B = — being the rotational constant, where I is the moment of inertia, and J stands

for the angular momentum operator. The eigenfunctions of the Hamiltonian are the spherical
harmonics, Yja(6, ¢), with J being the rotational quantum number and M the magnetic
quantum number, that is, the eigenvalue of the projection of J on the Z axis, Jz. The
eigenenergies of the Hamiltonian (3.2) are E; = BJ(J 4+ 1) and have 2J + 1 degeneracy.

3.1.2 Symmetric top rotor

A symmetric top rotor is characterized by only two rotational constants A and B,, i.e.,
B, = B, = A. The field-free Hamiltonian of this system reads

Hygy = AJ2 + AJ2 + B.J? = AJ? + CJ2, (3.3)

where J,, J, and J, are the projection of the operator J on the x,y and z axes of the MFF,
respectively, and C' = B, — B, = B, — A. It is easy to proof that [59]

[Hrsy7 jQ] = [Hrsya Jz] = [Hrsy7 JZ] =0. (34)

Thus, the projection of J on the z and Z axes, K and M, respectively, are good quantum
numbers. Consequently, the set of operators { Hyy, J 2 J.,Jz} are enough to identify an eigen-
state of the field-free symmetric rigid rotor Hamiltonian. The corresponding wavefunctions
are [59]

QM) = bsrcan(@60 = (DM EEIDI, (000, 39)

= A Dl(6.0.%0, (3.0

where Q = (¢, 0, x) D}\]/[,K((bv 0, x) are the Wigner matrix elements [59], with K, M = —J, ..., J.
Their main properties are collected in Appendix B. The energy corresponding to the eigen-
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state ¥k a (0, 0,X) is Ejxam = AJ(J + 1) + CK? having a degeneracy of 2(2.J + 1) for
|K| # 0 and 2J + 1 for K = 0.

Depending on the rotational constants, we can distinguish two types of symmetric rotors.
For C' > 0, the rotor is called prolate, and for fixed J, its energy levels increase with K.

Whereas for C' < 0, the rotor is oblate, and the energy of the states decrease for increasing
K for a fixed J.

3.1.3 Asymmetric top rotor

The asymmetric top rotor is characterized by three different rotational constants. Note that,
from now on, we fix the molecular fixed frame so that B, > B, > B,. The asymmetry degree
of the molecule is estimated by the Ray parameter k = %. The two extreme values
k = —1 (By = B;) and +1 (B, = B;) correspond to prolazte and oblate symmetric rotors,

respectively.
The field-free rigid rotor Hamiltonian is given by

H, = ByJ2 + ByJ} + B.J2 = AJ* + B (J2 + J*) + C.J2, (3.7)
with

B, + B

A -

2 )

5 _ BB,

4 )

o _ 2B:-B.-B,
2

The Hamiltonian of the field-free asymmetric rigid rotor H, in equation (3.7) does not com-
mute with J,, hence K is no longer a good quantum number, whereas J and M still are.
For arbitrary J, the Schrodinger equation can not be solved analytically. However, the eigen-
functions of the field-free asymmetric rigid rotor are written as linear combinations of the
field-free wavefunctions of the symmetric rigid rotor

J

[TMn) = > cxp|JKM), (3.8)
K=-J

where the coefficients ck , are real and 7 labels the different states with the same J and M.
Unless accidental degeneracy, the energy levels are degenerate 2J + 1. In Fig. 3.2, we show
the energy levels in the two limiting cases of prolate and oblate symmetric molecules. By
changing adiabatically B in the rotational Hamiltonian H, we can link one to one the states
in these two limiting spectra.

Using this, we label the field-free asymmetric rotor eigenfunctions by Jx,x, M [60], where
K, and K. are the values of K for the prolate and oblate limiting cases, respectively, as
shown in Fig. 3.2 . This notation gives us useful information about the symmetry of the
wavefunction. For intance, the parity of a given state Jx, k.M under two fold rotations
around the prolate or oblate axes is given by the parity of K, and K., respectively.
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Figure 3.2: Labeling of the field-free levels of the asymmetric rotor.

3.2 The interaction with a homogenous static electric field

A homogenous static electric field, ES, interacts with the permanent electric dipole moment
of the molecule, fi, its polarizability «, the hyperpolarizability and higher order terms. For
the regime of electrostatic field strengths considered in this thesis, we assume that only the
coupling due to [ is significant and neglect higher orders. Thus, the Stark interaction is
written as

Hg=—Eg - i. (3.9)

If we consider a permanent dipole moment i contained in the molecular plane zz the Stark
Hamiltonian yields

Hs = —Eg(pycosfs, + pycosbsy)
= —FEgcosf(u,cosf — g sinfcosx) +
—Egsin 3 [p, sin 0 cos ¢ + i (cos ¢ cos O cos x — sin ¢ sin x)] , (3.10)
where p, and p, are the projections of the permanent dipole moment along the z and x axes.

The angles fg, and fg, are the angles formed by the z and x axes with the electric field,
respectively. The expression (3.10) can be rewritten as a linear combination of Wigner matrix
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elements
L 1 - L/ St
Hs = —Egsu, | cosBDy,(S2) +sin 5 D~ 1p(2) — D1p(2) ) | +

~Bsps (5 (D3 (@) - Dh(@)+

+ P (D4 @)+ D) - DL@) - DLu(@)). (3.11)

where the term D}, ;- (€2) couples two Wigner matrix elements fulfilling |AJ| < 1, AK = K"
and AM = M”". For instance, if 3 = 0, the component p, couples functions with |AK| =
|AM| =0 and |AJ| < 1, whereas p; couples states with |[AJ] < 1, |AK| =1 and AM = 1.
For 3 # 7/2 both components couples states with |[AM| = 1, as well.

For linear and some asymmetric molecules, ji is parallel to the z axis of the MFF. In this
case, the interaction term (3.9) is reduced to

Hs = —Egu(cosfcosf + sin 5sinf cos o)
— _Esu (cosﬂDéo(Q)—i—sinB\/g(Dl_lo( D}D(Q))>. (3.12)

Note that for a linear molecule, Q = (6, ¢).

3.3 The interaction with a non resonant laser field

As in the case of the dc field, the electric field of the non resonant laser field interacts with the
permanent dipole moment, the polarizability and higher order terms. Here, we work in the
intensity regime of the laser field, where the couplings due to i and « can not be neglected.
This interaction is given by [40, 61]

H, = |[i- —|——72E Jou, B (1), (3.13)

- uEL<>+ZE<>u;“d<>, ZE )t E5 (1),

where E7(t) and E,(t) are the electric field associated to the laser and its components referred
tothe p = X,Y or Z axes of the LFF. a, , is the polarizability tensor of the molecule referred
to the LFF, with p,p/ = X,Y or Z. ji"™® is the induced dipole moment produced by the laser
field in the molecule. The polarlzablhty tensor in the LFF and the MFF are related as follows

Qpp! = Z (plk) cugepr <k|P/> )

kk'

with k, ¥ = x,y and z axes.
In this thesis, we consider a non resonant laser field linearly polarized along the Z axis and
an elliptically polarized one along the Z and X axes. The associated electric field components
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along the Z and X directions are Ey, (t) = Eoz(t) cos(2nvt) and By, x(t) = Eox (t) cos(2mvt+
m/2) [48], v being its frequency, Eyz(t) and Eyx(t) the envelope of the electric field of the
Z and X components. We are considering the most general case, in which these electric
field stregths Fox(t) and Egz(t) depend on time. We assume that v~! is much shorter
than the pulse duration and the rotational period. This allows us to average over these
rapid oscillations in one period and, as a consequence, the coupling of this field with the
permanent dipole moment Ep - i vanishes [62,63]. The time averaged electric field in a cycle

2I77(t
is (Erz(t)) = Zci( ), where Izz(t) is the intensity of the laser in the Z component, ¢ the

speed of light and € is the dielectric constant in the vacuum. Hence, the interaction of the
non resonant laser field with the polarizability is [64]

I77(t)

Hi(t) = — Scec (o cos? 0., + a¥® cos? O2y) +
I t
— );X( ) (a” cos? Ox, + a¥* cos? 9Xy) , (3.14)
CeQ

where o = ajj — oy [61], with 4, j = z,y and z. The angle 0p, is the angle formed by the
LFF P axis and the MFF ¢ axis. Their cosines are written in terms of the Euler angles as

cosblz, = cosb, (3.15)
cosfz, = sinxsind, (3.16)
cosflx, = cos¢psind, (3.17)
cosflx, = —sin¢cosy — cos¢cosbsiny. (3.18)

The Hamiltonian (3.14) in terms of the Wigner matrix elements reads

HL(t) = 3 0 \/6

IXX<t) aZJB azx azz +ay$
- —=(D30(@) + D2y,0()) = -Di() + ———D +

B Izz(t) ot 4 a¥* 2 a¥y*
2060

a?® + Y%
D3y(©) = —=(D%() + D3 () + 080) +

2660 \/6

T

+ 2 (DR + DR o(0) — DR) — D2y(0) +
B QTW (D3(9) + D3_o(Q) + D2yp(@) + D222(Q))> : (3.19)

The interaction term Hj, mixes basis elements with |AJ| < 2. Depending on the field config-
uration, AK = 0,+2 and AM = 0,=£2 can also be mixed.

For a linearly polarized laser field, that is Ixx = 0, the interaction term H in expression
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(3.14) becomes

I(t
Hp(t) = —226()) (o/“’c cos? 0, + a¥* cos? sz)
I(t) (@™ +a¥* a¥® 9
= e ( 3 Do () — %(Doz(m + DO—Q(Q))
aFT 4 v
+ 3D80(Q)> , (3.20)

where I(t) = Iz7(t) is the intensity of the laser field at a time ¢. For this particular case, the
Hamiltonian does not couple states with AM £ 0.

For a linear rotor and a linearly polarized laser field, the coupling with the laser is simplified
since y does not play a role, thus, Hy(t) yields

I(t
Hp(t) = —Q(Aozcos2 0z, ~|—ou), (3.21)
2060
where Ao = o) — a1, with o and o being the components of the polarizability parallel and
perpendicular to the internuclear axis, respetively. Then, the field-free states with |[AJ| = 0,2
and AM = 0 are coupled.

3.4 Symmetries and representations

One of the aim of this thesis is to compare our theoretical results with the experimental ones
for alignment and mixed-field orientation of molecular beams, which are formed by asymmetri
or linear top molecules, such as benzonitrile and OCS, respectively. The experimental group
provides us the rotational states and their relative populations within the molecular beam.
To describe the experimental results, we should uniquely identify these states when the dc
field strengths or laser intensity are varied . Note that the labels of an eigenstate obtained
by adiabatic following depend on the real and avoided crossings along the path through field
parameter space, i.e., 3, Fg or Iy [48]. An important feature of the field-dressed spectrum of
a molecule in external fields is the large amount of genuine and avoided crossings occurring
between adjacent states as one of the field parameters is varied. The avoided crossings appear
between levels of the same symmetry and some of them are characterized by a strong mixing
of the involved field-dressed states. For a correct description of the experimental results, these
avoided crossings should be distinguished from the genuine ones taking place between levels
of different symmetry. Thus, an exhaustive analysis of the symmetries of the Hamiltonian
in a rigid rotor in external fields and its irreducible representations is mandatory in order to
properly identify the field-dressed states.

The number of representations and their features are determined by the symmetry group
of the Hamiltonian in a field configuration [65]. First, we start with the description of the
symmetries for asymmetric top molecules. Note that the symmetries of a linear rotor are a
particular case of the symmetries of an asymmetric top.

The field-free asymmetric rotor belongs to the group of spatial rotations SO(3), which
ensures that J and M are good quantum numbers, and the point group D3, whose operations
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Transformations
Operation 1) 0 X
E b — 0—0 X — X
c3 b — @ 0—0 X X—T
cy o —>¢o—m 0—m—10 X =T —X
Ccs p—>¢p—m 0—>m—0 X — —X

Table 3.1: Action of the symmetry operations of the Dy group on the Euler angles.

are the identity £ and the twofold rotations around the x,y and z axes of the MFF, C¥, CY
and C3, respectively. The action of the symmetry operations on the Euler angles are collected
in Table 3.1. We can construct the Wang states, which form a basis of a given representation
of Ds, as the following linear combinations [59]

1 .
JKMs) = ﬁ(yJKM>+(—1) |JK—M>> if K40, (3.22)
JOMO) = [JOM) if K =0, (3.23)

with s = 0,1. Using the properties of the Wigner matrix elements in Appendix B, we find
that [59]

C;|JKMs) = (-1)X|JKMs),
CY|JKMs)y = (=1)/TE+s|JKMs),
C¥|JKMs) = (=1)/T|JKMs),

where the prefactor characterizes each irreducible representation.

If we include a static electric field, Eg, and consider a molecule with [ parallel to its z axis,
the symmetry group is formed by {E, CFs(5), C’ZZ}, where C¥s(§) are the arbitrary rotations
around Eg. If Eg is parallel to the Z axis, then the arbitrary rotations around Eg, C7 (6),
ensure that M is a good quantum number. Note that the reflection on any plane which
contains Eg are symmetry operations, as well. The action of the symmetry operators in the
Euler angles is collected in Table 3.2. Since C7 is still a symmetry operation, the parity of
K is conserved. If M # 0, there are 4 representations for each | M|, depending on the parity
of K and the sign of M. The existence of infinite planes of symmetry implies that, for the
same | M| # 0, the states in the irreducible representations are doubly degenerated. However,
if M = 0 there are 4 irreducible representations which are not degenerated, and their basis
sets are characterized by the parity of K and K + s.

In the presence of only a linearly polarized laser field along the Z axis, the symmetry
operations which form the group are those from Do, C% (6) and the inversion /. This leads
to 8 irreducible representations for each value of M, defined by the parity under the twofold
rotations in the MFF and the inversion operation. If |M| # 0, the states are degenerate as
in the case of a static electric field.

If we apply an additional static field tilted an angle 5 # 0, 7/2 with the polarization axis of
the laser, the symmetry group is reduced to {E, C5,0x 7z}, where oxz is the reflection on the
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Transformations
Operation 10) 0 X
CZ(0) b—Pp+0 60— 0 X = X
C¥ ¢ — 2T — ¢ 0—m—10 X—Xx+m
oxz ¢ — 21— ¢ 60— 0 X — 2w — X
c? o=+ 60— 0 X — X

Table 3.2: Action of the symmetry operations in tilted fields in the Euler angles

plane which contains the fields, that is, the X Z plane. In Table 3.2 we provide the application
of 0xz on the Euler angles. In this case, there are four irreducible representations, depending
on the parity under the rotations around the z-axis of the MFF and the parity under the
reflection on the plane containing the fields. We can construct the generalized Wang states,
|JKMq)° as follows

1
JKMq)® = \ﬁ(|JKM>+(—1)q|J7K7M>) for M and/or K #0,
|J000)” = |J00) otherwise, (3.24)

with ¢ = 0,1. Applying oxz and using the properties of the Wigner matrix elements (see
Appendix B), it yields

oxz |JKMq)? = (—1)MHE+T | JK Mg)? .

Hence, the generalized Wang states with the same parity of M + K + g and K form the basis
of one of these irreducible representations.

Now, if 8 = 7/2, the Hamiltonian is invariant under the operations {E, CQZ,sz,CQX },
being C3X a twofold rotation around the X axis. The action of C5X on the functions |JK M)
is

C |JKM) = (1)’ |JK — M).

Analogously to the case of the operator oxz, we can construct the eigenstates of Csf,
|JK Mp)™, as

1
TKMp)X = E<|JKM>+(—1)7’|JK—M>) for M #0,
|JK00)® = |JKO) otherwise, (3.25)

with p = 0, 1. These states fulfill
C5 |TK Mp)™ = (=1)"*7|JK Mp)™ .

In this perpendicular configuration, the wavefunctions have to be simultaneously eigenstates
of ox7 and C5°. Imposing the conditions (3.24) and (3.25) we define the states | JKMqp) .. /2,
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that are written in terms of |JK M) as

|
TEMap), o = 5(1TEM)+ (=1)71J = K = M) + (<1 |JK = M) +
H(—1)THP | ] — KM)) if M and K #£0,
|
| JOMOp), ) = \ﬁ( JOM) + (—1)?|J0— M) ) it M #0,
1
[TK0q0), ), = E( IJK) + (~1)7]J — Ko>) if K40,
J0000), 5, = [JOO) otherwise, (3.26)
and they satisfy
oxz |JTKMqp)” = (1) TKMap)”,

Cs |[JKMap), ), = (=1)""P|JKMap), ).

From these expressions, we see that there are 8 irreducible representations for this field
configuration, which are labeled by the parity under the operators C3, oxz and C5°, given
by (=1)%, (=1)M+E+4 and (—1)7*P, respectively.

In the case of an elliptically polarized laser field along the Z and X directions, the minimal
set of symmetry operations is {E, C3,CY,C3,1, C’QZ} Compared to the linearly polarized
case, we have lost the symmetry under arbitrary rotations around the Z axis, and therefore,
M is not a good quantum number. However, 022 ensures that the parity of M is still conserved.
Including a static electric field parallel to the Z axis, the symmetry operations are reduced
to {E,0xz,C%,CZ}. Thus, there are 8 non degenerate irreducible representations labeled by
the parity under oxz, C3 and CZ. The basis set elements are the states |JK Mq)?, with the
same parity of K and M. The case of § = 7/2, that is, E, parallel to the X-axis, is analogous
to this one, but the symmetry operations are {E ,oxz,C5, C@X } There are 8 non degenerate
irreducible representations, and the basis is formed by the states |JKMgp).__ /2 with the same
parity of K, M + K + q and J + p. For the field configuration with 0 < 5 < 7/2, the group
of symmetry operation is {E,C5,0xz}, which is the same as in the linearly polarized laser
field case.

In this thesis we have also studied molecules with [ contained in the plane zz. In this
case, (3 is not a symmetry operation and the parity of K is not conserved. The symmetry
groups described above for a molecule with [ parallel to the MFF z-axis are the same for
this system, except that C3 is not any longer a symmetry operator. As a consequence, for a
certain field configuration, the number of irreducible representations is reduced by one half
compared to the analogous case for fi = u,2.

For the linear rotor, the symmetry operations are reduced to those in the LFF. In the case
of only a static field with 5 = 0, the symmetry group is formed by {E ,CZ (6 )} There are two
irreducible representations for a given |M|, which are degenerated if |M| # 0. If we have an
additional linearly polarized laser field and 8 # 0 the symmetry group is { E,0X? }, leading
to two irreducible representations. Since K is not defined for a linear rotor, the basis set
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elements are special cases of the expression (3.24), but in terms of the spherical harmonics

V() = ji(YJMmH(—l)WJM(m) for M £0,
Y70(Q) = Yjo(2) otherwise, (3.27)

with ¢ = 0,1. The action of oxz on these functions is
oxzY () = (—1)M+quMq(Q)-

For perpendicular fields, the symmetry group is formed by {E L0872 O }, thus, there are 4
representations. The states Y7,/ (2) are eigenfunctions of Cs¥, since

CFYg(Q) = (=1)7F1Y 7, ().

As we have seen, the states of a certain irreducible representation have the same behaviour
under the action of the symmetry operations. As a consequence, the Hamiltonian is not able
to couple states belonging to different irreducible representations, allowing us to treat them
independently. This is a great advantage, since the size of the basis set used to solve both
the time-dependent and time-independent Schrodinger equation can be reduced, and with it,
the number of operations and the storage, and the computational efficiency is enhanced.






Chapter 4

Numerical methods

4.1 The time-independent Schrodinger equation

In this section we present a method to solve the time-independent Schriédinger equation
H |¢y) = Ey [¢), where H is the Hamiltonian, F,, and |¢,) are an eigenvalue and an eigen-
function, respectively. To do so, we expand the wavefunction in terms of the functions of a
certain basis set. Then, the time-independent Schrédinger equation, which is a second order
differential equation in several variables, is transformed in a matrix eigenvalue problem.

4.1.1 The Linear Variational Method

The Ritz variational method or linear variational principle [66,67] allows us to search for
upper bounds of the eigenvalues E,,. If we consider the basis {¢y}r-, the wavefunction is
given by the following expansion

N
) = cilen), (4.1)
i=1

where N is the number of elements of the basis set and ¢; is the coefficient of |¢;). For
computational reasons, we have cut the infinite series to a finite one including N elements of
the basis.

The upper bounds of E,, are obtained by minimizing the expectation value of the Hamilto-
nian, (¢ |[H| ). We impose that (1|1)) = 1 and use the Lagrange multiplier in the expression

(Y| H[y) = A () =0, (4.2)
where A is a real constant. Using the expansion of the wavefunction, it yields
N N
> ciei (il Hlgs) = A leil* =0. (4.3)
ij=1 i=1

Let us assume that ¢; = ¢]. Taking derivatives with respect to ¢; in this expression, we obtain

N

Y i (il Hgs) = e, (4.4)

=1

which is a matrix eigenvalue problem, and A are upper bounds of F,,. By increasing the basis
set size, we ensure that our numerical results are converged and independent of N.



30 CHAPTER 4 NUMERICAL METHODS

4.1.2 Numerical diagonalization of the Hamiltonian matrix

To diagonalize the Hamiltonian matrix, we employ the restarted Lanczos procedure [68]
implemented in the Arnoldi Package (ARPACK) [69,70]. The convergence of this method
is faster for the highest eigenvalues of the corresponding matrix [71]. To take advantage
of this feature, we diagonalize (H — N 1)71 where )\ is a real number and 1 is the identity
matrix. Then, by properly choosing the value of X, we focus on an energy window of the
Hamiltonian. This parameter )" is changed several times, so that the range of energy in which
we are interested is fully covered.

4.2 The time-dependent Schrodinger equation

For the time-dependent Schrodinger equation,

9
iho [9(8) = H(t) [4(2)) (4.5)

a solution is given by

i t+At
Wo(t + Ab)) = U(AD) [(2)) = exp (—h / H(t’)dt') (1), (4.6)

where At is a small time step. For sufficiently small At, we can assume that the Hamiltonian
is almost constant in this time interval (¢,¢ + At). Under this approximation, the solution
reads

(¢ + AD)) = exp (;ff(t)m) B (1))

Several computational techniques have been developed to tackle the calculation of the action of
the propagator in the wavefunction. They differ in the numerical method used to approximate
the evolution operator. In this thesis, for linear molecules, we use the Split-operator procedure
[72] and the short iterative Lanczos propagation method [73,74] for the more complicated
asymmetric top molecules. The basis set size and the number of time steps are increased
until convergence is achieved.

4.2.1 Short lterative Lanczos propagation method

The time-dependent Schrédinger equation (4.5) can be solved by expanding the wavefunction
in a basis set as in subsection 4.1.1, but now allowing the coefficients to depend on time,
C; = C; (t),

LOEDIEOILE (47)

Introducing this expression in equation (4.5) and left projecting on the basis elements, we
find that the solution is given by the following system of first order differential equations

oe(t)  ~

ih— = H(t)a(), (4.8)
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where ¢(t) is the vector is formed by the coefficients {c¢;(t) }f\i 1, and the Hamiltonian matrix
restricted to the basis set is H; ;(t) = (¢; |[H(t)| ¢j). An approximation to the solution is

&t + At) = exp (-2?1@)&) a(t). (4.9)

where again we have taken small enough At so that H (t) could be considered constant in the
corresponding time interval. The next step consist on replacing the exponential by

p—1 . J
1{ —int)’ -~
€(t+At)x§:ﬂ< ; >Hﬂa(t). (4.10)
j=0""

where the infinite sum is cut and only the first p terms have been included. In this expansion,
the contribution of the j-th term decreases as j is increased. For large values of N and
p, obtaining ¢(t + At) requires a high computational effort, due to the large number of
matrix-matrix and matrix-vector multiplications needed. The short iteraterative Lanczos
ethod (SIL) solves this problem by reducing significantly the number of operations in this
procedure. The Lanczos method consists on building systematically a basis of p orthogonal
N dimensional vectors {d;}’_ = 0 in which the Hamiltonian H becomes a tridiagonal matrix.
This basis generates a Krylov subspace, defined by the set of linearly independent vectors

~ . -1
{Hjao}' o To ensure that these vectors are linearly independent, dy must be a linear
‘7:

combination of at least p exact eigenfunctions of H. The procedure to obtain aj, with
j=0,...,p—1is as follows [71]

Hidy = agdo + ot (4.11)
Hi; = Bj1dj_ 1+ ajij+ Bidj1, (>0) (4.12)
where
o; = diHa, (4.13)
B = d_ Haj. (4.14)

The matrix Ay, transforms the basis {(;Sj};y:l to {[ik}i;é and it is built with the p first
vectors of the Krylov space given by [75]

Apr = [60@'162 Ce 6;,_1], (4.15)
and H), reads
(7)) 60 0 N 0 0
,80 a1 51 e 0 0
0 ﬁl a2 ... 0 0
Hy=|(. . . . . - (4.16)
0 0 0 ... ap_2 Pp2

0 0 0 BP,Q Qp—1
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Then, the time-dependent Schrédinger equation in the basis {c_ik}i;(l) is equivalent to

—

H,dle), (4.17)

D
~
St

where J(t) is the vector form by the p coefficients of {dy }i;é As a initial condition, we choose
P(t = ty) to be dy, where tg is the initial time, then it holds

1
B 0
d(0) = | g

An approximated solution of equation (4.17) for small At is

d(t + At) = exp (—;Hpt> d(t), (4.18)

-

which is solved by diagonalizing the tridiagonal matrix H,. Finally, we write d(t) in the basis
{|¢k)}. Since this method involves a truncated basis, we can control the error at each time
step by imposing that the component of the last reduced vector @, to satisfy [75]

1 (H)]* < e (4.19)

To ensure the convergence of our calculations we have fixed ¢ < 107!°. This time integra-
tion has been performed by using the subroutine silstep.f of the Multiconfiguration Time-
Dependent Hartree method implemented in MCTDH package [74].

4.2.2 Split-operator procedure

The split-operator procedure scheme consists on approximating the propagator in expression
(4.6) by [72,73]

U(At) = exp (—%HmtAt> X exp <—hHrAt> X exp <_2hHmtAt>
+ 0[(An. (4.20)
where H = H,.+H;,;, H, and H;,; are the rotational and interaction terms of the Hamiltonian,

i
respectively. The main advantage of this method is that the operators exp (—%HmtAt)

i
and exp <—hHrAt are treated independently. In the next section we describe a tool to eval-

uate the time propagator based on the Finite Basis Representation (FBR) and the Discrete
Variable Representation (DVR).
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Discrete Variable Representation

We consider a finite basis set on R, {¢,(r)}, which is complete square integrable, being ¢/, (1)
and r¢,(r) square integrable, as well. The Finite Basis Representation (FBR) consists on
representing a wavefunction by its projection on the basis functions {¢,(r)}. We assume that
{¢n(r)} satisfies the Gaussian quadrature

N-—1
[ ot =3 wuf (). (1.21)
a=0

where f(r) is a polynomial of degree lower or equal to 2N — 1, w(r) is the weight function
corresponding to this family of orthogonal polynomials {¢,(r)} on the interval Z and w, are
the weights at the grid points r,. Then, the following expressions are exact

N-1
<¢j‘¢k> = Z WaCbJ 7"04 ¢k(7"a) = jk,‘7 (4.22)
<¢j ‘T’ ¢k> = Z war¢] ra) ¢k(ra) - FBRu (4'23)

with X ﬁBR being the position operator matrix. Diagonalizing the position matrix X , We
obtain
(UT XU) , = Tadp, (4.24)
(e

with U being a unitary matrix, which satisfies
N-1

= (") Un. (4.25)
n=0

These functions x4 (r) are the eigenvectors of X and form a basis, and fulfill that (xq| X3) =
dap and (Xa|r|xg) = rades. U allows us to transform to the Discrete Variable Representations,

DVR, in which the wavefunction is represented by its value in the set of grid points {r,}.
*

/2 IUka

¢k(ra)
k [72,76]. By using (4.24) we obtain that the potential expressed in the DVR, VPVE s
diagonal

ro are the grid points of the quadrature and it can be proved that wl for any

VR =V (ra)as. (4.26)
This is a great advantage, because we can easily deal with the exponential of the interaction

term in the propagator (4.20). The coefficients of the wavefunction v (r) in the DVR reads

(Xalt) = wel *t(rg) for & = 0,..., N — 1. Hence, the wavefunction can be written in the DVR
as

WPVE = ((worb(ro,t), ..., yon—1¥(rn-1,t)) - (4.27)

Whereas, in th FBR, the wavefunction v (r) is represented by its coefficients in the basis

¢FBR (007 s 7CN—1) . (428)
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As we said above, both representations are related by the unitary transformation U, i.e., it
holds

wFBR — U’(/)DVR
that is,

N-1
¢ =Y Ujkv/wrt (1e)
k=0

and similarly,
’l/}DVR _ .[UTwFBR,

which is equivalent to
N—

—_

T
TUMCJ
=0

For a linear rotor in external fields, we use the Legendre polynomials to treat the angular
variable §. The FBR of the wavefunction in terms of the Legendre polynomials P;(cos§)
reads

N-1
P(0,t) = Z c;(t)Pj(cosb). (4.29)
=0
According to the definition (4.25), the unitary transformation from DVR to FBR is
IUj’k = \/kaj (COS Gk) N (4.30)

where 0}, are the nodes of the Py(cos#f) polynomial and wy, are the weights of the associated
Gaussian quadrature. In the DVR, the matrix representation of the interaction is diagonal,
and, consequently, its exponential. However, the matrix elements of the field-free Hamil-
tonian, BJ_Q7 are not diagonal and are more complicated to obtain. To do so, we use the
unitary transformation between the DVR and the FBR, we compute it in the FBR and then
transform it back. The procedure is as follows

DVR

{exp (—iBﬁAt) ¢} = Ut {exp (—iBﬁAt) }FBR FBR
_ ol ({exp(—iBj(j +1)A?) cj}j.;l) .

For a given grid point 6, we expand the matrix U on the right hand side

N-1
exp( iBJ At) Vw0, t) ZUMGXP —iBj(j+1)At)¢c; = ZTkk' (Ot
7=0

where

r]Fk’k/ = Z U] k exp Zj(j + 1)At] Uj,k"

In general, the field-dressed Hamiltonian does not show cylindrical symmetry and also
depends on ¢ [74]. In this case, we can not use a DVR based in a Gaussian quadrature.
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Instead, we choose the exponential DVR based on the functions exp(i¢). The grid points ¢y,
are taken equidistant between 0 and 27, and their weight is % Note that we have chosen
2N + 1 grid points in ¢, to have the same accuracy as in the 6 coordinate.

The transformation between the grid points (6;, ¢x) and the finite basis set {Y},,(6,¢)} is

given by
27er
Ujmlk = “ ON + 1 jm( la¢k)
This leads to

N—1 2N
exp {—iBﬁ} \/> 2N+1 Y (07, P, t) Z ZTZkl RV vy 2N+1 (O, drr t

=0 k'=
where ,
N-—1 7
Ty = p > Ul pexp[=iBi( + )AL Ujpm .
j=0 m=—j

4.3 Projection of the wavefunction on the screen

In the experimental setup, the molecular beam composed of several rotational states is trav-
eling towards the detector. These molecules are exposed to a combination of a nonresonant
linearly polarized YAG laser field and a static electric field in its direction of motion so that
they are oriented or aligned depending on the field configuration. In the experiment, they
measure the alignment or orientation by provoking a Coulomb explosion of the molecule with
a probe laser pulse. When the Coulomb explosion takes place, one of the molecular radicals
is cut off acquiring an additional velocity component in the direction of the electric dipole
moment [20,51-53]. Note that we are assuming the axial recoil approximation. Therefore,
depending on the orientation of the molecule in the moment of the Coulomb explosion, the
ionic-fragment is detected on the screen at a certain point. These molecular ions are col-
lected and detected in a CCD camera, and these images provide a 2D projection of the 3D
field-dressed wavefunction. To reproduce these results, for each populated rotational state,
we compute the 3D wavefunction using the experimental field configuration, and make the
2D projection of this wavefunction. In addition, our theoretical description should also in-
clude the alignment selectiveness of the probe laser (depending on its polarization), and the
distribution of the ion recoil velocities. We take into account that the measurements are
influenced by a volume effect due to the spatial shape of both, the YAG and probe laser. We
do not consider that the efficiency of the Coulomb explosion could depend nonlinearly on the
intensity of the probe pulse.

In this section, we describe how to obtain theoretically these 2D experimental images, i.e.,
the projections onto the detector screen of the three dimensional molecular wavefunction.

The experiment defines a new reference frame, the screen fixed frame (xs,ys, 25), its yszs-
plane contains the detector screen where the ions are collected, and the electrostatic field is
parallel to its xs-axis. The direction of the linear polarization of YAG laser is contained on
the xszs-plane and forms an angle 8 with the zs-axis. This new frame is obtained by rotating
the LFF an angle o = 7/2 — 8 around the Y-axis.
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We consider that the molecule is in certain state characterized by its wavefunction ¥, (60, ¢, x).
Then, the probability for the molecule to have the orientation (6, ¢, x) with respect to the
LFF is given by the probability density distribution |¥.,(6,¢,x)|*sin@dfd¢dy. Since the
direction of the molecular dipole moment is independent on the angle x, the probability for
the molecular z-axis to be oriented according to (6, ¢) is given by the following integral

27
m&@zé T, (6, 6, ) Pd. (4.31)

The angular distribution p, (6, ¢)dS2 provides an estimation of the amount of ions ejected
into the solid angle d2 = sin 6§ df d¢. It is related to a spatial distribution on the 2D screen
by p,(y, 2)dydz = py(0(y, ), #(y, 2))|T | sin(0(y, 2)) dy dz, with J being the Jacobian of the
transformation between the coordinates (6, ¢) and (y, z). This transformation is

Ys = asinfsin ¢ (4.32)
zs = a(cos @ sin 5 + sin 6 cos ¢ cos f3), .

where a = vty, and t; is the flight time needed by the ion to reach the screen. Note that with
the definition (4.32) for the ys-coordinate, any point (ys, zs) on the screen corresponds to two
different orientations (6, ¢) and (0,7 — ¢). A unique (invertible) transformation is obtained
by restricting ¢ to the interval [—m/2,7/2]. Thus, the total probability on the screen is the
sum of the probabilities computed with eq. (4.32), and an analogous transformation where ¢
is changed by m — ¢. The Jacobian is

1
) _ | (13
Ay, z) asinfy/a? — y? — 22
Thus, it yields
py(0(y, 2), 6y, 2)) (4.34)

o (g 2) =
Py, 2) == P

for the 2D screen spatial distribution. This expression is limited to the disk y? + 22 < a2,

and diverges on the margin y? + 22 = a?.

The next factor to include in our description is the detection selectivity of the probe laser,
which depends on the polarization of this field. When the probe laser is linearly polarized
perpendicular to the screen, i.e., parallel to the xs-axis and to the static electric field, the
detection efficiency is proportional to cos? oy where «; is the angle between the molecular
z-axis and the polarization of the probe beam [77]. Note that for a multiphoton ionization
the factor is cos™t! oy, we are considering that the process is dominated by a single ionization
with n = 1. Using the relation cos?a; = 1 — y2/a® — 22/a?, we arrive at the following
expression for the distribution of the ions on the 2D screen:

VI gl = 2

a2

;fy(ys,Zs) = py(0(ys, z5), d(ys, zs5)) (4.35)

For a probe laser linearly polarized parallel to the zs-axis, i.e., on the vertical of the screen, the
detection efficiency is proportional to cos? a,, where oy, is the angle between the molecular
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z-axis and the zs-axis, and it yields

22/a?

Vai—gia e

pp'y(yaz) = p’y(e(ys>zs)a¢(ysazs

(4.36)

For a circularly polarized probe pulse, the detection efficiency factor is proportional to
cos® a.., with a, being the angle between the molecular z-axis and the z,zs-plane containing
the probe laser polarization. For tilted fields (8 # 7/2), such a circular polarization ensures
that any molecule will be ionized and detected with the same probability independently of 3.

Using that cos? a. = 1 — y2/a?, it yields for the 2D-screen probability density

1—y2/a®

SR

E’y(y& Zs) = p’Y(Q(ysa Zs)’ ¢(ys, Zs)) 22 \/1 (437)

The singularity that arises from the Jacobian determinant has not been canceled, and
0%, (Ys, zs) and pP, (ys, zs) are divergent at the margin y2 + 22 = a®. This singularity is only
removed when the ion velocity distribution is implemented.

These expressions (4.35), (4.36), and (4.37) are valid for the corresponding polarizations of
the probe laser, even if the YAG pulse and a static electric field are not present.

So far we have assumed that all ions acquire the same recoil velocity in the dissociation
process. Experimentally, however, they follow a certain distribution D(a), which has only
nonzero values at positive velocities. The screen image is obtained by averaging over all these
velocities with their corresponding weights as

P"/(y87zs) = /0 p'y(y&zs;CL)D(a) da.

In ., (ys, 2s; @), see eq. (4.35)-(4.37), we have made explicit its dependence on ion-velocity,
which is the same for the all molecules. For clarity, we have dropped the polarization index
I, pand ¢ in p.(ys, 2s;a). As an example, the experimental velocity distribution D(a) for the
ejected ions CN™ in the Coulomb explosion of benzonitrile is shown in Fig. 4.1. The second
and third peak are associated with the two ionization channels of the CN-radical, whereas the
first one is caused by other ions not related with the orientation of the molecule. Thus, we
are not taking into account this peak, and a combination of two Gaussian functions has been
fitted the second and third ones removing the background, see Fig. 4.1. Note that neglecting
the contribution of this first peak will be a source of discrepancy with the experiment [77].
Since a is not the velocity itself but just a distance proportional to the velocity, we have
rescaled the abscissa such that the maximum of D(a) is at a = 1.

Numerically, it is very costly to compute 7. (ys, zs; @) Plin/cire(y,  ~.:a) for every value of a
appearing in this integral. Since a is a scaling factor, which causes a stretching of the screen
image, the integration in eq. (4.38) can be simplified by: i) calculating p,(y,2;a = 1) on a
certain grid and reusing it; ii) using polar coordinates in the 2D-screen, i.e., r = /y? + 22
and 0,p = arctan(z/y); and iii) performing the integral with the change of variables u = r/a.
Following these steps, we can write that

ooli

Pv(y,z):/o ;pv(u,GQD)D(r/u)du. (4.38)
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Figure 4.1: Experimental recoil velocity distribution rescaled to have a maximum for a = 1 (blue points),
fitted functions using two Gaussians (solid line) and two Gaussians without background (dashed line).

The advantage of this expression is that p, (u,62p) = p,(r/a,f2p) is only needed on an ap-
propriate grid in w and f2p to calculate P,(y,z) for any point (y,z). In contrast, D(r/u)
depends on r, i.e., on (y, z), but this is no problem if the functional form of D(a) is known
and if we use the experimental data they can easily be interpolated. In the experiment, the
molecular beam is not formed only by a state but by an ensemble of molecules in different
quantum states. A certain level v = Jk, k.M has a relative weight W, = W,y within the
molecular beam. These weights have been computed by simulating the trajectories through
the beam line, which includes all mechanical apertures of the experimental setup, for indi-
vidual molecules in a given rotational quantum states [51]. By including into the 2D-screen
probability distribution the population of the individual states that are probed, we arrive at

Rl |
Pr(ys, zs) = / ;ET(U, 02p)D(r/u)du, (4.39)
0
with
pr(w,02p) = > W,p, (u, 02p), (4.40)
¥

where the sum runs over all populated states.

Experimental measures

The alignment of a molecule is quantified by the expectation value (cos? 6)., the closer it is to
1, the larger is the alignment. However, (cos? 0)1 = > W, (cos? 6)., cannot be experimentally
measured. Instead, in the experiment the alignment is determined by the expectation value
(cos? Bap)T = Ev W»Y<C082 02p)~, where 0ap = arctan(zs/ys) is the angle between the zs-axis
of the screen plane and the projection of the ion recoil velocity vector onto the detector plane.

When the linear polarization of the YAG laser is not perpendicular to the static electric
field (8 # 7/2), the up/down symmetry of the 2D-images is lost, and an asymmetric distribu-
tion appears showing a certain degree of orientation. The molecular orientation is normally
analyzed in terms of (cos #)., which can not be experimentally measured. For each 2D-image,
this up/down asymmetry is experimentally quantified by the amount of ions in the upper
part of the screen plane, N,,, compared to the total number of detected ions Ni,. This
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orientation measure is computationally given by the ratio Ny,/Nio, with

o0
Nyp = / Pr(ys, zs) dysdzs, (4.41)
— 2520

and o oo
Niot = / / PT(ysa Zs) dysdzs-

IY/P

100

r (um)

Figure 4.2: Profile of the YAG (solid line), probe (dotted line) and cubic probe (double-dotted dashed line)
together with the dissociation probability of the probe laser with linear (dashed line) and cubic (dashed-dotted
line) selectivity as a function of the distance to the center of the beam.

Volume effect

Finally, to compare our numerical results with the experimental data, we consider that not
all the molecules experience the same laser intensities, because the molecular beam has a
finite size, and the YAG and probe pulses have a certain spatial distributions. We take into
account that each molecule in the beam feels a different intensity of the YAG depending on
its position, and that the probability for a molecule to be dissociated is determined by the
intensity of probe laser. Including the volume effect diminishes both, the measured orientation
and alignment, since weaker values of the laser intensities must be considered, as well. We
assume that the size of the molecular beam is larger than the beam waist of the YAG and
probe lasers, and that the molecules are uniformly distributed within the beam.

For both lasers, we assume a Gaussian profile
P (yg, 25) = 1P exp(—(y2 + 22) Jwi 1),

with a beam waist of wy = 36 um and wp = 21 um for the YAG and probe pulses, respectively,
and that they are symmetric under rotations around the propagation direction. Numerically,
we compute the orientation or alignment for different YAG intensities I, and using the YAG
beam profile we derive it as a function of spatial position 72 = 22 + y2. Thus, taking the



40 CHAPTER 4 NUMERICAL METHODS

volume effect into account, it yields

fv = % - f([(r))ref‘s’a/w?sdr (4.42)
O.)P 0

where f(r) is either the orientation ratio Ny,/Nix or the alignment (cos? Bap)T, and 6 is
the selectivity of the laser. In Fig. 4.2, we show the influence of each laser. Each point of
the beam feels a different intensity of the YAG. The probability to probe a molecule in that
position is proportional to the selectivity used. For § = 3, the measurements correspond to
molecules exposed to higher intensities than for § = 1. If the spatial width of the molecular
beam is comparable to the spatial width of the lasers wy and wp, we should include another
term accounting for the spatial distribution of the molecular density in the expression (4.42).
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We examine the impact of the combination of a static electric field and a non-resonant linearly polar-
ized laser field on an asymmetric top molecule. Within the rigid rotor approximation, we analyze the
symmetries of the Hamiltonian for all possible field configurations. For each irreducible represen-
tation, the Schrodinger equation is solved by a basis set expansion in terms of a linear combination
of symmetric top eigenfunctions respecting the corresponding symmetries, which allows us to dis-
tinguish avoided crossings from genuine ones. Using the fluorobenzene and pyridazine molecules
as prototypes, the rotational spectra and properties are analyzed for experimentally accessible static
field strengths and laser intensities. Results for energy shifts, orientation, alignment, and hybridiza-
tion of the angular motion are presented as the field parameters are varied. We demonstrate that a
proper selection of the fields gives rise to a constrained rotational motion in three Euler angles, the
wave function being oriented along the electrostatic field direction, and aligned in other two angles.
© 2011 American Institute of Physics. [doi:10.1063/1.3624774]

. INTRODUCTION

The manipulation of large molecules by using exter-
nal fields represents, in spite of its long history, a very ac-
tive and promising research area. Indeed, major efforts have
been undertaken to create samples of oriented and/or aligned
molecules, and a large variety of experimental techniques
have been developed, such as, the brute force orientation,’
hexapole focusing,”>™ a train of laser pulses,>® or a com-
bination of a laser pulse and a weak static electric field.”"
The control and manipulation of the directional features of
molecules, i.e., of their rotational degree of freedom, opti-
mize the information content on experimental measurements
performed in the laboratory frame. Indeed, the availabil-
ity of asymmetric top molecules in oriented and/or aligned
pendular states allows for a wealth of interesting applica-
tions in areas as diverse as spectroscopy,'®!! photoelec-
tron angular distributions,'> '3 sterodynamic control of chem-
ical reactions,'*'7 dissociation of molecules,'32! electron
diffraction,?? or high-harmonic generation.?>2*

The experimental achievements have been accompanied
by theoretical efforts to understand and explain the intriguing
physical phenomena appearing in asymmetric top molecules
exposed to external fields. Regarding the impact of radiative
fields on these molecules, the corresponding theoretical stud-
ies have been especially fruitful in explaining a vast amount
of experimental results, such as, the rotational revival struc-
ture following the irradiation by an intense picosecond laser
pulses,” the three-dimensional alignment by elliptically po-
larized laser fields,’®?® or the use of long and short laser

) Author to whom correspondence should be addressed. Electronic mail:
omiste@ugr.es.
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pulses to control the rotation.?%3® Analogously, the motiva-
tion of the theoretical works considering an electrostatic field
was either to interpret some experimental results,'? or to con-
firm the feasibility of other experiments, e.g., the Stark decel-
eration of polyatomic asymmetric molecules.>' The molecu-
lar orientation due to the interaction with a static electric field
has been investigated for asymmetric top molecules with their
permanent dipole moment p parallel to a principal axis of in-
ertia, and for the non-parallel case.* 3233 In the strong electro-
static field regime, an analytical study of the energy-level rep-
resentation has shown that the asymmetric top pendular states
are well described by a two-dimensional (2D) anisotropic har-
monic oscillator,>* and it has been used to reproduce spectro-
scopic results in the pendular regime for static fields up to
200kV cm~'. 1!

A detailed analysis of the rotational spectrum of symmet-
ric top molecules exposed to combined electrostatic and non-
resonant radiative fields was recently performed by Hirtelt
and Friedrich.®® For tilted fields, only the projection of the
total angular momentum J onto the body fixed frame z-axis
K remains as good quantum number, and a 2D descrip-
tion of the rotational spectrum of the molecule is required.
The corresponding dynamics is very complicated, indeed,
in the presence of a static electric field; it has been shown
that the molecular spectrum presents classical and quantum
monodromy.’® They provide correlation diagrams between
the field-free states and the pendular levels of the intense laser
field®” as well as the strong electrostatic field regime. For a se-
lection of states, they investigate the energy shifts and direc-
tional properties (orientation and alignment) for parallel and
perpendicular fields. In these systems, the coupling of both
field interactions could provoke an enhancement of the orien-
tation giving rise to an oriented and antioriented pair of levels.

© 2011 American Institute of Physics
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For an oblate system, this phenomenon appears in the tunnel-
ing doublets created by the interaction of the molecular polar-
izability with the linear polarized laser field (this effect was
already analyzed for linear molecules*®?), whereas for a pro-
late molecule, it appears among exactly degenerate doublets
of indefinite parity appearing in the strong laser field regime.

A classical theoretical analysis of asymmetric top
molecules exposed to a combination of static and laser fields
has been performed recently.*' However, the quantum ana-
log has not yet been addressed in the literature, to the best of
our knowledge. Recently, the authors have developed a dia-
batic model to describe the evolution of alignment and ori-
entation of asymmetric top molecules in combined fields as
the laser intensity is varied.*> The outcome of this theoret-
ical study has been compared to the experimental data ob-
tained for the benzonitrile molecule!? proving the importance
of non-adiabatic processes in the field-dressed molecular dy-
namics. Thus, motivated by the current experimental interest
on these asymmetric molecules’!%!3 and by the fact that
the rotational dynamics of most polyatomic molecules can
be described as asymmetric tops, we extend in the present
work the previous study on symmetric tops> to these more
complicated systems. We perform a theoretical investigation
of an asymmetric top in the presence of combined electro-
static and non-resonant radiative fields within the rigid rotor
description. The field-dressed rotational spectrum is signifi-
cantly more complicated, and the more general case of non-
collinear field requires a full 3D description. We will perform
a detailed analysis of the symmetries of the Hamiltonian for
all possible field configurations. In tilted fields, the reduction
of the symmetries enhances the complexity of the spectrum,
and a large amount of avoided crossing appears between states
of the same symmetry. Hence, to simplify the analysis and in-
terpretation of our results, the Schrodinger equation is numer-
ically solved for each irreducible representation by expanding
the wave function in a basis with the corresponding symmetry.
As prototype examples, we consider (CgHsF) and pyridazine
(C4H4N;) molecules. These two systems have similar values
of their polarizability tensors and dipole moments, but dif-
ferent inertia tensors and are, therefore, affected differently
by the external fields. We explore their rotational spectrum
as either the laser intensity, the electrostatic field strength, or
the inclination angle between them is varied. Our focus is on
the energy shifts, the directional properties, and the hybridiza-
tion of the angular motion. Depending on the dominant inter-
action, a rich field-dressed dynamics is observed with levels
achieving different degrees of orientation and/or alignment.
The role played by the inclination angle is exemplary investi-
gated via a set of states and in avoided crossings between two
adjacent levels. Moreover, we show that due to the combi-
nation of both field interactions the rotational motion is re-
stricted in the three Euler angles, being oriented along the
static electric field direction and constrained in the XY plane
of the laboratory frame, which is perpendicular to the laser po-
larization. This mechanism of orientation and 2D alignment
is very sensitive to the field parameters and to the molecular
properties.

The paper is organized as follows. In Sec. II, the rota-
tional Hamiltonian is presented together with a comprehen-
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sive consideration of its symmetries for the different field con-
figurations. In Sec. III, we discuss the numerical results for
two asymmetric molecules, fluorobenzene and pyridazine, as
the field parameters are modified. In particular, we explore
three different cases: (i) for fixed laser intensity and three in-
clination angles, we vary the electrostatic field strength, (ii)
for fixed electrostatic field and three inclination angles, the
laser intensity is enhanced, and (iii) for fixed laser intensity
and electrostatic field strengths, the angle between them is
continuously changed from O to w /2. The conclusions and
outlook are provided in Sec. IV.

Il. HAMILTONIAN OF AN ASYMMETRIC TOP
MOLECULE IN THE PRESENCE OF THE FIELDS

We consider a polar and polarizable asymmetric top
molecule exposed to an homogeneous static electric field
and a non-resonant linearly polarized laser. Our study is re-
stricted to the regime of field strengths that significantly
affects the rotational dynamics of the molecule, whereas its
impact on the electronic and vibrational structure can be de-
scribed by first order perturbation theory. We work within
the Born-Oppenheimer approximation, assuming that the ro-
tational and vibrational dynamics can be adiabatically sep-
arated, and apply a rigid rotor description of the molecular
systems. Furthermore, we neglect relativistic, fine, and hyper-
fine interactions as well as couplings of different electronic
states. We are working with off-resonance conditions con-
cerning the laser. Thus, the interaction of the field does not in-
duce a coupling between the ground potential energy surface
and an excited one as is, e.g., the case for light-induced con-
ical intersections.*>*** There, it has been recently proven that
when a diatomic molecule is placed inside a standing laser
field (optical lattice), a periodic array of conical intersections
is induced by the laser field, thereby leading to a strong cou-
pling of the translational and rovibrational molecular motions
and resulting energy exchange processes. In the laboratory
fixed frame (LFF) (X, Y, Z), the Z-axis is chosen parallel to
the polarization of the laser, and the direction of the homoge-
nous electric field is taken forming an angle 8 with this axis
and contained in the X Z plane. The molecular or body fixed
frame (MFF) (x, y, z) is defined so that the permanent electric
dipole moment is parallel to the z-axis, and for the considered
systems the smallest moment of inertia is parallel to the x-
axis. The relation between both frames is given by the Euler
angles Q = (¢, 6, x),* which are shown together with the
field configurations in Fig. 1. We only analyze molecules hav-
ing the electric dipole moment parallel to one of the axis, and
a diagonal polarizability tensor. Thus, the rigid rotor Hamil-
tonian reads

H =H,+ Hs+ Hp, (D

where H, is the field-free Hamiltonian, and Hg and H;
stand for the interactions with the static and the laser field,
respectively.

In the absence of the fields, the rigid rotor Hamiltonian is
given by

H, = B.J} + B,J; + B.J, 2)
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FIG. 1. Laboratory and molecular fixed coordinate frames and field
configuration.

where the angular momentum operators refer to the MFF, with
B; = h2/2I; being the rotational constant and /;; the moment
of inertia around the principal axis of inertia i, with i = x,
y, and z. An estimation of the degree of asymmetry is pro-
vided by Ray’s parameter, x = (2B, — B, — B,)/(By — By),
where the rotational constants of the considered system sat-
isfy B; > B, > B,. For a symmetric top (B, = B,), Ray’s
parameter takes the extreme values k = 1 and —1 for the
oblate and prolate cases, respectively.

For the regime of electrostatic field strengths Eg consid-
ered here, we can neglect the interaction via the molecular po-
larizability, arriving at the following the Stark Hamiltonian:

Hs = —Eg - p = —Egu cos0s, 3)

where 65 is the angle between the permanent molecular elec-
tric dipole moment, u = (2, and the static electric field with
cosfs = cos Bcos + sinfsinfcos¢p and 0 < B < /2.

Here, we consider a non-resonant laser field linearly po-
larized along the Z-axis, EL(f) = Emaxg(r) cos(2mvi)Z, with
the frequency v, the field strength E.x, and g(¢) being the
pulse envelope. We assume that v~! is much shorter than the
pulse duration or the rotational period, so that we can average
over the rapid oscillations, which causes the coupling of this
field with the permanent dipole moment to vanish.*®*’ In ad-
dition, we assume that the pulse duration is much longer than
the rotational period of the molecular system, such that the
states adiabatically follow the change of the field, and we re-
strict our analysis to the adiabatic limit g(¢) — 1. Hence, the
interaction of the laser with the polarizability is the leading
order term, and can be written as

1
H; = —Teo(a” cos? 6 4 o** sin® 6 sin® ), 4)

with /! = aj; — s, and ;; being the ith diagonal element
of the polarizability tensor, withi = x, y, and z.* In this ex-
pression, we have used (Ei) = I /cep, ¢ being the speed of
light, €y the dielectric constant, and expectation value (Ez)
indicates the time average. We remark that since the laser fre-
quency is off-resonance, for the considered laser intensities,
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TABLE I. Action of the symmetry operations on the Euler angles.

Transformations

Operation ¢ [4 X

C; ¢ — ¢ 0— 6 X—>x—7
C'z" ¢—>¢p—m 0—>m—6 X = —X

C; p—>¢—m 0 —>m—6 X—=>T—x
oxz® ¢ — 2 —¢ 60— 0 X =2 —x
Cx(m) ¢ — 2w — ¢ 0 —>m—0 X—> 1T+ x
C{,(m) ¢ — 20— ¢ 0 —>m—6 X—=>x+n
Cz(%) ¢—>P+§ 60— 0 X=X

4The reflection cannot be represented only by a rotation and the operation y — —y
should be performed as well.

the photoelectronic excitation is negligible and the dynamics
takes place on the ground potential energy surface.

Our aim is to investigate the rotational spectrum of an
asymmetric top molecule exposed to different field configura-
tions. To do so, we solve the time-independent Schrodinger
equation associated with the Hamiltonian (Eq. (1)), which
even in the field-free case cannot be solved analytically. Let
us start by analyzing how the symmetries of this Hamiltonian
change when the angle between the fields varies.

A. Symmetries

A detailed analysis of the symmetries of an asymmetric
top rotor in the field-free case and exposed to a static elec-
tric field has been performed in Ref. 34. Here, we extend this
study to the field configurations investigated in this work.

The symmetries of the field-free Hamiltonian (Eq. (2))
are the spatial SO(3) rotation group and a subgroup of this
group relevant to the symmetries in the presence of the fields
is the molecular point group D, = {E, C}, C5, C}}, where
E stands for the identity and C} represents a rotation of 7
around the i-axis of the MFF, with i = x, y, and z. The ac-
tion of these operators on the Euler angles are summarized
in Table I. The D,-group has four irreducible representations.
The Wang states, defined as

1
V2

|JOMOY” = |JOM),

[JKMs)” = —(JKM) +(=1)*|J — KM)), K >0,

K =0,

with s = 0 and 1, form the basis of these irreducible rep-
resentations, characterized by the parity of J +s and K.
The action of the elements of the D,-group is C4|J K Ms)"
= (=DM |JKMs)”, with i=x, y,andz and A, =J
+K+s, Ay =J+s,and A, = K. The states |JKM) are
the eigenfunctions of the field-free symmetric top rotor,

2J +1

JKM) = (-1 K
| y=(=1 =

D’ (), Q)

with Dy, ,(€2) being the Wigner matrix elements,* J the to-
tal angular momentum, and K and M the projections of J
on the MFF z-axis and on the LFF Z-axis, respectively. To
be self-contained, the definition and main properties of the
Wigner matrix elements are presented in the Appendix.

Downloaded 04 Feb 2013 to 150.214.103.154. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



064310-4 Omiste, Gonzalez-Ferez, and Schmelcher

For a field-free asymmetric top rotor, J and M are good
quantum numbers, whereas, in contrast to a symmetric rotor,
K is not well defined. For each M -value, there are four irre-
ducible representations that depend on the parity of J + s and
K. The eigenstates are degenerate with respect to M, and for
a certain M and J, the corresponding eigenfunctions are lin-
ear combinations of Wang states |J K M s)” with different K
values.

Since an external field defines a preferred direction in
space, the symmetries of the corresponding Hamiltonian are
reduced compared to the field-free case. As a consequence,
the total angular momentum J is not a good quantum num-
ber, and only for certain field configurations M remains as a
good quantum number.

In the presence of a non-resonant laser field linearly
polarized along the Z-axis, the symmetry operations of the
Hamiltonian are the D, point group, a rotation of an arbitrary
angle § around the Z-axis Cz(§), a rotation of w around an
axis perpendicular to the Z-axis tilted at an angle o with re-
spect to the X-axis C{,(7r), and the reflection in any plane
including the Z-axis (this reflection is equivalent to first ap-
plying a twofold rotation around any axis in the XY -plane
followed by the action of the operator C3 or C5**). Only M
remains a good quantum number, and the levels with =M are
degenerate. Thus, we have eight irreducible representations
for each |M| > 0, but due to the reflection at the plane, there
is a twofold degeneracy and they can be effectively reduced
to four representations being characterized by the parity of K
and J + s, as in the field-free Hamiltonian. For M = 0, there
are eight irreducible representations labeled by the parities of
J,K,ands.

When an asymmetric top rotor is exposed to a static elec-
tric field (parallel to the Z-axis) or to both fields in the paral-
lel configuration, i.e., 8 = 0, the symmetry operations are C3
from the D, point group, the rotation Cz(8), and the reflec-
tion in any plane including the Z-axis. In these two cases, M
is still a good quantum number, and the states M and —M are
degenerate. For a certain |M|, the group has four irreducible
representations characterized by the parity of K and the par-
ity of 5. Those representations with the same parity of K and
M > 0 are degenerate in energy. The symmetric top eigen-
functions (Eq. (5)), with defined parity of K, form a basis of
this irreducible representation. For the M = 0 case, these four
representations are not energetically degenerate.

For non-parallel fields, M ceases to be a good quantum
number. If the two fields are perpendicular, i.e., the electric
field is parallel to the X-axis and 8 = 7/2, the Hamiltonian
commutes with only three symmetry operations: C;, a rota-
tion of 7 around the X-axis Cx (i), and the reflection oy
on the X Z-plane where the fields are contained, as well as
their combinations. Using the field-free symmetric rotor wave
functions, we can construct a basis for oz,

1
V2

with M and/or K # 0, and

IJKMq)" = —=(JKM) + (=1)|J — K — M)),

|7000)° = |J00)

J. Chem. Phys. 135, 064310 (2011)

with M = K =0, where ¢ =0 and 1, and oxz|JKMgq)°
= (=1)M*+K+4| K M¢)°, and one for Cx (1),

1

NG

[JKMp)X = —=(IJKM) + (=D"|JK — M),

with M # 0, and
|JK00YX = |JKO),

with M =0, where p=0 and 1, and satisfying
Cx(m)|JKMp)X = (=1)/*P|JKMp)X. The group of
all the symmetry operators, C3, oxz, and Cx (i), has eight
different irreducible representations according to the parity
of M+ K +gq, J+ p and K. A basis of these irreducible
representations is

1
7K Mgp)s = S(TKM) +(=1)1J = K = M)

+(=DP|JK — M) + (=)’ |J — KM)),
with M # 0 and K # 0,

1
—(JoM —DP|1J0 — M)),
ﬁ(l )+ (=D7 )
Oy

|JOMOp)z =

with M # 0and K =
1
V2
with M = 0 and K # 0, and

|70000) =z = |J00),

with K = M =0, where ¢ =0 and 1, p = 0 and 1, and the
parity of M + K + g, K and J + p are preserved.

Finally, when the fields form an angle 0 < 8 < /2, the
Hamiltonian is invariant under the reflection oy and the ro-
tation C5. We have, therefore, four irreducible representations
depending on the parity of M 4+ K + ¢ and of K, and the cor-
responding basis is {|J K Mq)°}.

For an asymmetric top rotor exposed to any of these
field configurations, the field-dressed spectrum exhibits many
avoided crossings between energetically adjacent states of
the same symmetry. When the spectrum is analyzed as the
strength of one of these fields or the angle between them
is varied, these avoided crossings should be distinguished
from the real crossings taking place between levels of dif-
ferent symmetry. Hence, we solve the Schrodinger equation,
by expanding the rotational wave function in a basis that
respects the symmetries of the corresponding Hamiltonian.
As a consequence, the coefficients of these expansions fulfill
the properties of the basis vectors of the corresponding irre-
ducible representation. For computational reasons, we have
cut the (in principle) infinite series to a finite one, including
only those functions with J < Jn.x, and for a certain J, all
(2J + 1)-values of K, and, analogously, for M in the case
0 < B < /2. The size of the Hamiltonian matrix increases
as J3 and J2, for the 0 < B < /2 and B = 0 configura-
tions, respectively. In this study, we have used Ji,x = 24, and
the convergence is reached for the states analyzed here. Sev-
eral matrix elements are presented in the Appendix.

The field-free states are labeled by the notation Jg, x M,
where K, and K. are the values of K on the limiting

|/K0g0)z = —=(|JKO) + (=1)7|J — KO0)),
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064310-5 Asymmetric top molecules in external fields

symmetric top rotor prolate and oblate cases, respectively.*’
For reasons of addressability, we use this notation for the
field-dressed states, even if J and/or M are not good quan-
tum numbers. Thus, Jg, g M refers to the level that is adi-
abatically connected as I, Eg, and/or B are modified with
the field-free state Jx, x, M. The irreducible representation to
which the states belong is also indicated. Analogous to a sym-
metric top molecule exposed to combined fields,? the final
labels of the states depend on the path followed on the param-
eters to reach a certain field configuration, i.e., monodromy is
observed. Since each interaction breaks different symmetries
of the field-free Hamiltonian, the order in which the fields
are turned on determines the evolution of the field-dressed
states. The complexity of the spectrum is characterized by the
amount of genuine and avoided crossings among the states,
the symmetry of the two levels determine the type of crossing
that they may suffer as one of the field parameters (Eg, I, or
B) is varied, and, therefore, the corresponding labels may or
not be interchanged.

lll. RESULTS

In this section, we illustrate the impact of the exter-
nal fields on two asymmetric top molecules: fluorobenzene
(C¢HsF) and pyridazine (C4H4N;). Their data are summa-
rized in Table II, according to Refs. 50-54 and their structure
is shown in Fig. 2. They are characterized by a different de-
gree of asymmetry: the fluorobenzene is intermediate-prolate
with « = —0.5879, and the pyridazine is near-oblate with
k = 0.8824. The permanent dipole moment of pyridazine is
around 2.5 times larger than in fluorobenzene. The asymmetry
of the polarizability tensor is very similar for both systems, for
fluorobenzene, o®* = 4.298 A3 and o’* = 3.848 A3, whereas
for pyridazine, «® = 4.51 A3 and o”* = 4.45 A3 Since the
rotational constants of pyridazine are larger than for fluo-
robenzene, for the same laser intensity, a weaker impact on
the former should be expected. In the following, we carry out
a study of the spectrum of these two systems, as the parame-
ters that characterize the field configurations, Eg, I, or §, are
modified. For the sake of simplicity, we analyze the energy,
the orientation, the alignment, and hybridization of the states
which belong to the representation with K and M + K + g,
even (if 8 # 7/2), and J + p, even (if B = 7/2). Note that
they represent well the main physical features observed in
the overall spectrum, and similar behavior and properties are,
therefore, obtained for the other representations.

TABLE II. Relevant data for fluorobenzene®*>2 and pyridazine.>33*

Fluorobenzene Pyridazine
B, (MHz) 1716916 3055.485
B, (MHz) 2570.624 6048.613
B, (MHz) 5663.72 6235.680
K —0.5879 0.8824
u; (D) 1.66 4.14
oy (A%) 7.141 5.84
ayy (AY) 10.89 10.29
a; (A3) 11.439 10.35

J. Chem. Phys. 135, 064310 (2011)

(a) (b)

FIG. 2. Structure of the (a) fluorobenzene and (b) pyridazine molecules.

A. Impact of a linearly polarized laser field

The dynamics of the molecule in the presence of a lin-
early polarized laser field depends strongly on the anisotropy
of the polarizability tensor. The interaction with the laser
(Eq. (4)) exhibits several critical points. The minimum value
H; = —1a% /2¢yc is reached for & = 0 or 7 and any value
of x. The interaction achieves three maxima at 6 = /2
and x =0, m, or 2r satisfying that H;, = 0, and two sad-
dle points at 8 =n/2 and x =n/2 or 3n/2 with Hj
= —Ila”/2¢ypc. All of them are shown in Figs. 3(a) and 3(b),
where H; is plotted for x =7 /2 and 0 < 8 < 27 and for
0 =m/2and 0 < x < 2m, respectively. The main difference
between the two systems is that the values for Hy, at the saddle
point & = /2 and x = 7 /2 is smaller for pyridazine com-
pared to fluorobenzene, and the fact that the shape of Hj,
as a function of 6 and for fixed x is significantly flatter for
the former. Taking into account that the rotational constants
are much larger for pyradizine compared to fluorobenzene,
we observe that for the same laser intensity /, the pyridazine
wave function is more widespread with respect to € and x
than for fluorobenzene. While the minima are responsible for
the molecular alignment, the maxima or saddle points corre-
spond to an “antialigned” wave function, that is, the dipole
moment points perpendicular to the field direction.

To get a better physical insight into this interaction, we
present its impact on the ground state energy, and the expecta-
tion values (cos? ), (sin® x), and (K?) in Figs. 4(a)—4(d), re-
spectively. While, for both molecules, the energy as a function
of I shows a similar decreasing behavior, their values being

L) L

T 2T
X

FIG. 3. Laser interaction term Hj, see Eq. (4), in units of cm~! with I =
101 W em~2, for (a) x = 7/2 and (b) @ = 7/2 (b) for fluorobenzene (solid)
and pyridazine (dash).
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FIG. 4. (a) Ground state energy, (b) (cos2 0), (c) (sin2 Xx),and (d) (Kz), asa
function of the intensity of a linearly polarized laser field, for the fluoroben-
zene (solid) and pyridazine (dashed) molecules.

indistinguishable on the scale of Fig. 4(a), significant differ-
ences are observed for the other quantities. In the very strong
laser field regime, the probability density of the fluoroben-
zene ground state tends to concentrate around the minima,
and one should expect that (cos?8) — 1 and (sin? x)— 0.5
for very large intensities. This last relation holds because the
x -coordinate does not play any role in the absolute minima
of Hy, and one concludes that the probability density should
be uniformly distributed with respect to x. Numerically we
obtain that for the fluorobenzene ground state, (cos?8) in-
creases until 0.76 for I = 10'' W cm~2, smoothly increas-
ing thereafter, and (sin® x) reaches a plateau with a constant
value 0.58 for I > 4.2 x 10'® W cm~2. The barrier height of
Hj as a function of 6 for a certain value of x, see Fig. 3(a),
is around 9.2 times smaller for pyridazine than for fluoroben-
zene, and for the former, the rotational constants are larger,
whereas the polarizability anisotropies «** and «** are of

E [em™})

J. Chem. Phys. 135, 064310 (2011)

the same order for both molecules. Hence, compared to fluo-
robenzene, the pyridazine ground state wave function should
be spatially stronger delocalize with respect to 6, and, there-
fore, less aligned for the same laser intensity. We obtain here
(cos? @) = 0.49 for I = 10" W cm~2. As a consequence, the
spreading of the wave function for x is not observed in pyri-
dazine: (sin? x) shows a maximum of 0.75 for / = 3 x 10!
W cm™? and slightly decreases with further increasing 1. For
the field-free ground state, we have (K 2y =0, and as I is in-
creased, (K2) follows a similar evolution as (sin” y ). For fluo-
robenzene, (K?) achieves the value 0.14 for I ~ 7.2 x 10'°
W cm™2, followed by a plateau-like behavior around (K?) ~
0.18 for larger intensities for fluorobenzene, while it keeps an
increasing trend up to 1.38 for 7 = 5.9 x 10! W cm~2 and
decreasing smoothly afterwards for pyridazine. Let us empha-
size that, for a field-free asymmetric rotor, K is not a good
quantum number, and an eigenstate already shows a certain
amount of K-mixing, but in the strong laser field regime, the
second term of the laser interaction (Eq. (4)) should impact
and enhance this K-mixing.

B. Constant static electric field and increasing
laser intensity

In the presence of an additional static field, the interac-
tion is given by Hs + H|, see Egs. (3) and (4), and the dynam-
ics is significantly more complicated. The amount of extremal
points of this potential and their character strongly depend on
the field parameters as well as on the molecular polarizability
and permanent dipole moment.

For fluorobenzene and pyridazine, we show in Figs.
5 and 6 the dependence of the energies (panels (a)—(c)),

(cosOs)

(cos? 0)

{cos®x)

0.1

0 2.5 5 7.5
I[10*° Wem™2)

10 0 2.5

I110*° Wem™2)

10 0 2.5 5 7.5 10
I110*° Wem™2)

5 7.5

FIG. 5. (a)—(c) Energies and the expectation values, (d)—(f) (cos 05s), (g)-() (cos? 6), and G- (cos? x) for a constant field Es = 20 kV cm ™! as a function
of the intensity of the laser field for B = 7/6, 7/4, and /3 for the first states with both M + ¢ + K and K even for fluorobenzene. The states are 0go0
(solid black), 1p;1 (solid green), 19;0 (dashed—dotted black), 29,2 (dashed—dotted green), 2¢2 1 (dashed black), and 3032 (dashed green). The spectrum (a, b, ¢)

contains also highly excited states (very thin lines).
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{cos?x)

0 2.5 5 7.5
I710*° Wem?]

10 0 2.5

I710*° Wem?]

10 0 2.5 5 7.5 10
1710 Wem?]

5 7.5

FIG. 6. (a)-(c) Energies and the expectation values, (d)—(f) (cos fs), (g)-(1) (cos2 0), and (j)—(1) (0052 x) for a constant field Eg = 20 kV cm~! as a function
of the intensity of the laser field for 8 = /6, /4, and /3 for the first states with both M 4+ ¢ + K and K even for pyridazine. The states are 0go0 (solid
black), 1011 (solid green), 20»2 (dashed—dotted black), 10;0 (dash—dotted green), 2021 (dashed black), and 2,2 (dashed green). The spectrum (a, b, ¢) contains

also highly excited states (very thin lines).

expectation values (cos 6s) (panels (d)—(f)), (cos>8) (panels
(2)-(i)), and (cos? x) (panels (j)—(1)), as functions of the laser
intensity for a constant electric field Eg = 20 kV cm™!, and
B =m/6, m/4, and 7/3, respectively. For the sake of sim-
plicity and without loosing generality, we restrict our anal-
ysis to the energetically lowest lying six states for the irre-
ducible representations with both K and M + K + g being
even, which are the levels Jx, g, M = 0090, 10,0, 1911, 2021,
2022, and 332 for fluorobenzene, and Jg, k. M = 0p0, 10,0,
lor1, 2021, 2022, and 2;;2 for pyridazine. To illustrate the
complexity of the spectrum, we have included in the energy
panels highly excited levels with the same symmetry (very
thin lines). The adiabatic following has been done by increas-
ing first the strength of the static electric field up to 20 kV
cm™!, the static field being tilted by an angle 8 with respect
to the Z-axis. This is done for / = 0 and yields the labeling
of the states in the presence of the static field. Thereafter, the
laser intensity is increased. For both molecular systems, these
levels are high-field-seekers, and their energies decrease as
I is increased. For a given laser intensity, the lowering in en-
ergy (compared to the field-free value) increases with decreas-
ing angle between both fields. Since all the states included in
these figures possess the same symmetry, we encounter exclu-
sively avoided crossings of energetically adjacent states. We
have assumed that the avoided crossings are traversed adia-
batically as [ is increased (according to Landau-Zener tran-
sition theory), and consequently the character of the involved
states is interchanged. These avoided crossings, which are not
distinguishable on the energy scale panels (a)-(c) in Figs. 5
and 6, strongly affect the orientation and alignment features
of these levels.

Let us start analyzing the results for fluorobenzene in
Fig. 5. The orientation of the corresponding wave functions
is illustrated by the expectation value (cos 6s), with 65 being
the angle between the static electric field and the molecular
fixed z-axis, which coincides with the direction of the perma-
nent dipole moment. Only the states 0gp0 and 3(32 present
a significant orientation with respect to the static electric
field direction that is reduced as $ is increased. The ground
state satisfies (cosfg) > 0.70 for the three B values, and it
has a plateau-like behavior, with a minor positive or nega-
tive slope as [ is increased. The numerous avoided cross-
ings have significant impact on the other levels, especially
for B = /6 and 7 /4, and the underlying states might evolve
from a strongly oriented configuration into a weakly oriented
or antioriented one. As an example, the state 332 after suf-
fering for I ~ 1.7 x 10'© W cm~? an avoided crossing with
the non-oriented 2,1 state looses its strong orientation. By
further increasing I, the 2p;1 level suffers another avoided
crossing, which provokes a local maximum in (cos#fg) for
I~24x 10 W cm™2. Since for 8 = /3 the width of
all the avoided crossings is larger for all the levels, the ori-
entation shows a smooth evolution as 7 is varied. A non-
resonant linearly polarized laser field provokes the alignment
of the wave function along the Z-axis, i.e., (cos? @) tends to
increase and ultimately approach the value 1 as [ is increased
(Figs. 5(g)-5()). This process competes now with the orien-
tation due to the static field. Only the ground state alignment
keeps an increasing trend as / is enhanced, and for the given
three configurations, (cos?>6) > 0.75 for I = 10'' W cm™2.
An additional electric field at an angle 8 = /6 or 7 /4 fa-
vors the alignment and (cos?6) is larger than without static
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field, see Fig. 4(b), whereas as the angle between the fields
is augmented the values achieved for (cos? @) come closer to
those of Fig. 4(b). The level 1p;1 does not achieve a large
alignment, and for 8 = /4, (cos>#) exhibits a broad well
that for 8 = 7 /3 is even wider since the coupling between
the states changes. Around the avoided crossings, the wave
function of the involved states alternate regions of signifi-
cant alignment with other characterized by broad distribu-
tion as the laser intensity is varied, e.g., see the alignment
of the states 3032 and 2,1 for I ~ 1.7 x 10' and 3.5 x 10'°
W cm~2 in Figs. 5(g) and 5(h), respectively. The impact of
the avoided crossings is also noticeable for 8 = 7/3. The be-
havior of (cos” x) strongly depends on the considered level.
Since the molecules exhibit a strong orientation with the elec-
tric field, the contribution in x should be to increase the term
(sin? x) which will give rise to a decrease of the energy. For
the states Ogo0 and 1o; 1, (cos? x) decreases as [ is increased,
and for both states there exists some region where (cos’ x)
keeps a smooth behavior. For the other states, this expectation
value is also affected by the presence of avoided crossings,
and (cos? x ) alternates between increasing and decreasing be-
havior as a function of the laser intensity. Since the pyridazine
possesses a larger permanent dipole moment than fluoroben-
zene, the impact of the static field is larger, and also dominates
the dynamics, see Fig. 6. For the ground state and first excited
one, (cosfs) is only weakly affected by the laser field, for
the former (cosfs) ~ 0.75 independently of I and 8, while
for the 1¢;1 level (cosfs) > 0.5. The other levels present a
right-way orientation, that can be converted from a strong to a
mild one when an avoided crossing is encountered. Regard-
ing the alignment, for most of the states, (cos? @) shows a
smooth behavior as I is enhanced for the three values of 8.
The impact of the avoided crossings on this expectation value
is not very pronounced because most of the states show a
weak alignment with a similar value of (cos” ). Analogously

f=2z

s
6

J. Chem. Phys. 135, 064310 (2011)

to fluorobenzene, the ground state has a larger alignment for
B = m/6 and 7 /4 than in the absence of the static field, while
for B = m /3 other states are found with larger alignment. For
stronger fields, (cos” x) monotonically decreases as I is en-
hanced for all the states, and the slope is more pronounced
compared to fluorobenzene.

C. Constant laser intensity and increasing electric
field strength

The pendular limit of an asymmetric top molecule in
the presence of a strong electrostatic field was investigated
by Kanya and Ohshima®* using a power series expansion in
wEs. Their analytical expression for the energy, which ne-
glects the contribution of terms in powers equal or smaller
than (uEg)~"/? (see Eq. (26) in Ref. 34) allowed us for a
straightforward comparison to our numerical calculations. For
Es =100 kV cm™!, the energy and orientation cosines of
the ground state agree within 0.05% and 0.025% for flu-
orobenzene and 0.04% and 0.019% for pyridazine, respec-
tively. Note that for highly excited states, these relative errors
increase.

For a constant laser field 7 = 10'° W cm™2, we now in-
vestigate the impact of increasing static field strength for three
different configurations. Again, we consider the energetically
lowest lying six states with the irreducible representation for
K and M + K + g being even. These levels have been adia-
batically followed as the laser intensity is raised from / = 0 to
10 W cm~2 for Eg = 0; we label them, and finally the elec-
trostatic field is turned on forming an angle 8 and its strength
is increased. Thus, for both molecules, the levels are 0y0,
1010, 1o11, 2020, 2021, and 2¢,2. For fluorobenzene and pyri-
dazine, we present in Figs. 7 and 8, the evolution of the en-
ergies (panels (a)—(c)), (cosfs) (panels (d)-()), and (cos?6)
(panels (g)—(i)), as Ey is increased, for I = 10'® W cm™~2, and
B = m/6, /4, and /3, respectively. We remark that for such

E [em™}]
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FIG. 7. (a)—(c) Energies and the expectation values, (d)—(f) (cos fs), and (g)—(i) (cos2 6) for a constant I = 109 W cm~2 as a function of the strength of the
static field for 8 = 7/6, /4, and 7/3 for the energetically lowest states with both M + ¢ + K and K even for fluorobenzene. The states are 0go0 (solid black),
1010 (solid green), 1o; 1 (dashed—dotted black), 20,0 (dashed—dotted green), 2,1 (dashed black), and 2¢2 (dashed green). The spectrum (a, b, ¢) contains also

highly excited states (very thin lines).
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064310-9 Asymmetric top molecules in external fields

a weak laser intensity I = 10'© W cm ™2, a static electric field
of Eg > 17.08 and 7.26 kV cm ™! for fluorobenzene and pyri-
dazine, respectively, provides the larger contribution to the ex-
ternal field Hamiltonian Hg + H . If the interaction with the
static field is dominant and much larger than the laser one, i.e.,
Egu > Ta' /2€pc with i =y or z, the absolute minima of
the potential Hg + H; are at (¢, B, x), with ¢ — 0, 27 and
x — 7/2,3m/2. Thus, the wave function will be oriented to-
ward the electric field direction with (cos?8) — cos? B and
(cosfs) — 1. However, these extremal points do not provoke
any effect on the y coordinate, because in the strong static
field regime, the variation of Hg + H; as a function of x rep-
resents a very shallow minimum and does not give rise to a
localization of the wave function.

In the weak field regime, there are, for both molecules,
several levels in addition to the ground state that are high-
field seekers, and remaining levels are for low values of Eg
low-field seekers. These levels present a mild wrong-way ori-
entation with (cosfs) < 0. Since in this regime the slope of
the variation of the energy with Eg might be positive or neg-
ative, this favors the presence of sharp avoided crossings. As
a consequence, the orientation of a pair of levels involved in
an avoided crossings, i.e., (cos 8y), suffers drastic variations
over tiny ranges of the field strength. As the field strength is
increased, we encounter the pendular regime: all the states
are high-field-seekers, and they are strongly oriented along
the static field direction. Indeed, for Eg = 100 kV cm™', we
have that (cosfs) > 0.60 and 0.70 for the considered fluo-
robenzene and pyridazine levels, respectively. In this regime,
we still encounter avoided crossings but they are much wider.
Due to the competition between both fields, these states do
not achieve a significant alignment, see panels (g)—(i) in
Fig. 7 and 8. We observe that (cos>6) approaches cos® 8 in
the strong field regime.

D. Orientation and 2-D alignment by means
of perpendicular fields

External fields provide a tool to control the molecular
dynamics: specifically it has been shown that an elliptically

8=

ol

J. Chem. Phys. 135, 064310 (2011)

polarized laser allows for 3D alignment of asymmet-
ric molecules, i.e., the system is aligned in all spatial
directions.?%?%3%56 We show here that the combination of
an electrostatic field with the linearly polarized laser gives
rise to orientation in one direction and alignment in the other
two. We hereby focus on the case 8 = 7 /2. In the strong
static field regime, we have 6 — 7 /2 and ¢ — 0, whereas,
in order to decrease the energy the term sin® x in the laser
Hamiltonian (Eq. (4)) should increase and approach one,
i.e., x = m/2,3m/2. Then, the molecule will be fixed in
space, and the wave function should be concentrated in the
proximity of 8 ~ /2, x ~ /2, 3mw/2, and ¢ ~ 0, 2w. To
demonstrate this behavior, we have computed the 1D proba-
bility density distribution in each one of the three Euler angles
by integrating the square of the wave function in the other two
angles. In Figs. 9(a)-9(c), these probability density distribu-
tions ©(0) sinf, (¢), and E(x) are plotted as a function of
0, ¢, and y, respectively, for the ground state of pyridazine
interacting with the orthogonal fields for different strengths.
The probability density distributions for Eg = 20 kV cm™!
and I = 10" W cm™~2 show the expected behavior, and this
state presents a significant orientation along the X-axis of
the LFF with (cos fs) = 0.749 and (cos? 8) = 0.191, whereas
the alignment in the other two Euler angles is also pro-
nounced and we get (cos” x) = 0.143 and (cos? ¢) = 0.661.
A larger orientation is achieved if the static field strength is
enhanced to Es = 50 kV cm™! keeping the same laser inten-
sity: (cosfs) = 0.849 and (cos?6) = 0.118, for the distribu-
tion in x and ¢ and we find (cos® x) = 0.122 and (cos ¢) =
0.723, respectively. An opposite effect has the enhancement
of the laser intensity to I =5 x 10!" W cm™2 and keeping
Es =20 kV cm~!. The orientation in 6 is slightly reduced
(cosfs) = 0.729 and (cos? 0) = 0.222, but (cos? ¢) increases
only to 0.682, that is, the laser does not affect the azimuthal
angle and in Fig. 9(b) the distribution ®(¢) is indistinguish-
able compared to the corresponding one for Eg =20 kV
cm™! and J = 10" W cm™2. The alignment with respect to
x becomes stronger (cos” x) = 0.075. Of course, one should
keep in mind that this effect is very sensitive to the fields
strengths and their configuration, as well as the molecular

@
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Eg [kVem™!]

100 150 0 50 100 150

FIG. 8. Same as Fig. 7 but for pyridazine.
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FIG. 9. One-dimensional probability density distribution in each Euler angle for the ground state of pyridazine for (a) Es =20 kV ecm™! and I = 10!! W
em~2 (solid), (b) Es = 50kV em~! and I = 10" W cm~2 (dashed—dotted), and (c) Es =20kV cm~! and I = 5 x 10" W cm~? (dashed).

parameters, i.e., the permanent dipole moment, polarizabil-
ity anisotropies, and rotational constants. For fluorobenzene,
a similar phenomenon could be found, but the wave function
shows a slightly less pronounced orientation and alignment. If
the fields are not perpendicular, the competition between both
interactions will reduce the alignment achieved in the ¢ and
X angles.

E. Influence of the inclination of the fields

The inclination of the fields plays an essential role on
their impact on the rotational dynamics of the system, and as
already discussed, the symmetries are drastically modified as
B is varied. Indeed, B is another parameter in the Hamiltonian
that enriches the physical phenomena observed, and its varia-
tion can provoke the appearance of avoided crossings between
energetically adjacent states of the same symmetry. For pyri-
dazine, we represent in Figs. 10(a) the energy, 10(b) (cos 6s),
10(c) (cos? ), and 10(d) (M?), as a function of 8 with Eg =
20 kV cm™! and I = 10" W cm™2, for the previous set of
states with K and M + K + g even and following the same
labeling as in Sec. III B. For these field strengths, the static
electric field interaction dominates over the laser field interac-
tion, similar to Fig. 8. In general, the energies show a smooth
behavior as B is varied, and depending on the state, they ex-
hibit an increasing or decreasing trend, see Fig. 10(a), e.g., the
ground state energy increases from —5 cm™! to —4.6 cm™!
for B = 0 to /2, respectively. The energy gap between the
first four states is large enough to prevent the presence of
avoided crossings among them, the first avoided crossing be-
ing between the fourth and fifth excited states, 2,1 and 25,2,
for B ~ 1.096 (close to 37 /8). Regarding the orientation and
alignment along the electric and laser fields directions, re-
spectively, different behaviors are observed. The ground state
keeps a significant and approximately constant orientation
with (cosfs) > 0.75 for any value of 8; as the electric field
is rotated away from the Z-axis, the ground state probability
density follows this field. In contrast to this, since the laser in-
teraction is not dominant, its alignment is drastically reduced
from (cos? 6) & 0.75 to 0.22 when B increases from 0 to 7 /2.
For any field configuration, the 1p;1 level shows a moder-
ate orientation and alignment with a plateau-like behavior for
(cos Os) and (cos® 0). Compared to the ground state, the 2¢,2
level presents a similar orientation and alignment for 8 = 0,
but a very different evolution of these features as j is varied,
and for B = /2, it keeps a moderate alignment and a weak

orientation. For parallel fields, M is a good quantum num-
ber, and a non-parallel configuration allows the interaction
and mixing between states with different field-free M-value.
This phenomenon is illustrated by means of the expectation
value (M?) in Fig. 10(d). As the angle S is increased, the evo-
lution of (M?) strongly depends on the character of the cor-
responding level. For the ground state, (M?) increases as f is
enhanced, and for 8 = /2, it reads (M?) = 0.746. The (M?)
value of the 1p; 1 level is close to 1 for § < /8, but for larger
values of B decreases to 0.6 for 8 = m /2. In contrast, for the
other analyzed level with M = 1, 2¢,1, the interaction with
states with larger M is dominant for 8 > /4, and (M?) = 3
for B = 7 /2. For the considered M = 2 levels, 2,2 and 25,2,
the mixing with states with lower M is dominant, and (M?)
is smaller than in the parallel configuration, e.g., for the 2¢,2
level and B = 7/2, we have (M?) = 0.4063.

With varying inclination angle 8 between both fields, the
avoided crossings leave their fingerprints in the relevant ob-
servable. For pyridazine, the states 29,0 and 2p,1 belong to
different irreducible representations for § = 0 and 7 /2, and
to the same one for 0 < § < 7 /2. (Note that the labeling of
the states has been done in the same way as in Fig. 8). For
non-collinear fields, they suffer an avoided crossing which we
have traced for I = 10'© W cm™2 and different values of 8 in
Fig. 11. The results for the minimal energetical width AE =
| E2,0 — Ea,,1] and the electrostatic field strength at which this
minimum appears are presented in Figs. 11(a) and 11(b), re-
spectively, as the angle g is varied. For perpendicular fields,

00
(SIE

FIG. 10. (a) Energies and expectation values, (b) (cos fs), (c) (cos2 0), and
(d) (M?) for pyridazine in the presence of a static field Es = 20 kV cm™!
and a laser field / = 10" W cm~2 as a function of § for the energetically
lowest states with both M + g + K an K even. The states are 0go0 (solid
black), 1p;1 (solid green), 2022 (dashed—dotted black), 19;0 (dashed—dotted
green), 2021 (dashed black), and 2,2 (dashed green).
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FIG. 11. Width AE (a) and electrostatic field strength Es (b) at the avoided
crossing taking place between the states 29,0 and 2021 for pyridazine, for
I =109 W cm~2 and different inclination angles 8.

the levels suffer a real crossing and are accidentally degener-
ate AE =0for I = 10'°Wecem 2 and Eg = 39.78 kV ecm ™!,
whereas for 8 = 0, they possess a different magnetic quan-
tum number M and exhibit a symmetry-related crossing but
now for Es = 47.55kV cm™!. As we see in panel (a), AE in-
creases till it reaches the maximal value of 5.33 x 1072 cm™!
for § = /4, decreasing afterwards to O for 8 = /2. The
static field strength at which the avoided crossing takes places,
see panel (b), decreases monotonously as 8 increases. Indeed,
the variation of E; with g is well matched by the following
function 3.88 cos(2.068) + 43.67, and it is reduced by 7.74
kV cm™! when 8 goes from 0 to /2.

IV. CONCLUSIONS

In this work, we have investigated the impact of a com-
bination of an electrostatic and a non-resonant linearly polar-
ized laser field on the rotational spectrum of asymmetric top
molecules. This study has been performed in the framework
of the Born-Oppenheimer approximation considering that the
vibrational and electronic dynamics are not affected by the
external fields. Our analysis is restricted to a rigid rotor de-
scription of molecules having their permanent dipole moment
parallel to one axis of inertia, and the polarizability tensor is
diagonal in the basis formed by the principal axis of inertia.
We have analyzed the symmetries and irreducible represen-
tations of the Hamiltonian for the different field configura-
tions. Numerically, each irreducible representation has been
treated independently, by expanding the wave function in a
basis respecting the corresponding symmetries. This proce-
dure allows us to distinguish the avoided crossings from gen-
uine ones involving states of the same and different symme-
try, respectively. The presence of the avoided crossings in the
field-dressed spectrum affects the directional properties of the
molecule; they might significantly alter the spectroscopy as
well as the sterodynamic of the system. The labeling of a cer-
tain state and the passage through the avoided crossing that it
suffers depend on the way the symmetries are broken, i.e., on
the temporal sequence followed to turn on the fields, which
should be taken into account to determine the adiabaticity of
a certain process.

The richness and variety of the resulting field-dressed
rotational dynamics have been illustrated by analyzing the
energetic shifts, as well as the orientation, alignment, and
the hybridization of the angular motion. As prototype exam-
ple, we have investigated the fluorobenzene and pyridazine

J. Chem. Phys. 135, 064310 (2011)

molecules. For three field configurations, the evolution of a
certain set of states belonging to a certain symmetry has been
analyzed with varying electrostatic field strength or laser in-
tensity. Different types of behaviors were observed, depend-
ing on the dominant field interaction as well as on the consid-
ered molecular system, through its rotational constant, dipole
moment, and polarizability tensor. Due to the competition be-
tween both interactions, the features of the rotational spec-
trum are significantly changed as the field parameters are
modified. In the strong laser field regime, the presence of
an intense electric field reduces the orientation of the ground
state, especially as B is rotated from zero to larger values,
and highly excited levels only present a very weak align-
ment. Whereas, if the electrostatic field is dominant, the states
are oriented along its direction, and they only present a mild
alignment along the Z-axis in the LFF. We have shown that
a proper combination of non-collinear fields gives rise to a
strong orientation along the static field direction together with
a 2D-alignment on the other two axes of the molecule. In
particular for 8 = 7 /2, the molecular plane is fixed onto the
XY -plane of the LFF, and the orientation is along the X-axis.
Finally, we have also investigated the role played by the in-
clination angle of the fields g, by analyzing the spectral prop-
erties of several states; the loss of the azimuthal symmetry
has been quantified by the expectation value (M?), which is a
conserved magnitude for parallel fields. An avoided crossing
between two states has been traced as 8 is modified; the elec-
trostatic field strength at which it takes places varies within
afew kV cm™!, and the corresponding energetical width will
allow us to compute the adiabaticity of the crossing once the
variation of the field strength is known. A natural extension to
this work would be to consider other molecular systems, espe-
cially different conformers of the same molecule, looking for
specific phenomena that might help to distinguish between the
molecules.
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APPENDIX: WIGNER AND HAMILTONIAN
MATRIX ELEMENTS

The field-free eigenstates of a symmetric top molecule,
see Eq. (5), are proportional to the Wigner matrix elements,
Dy, x(S2), which are defined as

Dy, (@) = e M?dy, ((0)e™ KX, (A1)

where dj; ,(9) are the reduced Wigner matrix elements.*
To evaluate the matrix elements of the Hamiltonian, we have
used the following properties of the Wigner matrix: the com-
plex conjugate,

Dy () = (=DM KD! (), (A2)
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the relation between the Wigner reduced matrix elements that
reads

dl, @) = (=1""dl (), (A3)
d)y . (0) = (=1)""d’,, _ (©), (A4)
dr{ﬂ,m(e) = dl{l,m’(_g)’ (AS)

and the integral of the triple product of Wigner matrices,

/ dQD! (DY 1 (QDE . (2) =

_e2f N S I /B
=8 (M1 m, -m)\k K, -k) A9

where ( Juo 2D ) are the 3J Symbols.
nmip mp mj3

For completeness, we provide the non-zero matrix ele-
ments appearing in the evaluation of the full Hamiltonian. For
the field-free Hamiltonian H, (Eq. (2)), we have

(J'K'M'|H|JKM) = (AJ(J + 1)+ CK»8. 18k kmr.mt
+ByJ(J +1)— K(K + 1)
x I +1) = (K + DK +2)8, 181k —k|28m M

where A, B, and C are defined as A = (B, + By)/2, B
= (B, —By)/4, and C = (2B, — B, — By)/2.57 The Stark
interaction Hg (Eq. (3)), rewritten in terms of Wigner matrix
elements, is given by

HS = —/,LES Cos 95 = —/,LEshS

1
=—uEs (cos BDYy(2)+ sin ﬂ\/;(Dl_ LO(Q)—DIIO(Q))).

(AT)
Thus, the non-zero matrix elements are

(JKM|hg|JKM) = cos 3,

MK
JUJ+1)

(JKM—thSlJKM):KSiinﬂ\/J(J +1)— M(M + 1),
2J(J+1)

(J + 1KM|hg|JK M)
\/[(J + 12— M2)[(J + 12 — K2]
=cosf
Q2J +3)2J + 1)(J +1)?
(J +1KM + 1|hg|J K M)
B _sinﬂ\/[(l + 12— K2(J+M+1D)(J +M+2)
B 2(J + DVRT+3)QRT + 1) ’

(J+1KM—1|hs|JKM)= — (J+1K—M + 1|hs|J K — M).

)

The laser Hamiltonian H;, (Eq. (3)) takes now the form

I I X zy
PP P B Tk T
2606 3

D2 (Q
2606’ L OO( )

yx X yx
—%[Déz(ﬂ) + D2 ()] + “g“) (A8)
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In this expression, we have omitted the terms which only in-
troduce a shift in the energy. Performing the integrals corre-
sponding to each term, we get

o + o
=)
BM?* —J(J + DIBK* = J(J + 1)]

2J(J + 1)(2J — DH(2J +3)

(J +1KM|h |JKM) = (& + o)
y MK \/[(J + 1) = M2][(J + 1)2 — K?]
JU+ DU +2/2T+3)HRT+1)

(J +2KM|h|JK M)

_ ((x” + a®

(JKM|h |JKM) = (

a4 V¥
3 9

5 ) VIU +2)? = KA[(J + 1D? — K2

5 VI +2)2 — M2[(J +1)2 — M?]
(J 4+ DJ +2)2J +3)JCT + DT +5)

(JKM|hy|JK +2M)
= —a**[3M?> — J(J + )]
V2= (K +12)(J —K)J + K +2)
2J(J + DQ2J +3)2J — 1)
(J+1KM|h |JK +2M)
[((J+1)? —M?]
5 VIU=K?=11(J —K)J + K +2)
2J(J +1D(J + /2T + DRI +3)

)

=—a*M

(J+2KM|h|JK 4+ 2M)
= —a"VI(J +2 = MI[(J + 1> — M?]
VU =K1 - K K +2)
4J + DU +2)2J +3)J/CT+ DRI +5)’
(K'M'|hi|JKM) =(J =K' —M'|h;|J — K — M).
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We present a theoretical study of recent laser-alignment and mixed-field-orientation experiments

of asymmetric top molecules. In these experiments, pendular states were created using linearly

polarized strong ac electric fields from pulsed lasers in combination with weak electrostatic fields.

We compare the outcome of our calculations with experimental results obtained for the
prototypical large molecule benzonitrile (C;HsN) [J. L. Hansen et al., Phys. Rev. A, 2011, 83, 023406.]
and explore the directional properties of the molecular ensemble for several field configurations,

i.e., for various field strengths and angles between ac and dc fields. For perpendicular fields one
obtains pure alignment, which is well reproduced by the simulations. For tilted fields, we show
that a fully adiabatic description of the process does not reproduce the experimentally observed

orientation, and it is mandatory to use a diabatic model for population transfer between
rotational states. We develop such a model and compare its outcome to the experimental data
confirming the importance of non-adiabatic processes in the field-dressed molecular dynamics.

1 Introduction

Controlling molecular motions has direct impact in a wide variety
of molecular sciences, including stereo-chemistry,! molecular-
frame investigations of geometric and electronic properties,
such as photoelectron angular distributions®’ and high-
harmonic generation,g’9 as well as for diffractive imaging of
gas-phase molecules,'®!" aiming at recording the “molecular
movie”.'? Recently, there has been tremendous progress in the
control of the translational'® and rotational'*'” motions of
even complex molecules. For extremely well controlled ultra-
cold alkali dimers, direct quantum effects on the stereodynamics
of molecular reactions have recently been observed.'®
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Angular confinement of molecular ensembles is referred to
as alignment—the confinement of molecule-fixed axes along
laboratory-fixed axes—and orientation—adding a well-defined
direction. Traditionally, these two levels of angular control
have been separated: strong ac fields from pulsed lasers have
been used to create alignment,I4 whereas state-selection'® and
brute-force orientation using strong dc electric fields*>>' have
been used to create orientation (which typically also creates
alignment). About a decade ago it was realized that strong
simultaneous alignment and orientation could be created using
combined ac and dc electric fields.?>** This has been experi-
mentally verified in a few cases.>* 2® Adding methods to control
the translational motion one can perform a quantum-state selection
before the alignment and orientation experiment.'**”?® This
two-step approach has allowed the creation of unprecedented
degrees of one-dimensional (1D) and three-dimensional (3D)
alignment and orientation even for complex asymmetric top
molecules.*1%2°73!

Theoretical studies of the rotational spectra in the presence
of combined electrostatic and non-resonant radiative fields
have been restricted to linear and symmetric top molecules
so far.??%32 Recently, some of us developed the theory for
asymmetric top molecules in combined fields.”> When the
static and linearly polarized laser field directions are tilted
with respect to one another, the symmetries of the corresponding
Hamiltonian are significantly reduced. This is the most general
field configuration, its theoretical treatment being most challenging.
Since each external field interaction breaks different symmetries
of the field-free Hamiltonian, the order in which the fields are
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turned on determines the evolution of the field-dressed rotational
dynamics. The labels of the eigenstates at a certain field
configuration obtained by adiabatic following depend on the
path through parameter space, i.e., monodromy is observed.
For linear and symmetric top molecules exposed to external
fields, the phenomena of classical and quantum monodromy
have been encountered in the corresponding dressed spectra.>*>°
The labeling procedure is also numerically very demanding due
to the large amount of genuine and avoided crossings occurring
between adjacent states as one of the field parameters is varied.

In the present work, we describe the recent experimental
results obtained for the alignment and orientation of asymmetric
top molecules in combined fields.®'>?°73! In the framework of
the rigid rotor approximation, we perform a full investigation
of the field-dressed eigenstates for those field configurations
considered in the experiment. The Schrédinger equation for
the rotational/pendular states is solved separately for each
irreducible representation by expanding the wave function in a
basis with the correct symmetries. Our theoretical analysis
also includes (i) a diabatic approximation to account for
population transfer through the avoided crossings as the laser
intensity is varied; (ii) the velocity distribution of the ions after
the Coulomb explosion; and (iii) a volume effect model to
describe the fact that not all the molecules feel the same laser
intensity because the orienting and the detection laser pulses
have finite spatial intensity profiles. The field-dressed eigen-
functions are weighted with the known relative state popula-
tions in the molecular beam.?® Then, we compute the angular
probability density functions for different field configurations
and their velocity-mapping images (VMIs). The recently
performed alignment and orientation experiment for benzo-
nitrile (BN, C;H;N) molecules®"! provides us with experimental
data that are very well suited to present and discuss our
theoretical model in a comparative study. We numerically
compute the alignment and orientation for an ensemble of
quantum-state selected benzonitrile molecules, and compare
our results to the experimental data. For comparison with a
cold thermal ensemble—without state selection—we also provide
the corresponding results for a benzonitrile sample at 1 K. In
particular, for perpendicular fields, we obtain good agreement
between the computational and experimental results for the
degree of alignment. For tilted fields, we show that a fully
adiabatic description of the rotational/pendular dynamics
cannot reproduce the experimental results for the mixed-field
orientation of benzonitrile. When a diabatic model is implemented
for the treatment of the avoided crossings, our theoretical
study reproduces with reasonable accuracy the experimental
degree of orientation. Hence, we demonstrate the impact
of non-adiabatic processes on the field-dressed molecular
dynamics. We have developed a general theoretical description
of alignment and mixed-field orientation for asymmetric tops
in long pulses of strong ac electric and weak dc fields.

The paper is organized as follows: in Section 2 the relevant
experimental details are described. The theoretical model is
presented in Section 3, which includes the discussion of the
rigid rotor Hamiltonian and its symmetries, the diabatic model
to treat the avoided crossings, the screen projection of the 3D
probability densities and the experimental observables. The
theoretical results for the alignment and orientation of a beam

of benzonitrile molecules are compared to the experimental
data in Section 4. The conclusions and outlook are provided in
Section 5.

2 Experimental details

A detailed description of the alignment and mixed-field
orientation experiments is given elsewhere.>?°3! Briefly, a
pulsed, cold molecular beam of benzonitrile molecules seeded
in helium is expanded from an Even—Lavie valve into vacuum.
The molecular beam is skimmed before entering a 15 cm long
electrostatic deflector 41 cm downstream from the nozzle. The
deflector disperses the molecules in the beam according to
their effective dipole moments, creating a vertically varying
distribution of quantum states in the probe region 77 cm
downstream from the nozzle. Alignment and orientation are
induced by the dc electric field of the VMI spectrometer and by
a strong Nd:YAG laser pulse (10 ns, 1064 nm) and probed
using ion imaging of CN™ fragments following Coulomb
explosion of benzonitrile with a strong ultrashort Ti:Sapphire
laser pulse (30 fs, 800 nm, 5.4 x 10'* W cm™2). Alignment and
orientation experiments were performed for the undeflected
beam and for the quantum-state selected sample at a vertical
height of 1.75 mm; see Fig. 2 in ref. 31 for details.

3 Theoretical model

An exact theoretical quantum description of the alignment and
orientation experiments is very demanding, since it requires
the solution of the corresponding time-dependent Schrédinger
equation for each state populated in the molecular ensemble.
Instead, we retreat to a quasi-static description parametric in
the field strength and angles, and solve the time-independent
Schrodinger equation for several field configurations. A
diabatic model, based on the field-free symmetries, is used to
account for the population transfer through the avoided
crossings encountered as the YAG pulse intensity is varied.

3.1 The Hamiltonian

We consider a nonresonant laser field of intensity /7 and
linearly polarized along the Z;-axis of the laboratory fixed
frame (LFF) (X.,Y;,Z;) and a homogeneous electrostatic
field of strength Eg contained in the X, Z;-plane and forming
an angle  with Z;. The rigid rotor Hamiltonian of a polar
asymmetric top molecule exposed to this field configuration is
given by

H= JJZ(MBXM +J§/MBYM +J%MBZM — Egucosfs

(1)
- 2%1 (a”M %M cos? O + oYXV sin O sin’ y),
with By , By, ,and Bz being the rotational constants. The
molecule or body fixed frame (MFF) (X, Y3,Zy,) is defined
so that the permanent electric dipole moment u is parallel to
the Z-axis. The LFF and the MFF are related by the Euler
angles (¢, 0, 1).”” The polarizability tensor is diagonal in the
MFF with components o; with i = X, Y,Zy, and the
interaction with the laser field depends on the polarizability
anisotropies o/ = o — % Ij = XaYar,Zy. The angle
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between the static electric field and the molecular Z,,-axis is
0s with cosfls = cosficos + sin fsinfcos ¢. This study is
restricted to molecules with the permanent dipole moment
parallel to one of the principal axes of inertia, as it is the case
for benzonitrile.

Let us shortly summarize the approximations and assump-
tions made in the derivation of the Hamiltonian (1). We
perform a non-relativistic description within the framework
of the rigid rotor approximation, assuming that the electronic
and vibrational structures are not affected by the external
fields. In addition, we presuppose that the laser is non-resonant
and that the inverse of the oscillation frequency is much larger
than the rotational period of the molecular system and pulse
duration. Thus, we can average over the rapid oscillations, so
that the interaction of this field with the molecular dipole
moment is zero, and only the interaction with the polariz-
ability is left. Additionally, since the YAG laser pulse duration
is much larger than the timescale of the rotational dynamics,
we assume that the alignment and orientation processes are, in
principle, adiabatic, and we take the time profile of the pulse as
a constant equal to 1. The validity of this assumption will be
discussed in detail through the paper. The spatial dependence
of the laser intensity will also be taken into account by means
of a volume effect model, see below.

The configuration of the fields determines the symmetries of
the Hamiltonian (1). For the field-free case, they are given by
the spatial group SO(3) and the molecular point group
Dy—i.e., the Fourgroup V—consisting of the identity and
the two-fold rotations C, around the MFF i-axis, with
i = Xy, Yy and Z,, The Schrédinger equation associated
with the Hamiltonian (1) cannot be solved analytically, and
only the total angular momentum, J, and its projection onto
the Z;-axis of the laboratory fixed frame, M, are good
quantum numbers, whereas K, the projection of J onto the
Z y-axis of the molecular fixed frame, is not conserved. Since
an external field defines a preferred direction in space, the
symmetries of the corresponding Hamiltonian are reduced
compared to the field-free case. Here we consider three field
configurations. For a single static field parallel to the LFF-Z;-axis,
the symmetry operations are CZZ”, any arbitrary rotation
around the Z;-axis and a reflection in any plane containing
Zy, thus, M is still conserved. For a certain |M], there are
4 irreducible representations, and for M # 0 the states with
M and — M are degenerate. If the molecule is exposed to both
fields, with the electric field being rotated away from the
Z;-axis, the azimuthal symmetry is lost and M ceases to be
a good quantum number. In the perpendicular case, f = 90°,
the Hamiltonian (1) is invariant under CQZM , a rotation of
n around the X;-axis, and the reflection oy,7, (X Z; is the
plane containing the fields); as a consequence there are
8 irreducible representations. For tilted fields with f # 90°,
two symmetries are left, oy, 7, and sz'” , and the corresponding
group has only 4 irreducible representations. For a detailed
description and analysis of the symmetries for all possible
situations, we refer the reader to the recent works.>>38

The field-dressed eigenstates of an asymmetric top are charac-
terized by the avoided crossings appearing between levels of
the same symmetry as one of the parameters of the field

configuration, i.e., Es, I, or f5, is varied. For non-collinear
fields, the small amount of irreducible representations implies
an eigenstate diagram with a high degree of complexity due to
the large number of avoided crossings. Furthermore, a small
degree of asymmetry on the inertia tensor facilitates the
appearance of avoided crossings on the corresponding field-
dressed states.* For the correct analysis of the computational
results, these avoided crossings should be distinguished from
genuine ones taking place between levels of different symmetries.
Hence, the time-independent Schrédinger equation associated
to the Hamiltonian (1) is solved for each irreducible represen-
tation by expanding the wave function in a basis that respects
the corresponding symmetries.**

The field-free states are identified by the quantum labels
Jk x, M, with J and M being good quantum numbers, and
K, and K, the projections of J onto the Z,,-axis of the molecular
fixed frame in the oblate and prolate limiting cases,*® respectively.
For reasons of addressability, we will denote the field dressed
states by means of these field-free labels indicating if an adiabatic
or diabatic picture has been used.

To illustrate the molecular dynamics in the state-selection
process using the electric deflector, we plot the Stark energies
and expectation value (cos0) = (Jx x Mlcos0Jx x M) of
the populated states of benzonitrile in Fig. 1(a) and (b) as a
function of the electrostatic field strength. This plot covers the
range of electric field strengths present in the deflector. It
includes 84 individual rotational states accounting for 98% of
the population of the molecular ensemble. This level diagram
shows a complex structure with both genuine and avoided
crossings. In the weak electrostatic field regime, both high- and
low-field seekers are encountered, whereas in the pendular limit,

E [em™!]

(cos 6)

025 If (O
0 20 40 60 80 100 120
Es [kV/cm]
Fig. 1 (a) Energies and (b) expectation value (cos6) as a function

of the static field strength of the populated rotational states for
benzonitrile.
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and, in particular, in the regime of interest for the state
selection experiment, all these levels are high-field-seekers.
For E5 > 50 kV cm™!, most of these populated states present
a significant orientation with (cos6) > 0.5, and 32% of them
have a strong one with (cos@) > 0.8. The avoided crossings
have a strong impact on the character of the involved states,
and (cos 0) suffers large variations over tiny ranges of electro-
static field strengths, see Fig. 1(b). Note that the dc field
applied in the orientation experiment, 286 V cm™', is very
small on the scale of this figure.

3.2 The diabatic model

After entering the region of the extractor field, i.e., the static
electric field of the VMI spectrometer, the molecules are
exposed to a laser field with increasing intensity (YAG laser
pulse). As the laser intensity varies, a certain state may undergo
several avoided crossings with levels of the same symmetry.
The presence of these avoided crossings as well as their diabatic
or adiabatic nature have a strong impact on the outcome of the
experiment.

Several theoretical studies have analyzed in detail the character
of such avoided crossings for molecules exposed to an electro-
static field by using different adiabaticity criteria.***'~** Their
main and common conclusion is that the assumption of a fully
adiabatic dynamics is incorrect as no general statement can
be made about the character of the avoided crossings. These
works suggest that an investigation of the character of the
avoided crossings encountered as 7 is varied should be mandatory
for a correct description of the experimental results. To do so, we
use the following adiabatic passage criterion*

. 0H/ .
n= M < 17 (2)
(Ei — E))

where E; and E; are the eigenenergies for the states i and j and
H' is the interaction term. Due to the large amount of avoided
crossings in the laser field-dressed states, a systematic and
detailed study of the adiabatic or diabatic character of all of
them is unfeasible. Thus, we employ a simple diabatic model
that provides an approximation to the dynamics, and determines
the population transfer as the field parameters are varied. Note
that some previous works have proposed different population
transfer models based on symmetry considerations.*!***4

If the fields are not collinear and the polarization of the laser
pulse is parallel to the Z;-axis, the electrostatic field induces
the coupling of states with different field-free values of the
quantum number M. For the experimentally used electrostatic
field strength, Es = 286 V cm ', the Stark interaction is much
weaker than the laser field one. Thus, the hybridization of the
quantum number M is so small that for a certain level (M?)
remains almost unperturbed and equal to its field free value.
Our diabatic model consists in assuming that (i) an avoided
crossing between two levels with different field-free values of
M is considered as being crossed diabatically; and (ii) crossings
between levels with the same field-free value of M are passed
adiabatically. To illustrate the validity of this diabatic model
we have analyzed two exemplary avoided crossings of the
field-dressed spectrum with § = 45° and Eg = 286 V cm™!
by means of the adiabatic passage parameter 7 in eqn (2).

In this case, the interaction term is given by H' = —(2nl/c)
(éM¥ucos?® + o¥m¥msin?fsin®y). For the time profile
of the YAG pulse, we use I(t) = lexp(—/(2¢%)) with
I=5x10"Wecem?and o = 425 ns (FWHM = 10 ns).
Fig. 2(a), (d), (b), (¢) and (c), (f) depict the energy, (cos ), and
n as a function of [ for the avoided crossings between the states
2050 and 2¢,1, and 444 and 3,11, respectively. The levels 2¢,0
and 2,1 suffer an avoided crossing for I ~ 3.5 x 10° W cm ™2,
with AE = 55 x 107 em™' and 5 = 192. Hence, we
conclude that it is crossed diabatically. In contrast, for the
avoided crossing among the states 4p44 and 3,;1 occurring
at ] ~ 3.82 x 10'°W cm ™2, we obtain AE = 8.69 x 10> cm ™'
and n = 0.12, which according to eqn (2) is an intermediate
case—neither diabatic nor adiabatic. Using a fully adiabatic
picture these two states are labeled 4944 and 3,1, but using the
diabatic model their labels are different since (M%) = 3.999
and 4.007, respectively, for I = 3.6 x 10'° W em™2, which
explains the mixing between both levels. The criterion (2) or
the Landau—Zener formula does not classify this avoided
crossing as being diabatic or adiabatic, but within our approxi-
mation we consider it to be adiabatic.
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Fig. 2 Energy E ((a) and (d)), expectation value <cos2 0) ((b) and (e)),
adiabatic passage criterion parameter (2) ((c) and (f)) for the levels 2,0
(dash-dotted line) and 2,1 (dashed line) states; and for the states 4o44
(dash-dotted line) and 3,1 (dashed line) states as a function of the
YAG laser intensity, for Es = 286 V cm™' and # = 45°. See the text
for more details.
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For tilted fields (f # 90°), a certain avoided crossing may
involve two states one being oriented and the other one
antioriented. Hence, considering it as diabatic or adiabatic
has significant consequences on the final result for orientation.
Of course, our diabatic model is an approximation, since many
avoided crossings are encountered that do not fall clearly into
the class of adiabatic or diabatic crossings according to our
adiabatic passage criterion. Generally, these cases would
require solving the time-dependent Schrédinger equation
including the time profile of the YAG pulse.

If the fields are perpendicular, the corresponding Hamiltonian
(1) has 8 irreducible representations, and the amount of
avoided crossings is significantly reduced compared to the
B # 90° configuration. For the populated states of one
irreducible representation, the expectation value (cos®0) is
plotted in Fig. 3 as a function of the laser intensity, for
Eg = 286 Vem ' and f = 90°. The inset of this figure shows
the energy levels in the strong-laser-field regime. For the laser
intensities at which the experiment is performed, most of the
populated levels are characterized by a pronounced alignment.
In particular, we find (cos*0) > 0.8 for all these states and
I > 4.1 x 10" W cm 2 Since, the character—regarding
alignment—of two states that had previously suffered an
avoided crossing is very similar, passing through it diabatically
or adiabatically is not crucial for the final alignment result.

3.3 The projection of the probability density on the screen
detector

When a molecule is multiply ionized using an intense ultra-
short laser pulse, it dissociates due to Coulomb repulsion and
the created ionic fragments are collected in a 2D space
resolving detector. Within the axial recoil approximation the
momentum of the CN™* fragments created in this process is
parallel to the C—-CN bond direction before ionization. In
order to calculate the screen image from the molecular wave
functions we define a new reference frame (x,y,z), containing
the detector screen on its yz-plane. This frame is obtained by
rotating the LFF by an angle 90° — f§ about the Y;-axis. Note
that the electrostatic field is parallel to the x-axis, and the
polarization vector of the linearly polarized YAG laser lies in
the xz-plane, forming an angle  with the x-axis.

0.75
£
C\Im T’_‘
2 05 = i
S
53]
0.25 1
710! 810! 9101 1012
0 L Il !
0 25101 510! 7.510M 1012
I[Wcm™?]

Fig. 3 Expectation value <0052 0) and energies (inset panel) as a
function of the YAG pulse intensity of the populated rotational states
for benzonitrile, for Es = 286 V cm™' and f = 90°. Only one
irreducible representation is presented.

An asymmetric top molecule in a certain state, characterized
by the wave function W,(0,¢,1), with y = Jg x M, is traveling
towards a screen (velocity in the x-direction). Since the
direction of the molecular dipole moment is independent of
the angle y, the probability for the molecular Z,,-axis to be
oriented according to (0,¢) is given by integrating in y the
absolute square of the wave function. The angular distribution
p,(0,¢)dQ provides a measure of the amount of ions ejected
into the solid angle dQ = sin 0dfd¢. It is related to a spatial
distribution on the 2D screen by p,(y,z)dydz = p,(0(r,2),
¢(»,2))|J|sin(0(y,z))dydz, with J being the Jacobian of the
transformation between the coordinates (6,¢) and (,z).
Assuming that all the ions have the same velocity, v in the
absolute value, this transformation reads as

y = asinfsin ¢
z = a(cosOsin f + sinOcos ¢cos f3), 3)

where a = v, and f; is the time of flight to reach the screen.
Note that with the definition (3) for the y-coordinate, any
point (y,z) corresponds to two different orientations (0,¢) and
(0,180° — ¢). Thus, the screen image is the sum of two
projection images, each obtained for a restricted range of ¢.

An important ingredient that should be taken into account
to obtain realistic screen images is the alignment selectivity of
the probe laser. We approximate the effectivity of the dissociation
process by the factor cos®«, with o being the angle between
probe laser polarization and the C—-CN bond direction.*® Note
that this approximation for modeling the probe selectivity as
cos?« is in accord with the experimental observations. Thus,
the 2D screen spatial distribution is given by

iy P (00,2),9(0,2))
p,(»,2) RPN/

where A{y,z) is the mentioned alignment selectivity factor, and
the index i indicates the probe pulse polarization. For a
linearly polarized probe beam in the x-direction, we obtain
A(y,2) = 1 — y*/a® — 2*/a’, and in the z-direction Ay(v.2) = z/a.
For tilted fields (f # 90°), a circularly polarized probe in the
xz-plane ensures that any molecule is ionized and detected
with the same probability independently of f, and it gives
Ay,z) = 1 — y?/a*. The apparent singularity in eqn (4) at
y* + 22 = & will disappear when we integrate over different ion
recoil velocities.

So far we have assumed that all ions acquire the same recoil
velocity. Experimentally, however, they follow a certain distri-
bution D(a), which is assumed to have only nonzero values at
positive velocities. The screen image is obtained by averaging
over all these velocities with their corresponding weights as

Pi(y.2) = [¢°pi(y.z:@)D(a)da

with i = [, p and ¢ depending on the probe polarization. The
experimental velocity distribution D(a) for the CN™ ions
created in the Coulomb explosion of benzonitrile is shown in
Fig. 4. The second and third peaks are the two Coulomb
explosion channels relevant for determining the orientation of
the C—CN axis. The two peaks are fitted to a combination of
two Gaussian functions, after subtraction of the background,
and used further on in the model. Since a is not the velocity but

Ai()%Z) (4)
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Fig. 4 Experimental recoil velocity distribution of CN™ ions rescaled to
have a maximum for ¢ = 1 (points), fitted functions using two Gaussians
(solid line) and two Gaussians without background (dashed line).

a distance proportional to it, we have rescaled the abscissa
such that the maximum of D(a)is ata = 1.

In the experiment, the molecular beam contains molecules
in different quantum states. A certain level y = Jg x M has a
relative weight W, = W,k x ar within this ensemble, which is
determined by classical trajectory simulations for all relevant
rotational states using Monte Carlo sampling of the initial
phase distributions.?® Including the resulting populations in
the laser interaction zone, the final 2D-screen probability
distribution reads

P!r(y,Z)ZZI/V},-P;(x,y% (5)

where the sum runs over all populated states and the index
i indicates the polarization of the probe beam.

3.4 The experimental observables

The alignment of a molecule is quantified by the expectation
value (cos® ), with 0 < (cos®0) < 1, where larger values corres-
pond to stronger alignment. While ((cos>0)) = >, W,(cos>0),
is not experimentally determined, the alignment is characterized
through ((cos”0ap)) = 3, W,(cos” 0ap),, where 0o, = arctan(z/y)
is the angle between the z-axis of the screen plane and the
projection of the ion recoil velocity vector onto the detector
plane. Let us remark that (cos®0ap), is computed from the
final 2D probability density in eqn (5), whereas <C0$2 0), from
the 3D wave functions.

When the linear polarization of the YAG laser is not
perpendicular to the static electric field (f # 90°), the up/down
symmetry of the 2D-images is lost, and an asymmetric distri-
bution appears showing a certain degree of orientation. This
up/down asymmetry is experimentally quantified by the ratio
Nup/Niot, With Ny, being the amount of ions in the upper part
of the screen plane, and N, the total number of detected ions.
In our description, they are given by

Nup = f:foo f: = OPT(y’Z)ddea (6)
and
Ntol = iwazaooPT(yaZ)dde'

Note that due to the normalization we have that Ny = 1.
Finally, to compare our numerical data with the experimental

results, we take into account the finite spatial width of the

YAG and probe pulses. Both laser beams have a Gaussian

profile with widths of wy = 36 um and wp = 21 um,
respectively, and are overlapped in time and space. The YAG
pulse ensures the alignment or orientation of the molecules,
whereas the probe pulse is needed for detection purposes. The
degree of alignment and the dissociation probability vary with
the position of a molecule in the interaction volume. Thus, we
integrate over the overlap region of the probe laser with the
molecular beam considering the YAG-laser intensity. Hereby,
we have assumed a linear behavior of the dissociation efficiency
on the probe laser intensity. This is an approximation, as
recent works on non-resonant strong field dissociation for
other systems have proved a PP-dependence.*® However, our
calculations indicate that the orientation and alignment results
are not very sensitive to a variation of this dependency. We
have also assumed that the spatial profile of the molecular
beam is much broader than that of the laser beams, hence, the
variations of the density of molecules can be neglected.

4 Computational results

In this section, we apply the above described approach using
benzonitrile as a prototype example. Recent experimental
results for this molecule®! allow us to directly compare them
to our numerical studies. The moments of inertia are given by
By, = 1214 MHz, By, = 1547 MHz, and B, = 5655 MHz,
the electric dipole moment is ¢ = 4.515 D, and the principal
moments of polarizability are oy y = 7.49 A3, ay, v, =
13.01 A% and oy, = 18.64 A>>1

4.1 Alignment results

The experimental fields geometry consists of a weak static electric
field perpendicular to the screen with strength Eg = 286 V.ecm ™!
and a strong alignment laser linearly polarized along the
Z-axis (z-axis). For the probe pulse we consider the three
possible polarizations: (i) linearly polarized perpendicular
to the screen; (ii) linearly polarized parallel to the screen;
and (iii) circularly polarized in the xz-plane perpendicular to
the screen. The computational results shown below include the
recoil velocity distribution and the volume effect.

The theoretical results for the density distribution of the
molecular beam on the screen are presented in Fig. 5(a)—(c)
for Es = 286 V cm ! and for YAG pulse intensities
I=5x10"Wem 2 101! Wem™2, and 7 x 10! W em™2,
respectively. A strong confinement of the probability distribution
is observed, the molecules are aligned with their Z,,-axis
pointing along the polarization axis of the YAG laser. This
1D alignment becomes more pronounced as / is increased. The
two ionization channels that characterize the velocity distribution
for BN, ¢f. Fig. 4, appear as double maxima on the upper and
lower humps of the 2D images. They become more prominent as
I is increased, i.e., for a YAG pulse with 7 = 7 x 10'' W cm 2,
while they are overlapping for lower intensities.

We quantify this alignment by the expectation values
((cos?6)), ({cos® Bop)), ({cos? Bop))?, and ((cos® B,p))°, which
are presented in Fig. 6 as a function of the YAG intensity 7 for
the whole molecular beam. The indexes /, p and ¢ indicate the
probe pulse polarization: linearly-polarized perpendicular and
linearly-polarized parallel to the static field and circularly-
polarized, respectively. Without the presence of any aligning
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Fig. 5 The 2D projection of the density distribution of the benzo-
nitrile molecular beam for (a) 7 = 5 x 10'° W em™2, (b) 10"' W cm™>
and (¢) 7 x 10" Wem™2, Es = 286 V em™! and p = 90°. For direct
comparison with recent experimental results, we refer to the BN
image in Fig. 3(c) in ref. 31 which was recorded under conditions
similar to those used in the calculation of panel C.

or orienting fields the screen image is already biased by the
“geometric alignment” of the probe pulse. An analytical
calculation shows for a random isotropic distribution that
({cos®0)) = 1/3, ((cos*O,p)) = 0.5, ((cos?O,p)) = 3/4, and
({cos® 0,p))¢ = 5/8. This mild confinement obtained when the
probe pulse is circularly polarized or linearly polarized parallel
to the screen is due to the enhanced ionization probability for
molecules having the C, axis (i.e., the C—-CN axis) parallel to
the laser polarization.*® If the molecules are exposed only to
the weak electric field, E5 = 286 V cm ™', these field-free values
are only slightly perturbed ((cos®0)) ~ 0.34, ((cos”0,p))’ = 0.51,
((cos® Bp) ) = 0.7496, and ((cos®6,p))° = 0.6319.%

These four expectation values qualitatively all show a similar
evolution as the YAG pulse intensity is varied: a steep increase
followed by a plateau-like behavior which indicates a saturation
of the degree of alignment. This dependence of the alignment
on the YAG pulse intensity nicely reproduces the experimental
behavior observed for a molecular beam of iodobenzene (IB).!>%
Note that the differences due to the polarizations of the probe
pulse are noticeable for low intensities, whereas for strong
alignment fields they all converge to the same asymptotic limit.
For I = 7 x 10" W cm™ we obtain ((cos’6)) = 0.946,
({cos? Oyp)) = 0.972, ((cos® b))’ = 0.973, and ((cos’ Oap))¢ =
0.974. The value obtained experimentally, 0.89, for ((cos tp))” 31
is somewhat lower which we ascribe to contaminant ions, like

Alignment cosine

03 L L L L
1010 2101 4101 610! 810! 1012
I[Wem 2]

Fig. 6 Alignment cosines for the molecular beam of benzonitrile as a
function of the YAG pulse intensity, Es = 286 V.ecm ™' and § = 90°:
{{cos?0)) (circles and dashed line), {{cos” 6,p))’ (squared and solid line),
({cos? 0,p))¢ (asterisks and dotted line), and ((cos® 0p))? (triangles and
dash-dotted line).

C,H," (with the same mass-to-charge ratio as CN") in the
images. Ions like C,H, ™ do not have a strong angular confine-
ment and therefore reduced the apparent degree of alignment
in the image. For IB, a molecule which is expected to attain an
alignment degree similar to that of BN because of a similar
polarizability tensor, the recoil ion used, 17, is more clean
since there are no contaminant ions at the mass of 127. As a
result, the observed degree of alignment is as high as 0.97 for
({cos Bp))",? in good agreement with the theoretical predictions.

For completeness, we have also considered a thermal
sample of BN at 1 K and I = 7 x 10'"' W cm™2, obtaining
{{cos® 02p))' = 0.961, which agrees well with the experimental
value for IB.%

4.2 Orientation results

The polarization axis of the YAG-laser is now rotated about
the Y;-axis, and forms an angle f (f # 90°) with the weak
electrostatic field perpendicular to the screen, Es = 286 V cm™ .
The orientation ratio Nyup/Nio¢ (eqn (6)) is derived for a
circularly polarized probe pulse, including the velocity distri-
bution and the volume effect and using the diabatic model
described above.

The theoretical results for the projected density distribution
of the molecular beam are presented in Fig. 7(a) and (b) for
two intensities and # = 135°. As a consequence of the rotation
of the YAG polarization axis, the up/down symmetries of the
wave functions are lost. The 1D orientation becomes more
pronounced as I is increased. For f = 135°, the projection of
CN™ ions onto the 2D detector overlaps the two Coulomb
explosion channels to an extent that they cannot be discerned.

The theoretical results for the orientation Nu,/Ni are
presented in Fig. 8 as a function of the tilt angle f# and for
three intensities. The main feature of the Ny,/Nyo is that it is
almost independent of the alignment laser intensity and of f.
For these three intensities, all the populated states are within
the pendular regime. Thus, if the volume effect was neglected,
the ratio Nyp/No Would be independent of [ for this pendular
regime of laser intensities. By taking into account the spatial
distribution of the probe and YAG beams, the molecules show

A

O

Fig. 7 The 2D projection of the density distribution of the benzo-
nitrile molecular beam for (a) / = 10'!, and (b) 7 x 10" W cm™2,
Es =286 Vem 'and § = 135°. For a direct comparison of panel B to
an experimental image recorded under similar conditions of the laser
parameters and rotational state distribution, we refer to the BN
image in Fig. 3(f) in ref. 31.
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the smallest orientation for / = 10'' W cm 2. This is explained
by the larger contribution of lower intensities, for which the
molecules are not yet in the pendular regime, to the volume
effect integral for 7 = 10" W cm™2, and as a consequence
Nup/Niot 18 reduced. For I = 5 x 10" and 7 x 10" W em™2,
the contribution of lower intensities is not strong enough to
cause any noticeable difference. Note that for IB, it was also
experimentally found that N,/ N is independent of the YAG
pulse intensity.” For § = 90°, the molecular beam does not
show any orientation and it holds Ny,/Ni = 0.5. For a
certain YAG pulse intensity, Ny,/No quickly increases as
p is increased from 90° and reaches a plateau-like behavior
for the rest of the field configurations. For § = 135° and
I=7x 10" W cm ™2, we obtain Nup/Nior = 0.636 which is
smaller than the experimental result of 0.71.3" Thus, our
theoretical model underestimates the orientation obtained in
the experiment.

An important discrepancy between theoretical and experi-
mental results is the variation of Ny,/No for f close to 90°.
For a molecular beam of IB,? it was experimentally shown
that Ny,/Nio smoothly increases (decreases) as f is increased
(decreased) from 90°, reaching for f§ < 60° and f = 120° the
plateau. In contrast, the theoretical N,p/No sharply increases,
and its f-independent value is already achieved for f 2 91°. In
the pendular regime, the strong laser interaction pairs states
into quasi-degenerate doublets. The electrostatic field can
induce a strong coupling between these levels giving rise to a
large orientation if the energy gap is small enough. For certain
intensities, some excited levels may not show such a narrow
energy gap to obtain a significant orientation, but their relative
weight within the molecular beam is so small that their
contribution to the final result is not relevant. For a linear
molecule in combined fields,® such a sharp rise was predicted
for the expectation value (cos ) as the static field strength is
increased, i.e., increasing or decreasing f§ from 90° in our case.
From Fig. 2 of Friedrich and Herschbach® this effect is
obtained for the interaction with the laser field being 25 000 times
larger than the one with the static field. We could perform a

0.64

ge0 o8- 56— 55593
0.62 |

0.6 - .

L

90 95

100 105 110 115 120 125 130 135
B

Fig. 8 The theoretical orientation ratio Ny,/N as a function of
the angle f for the molecular beam of benzonitrile, YAG pulses with
I = 10" (squares and solid line), 5 x 10"! (circles and dashed line) and
7 x 10" W cm ™ (triangles and dash-dotted line) and a static field with
Es = 286 Vem .

similar comparison and for BN, 7 = 7 x 10'"' W cm™2,

Es = 286 Vcem ! and f = 95°, the interaction of the YAG
pulse, 2nla?M¥M /¢, is 43600 times larger than the coupling
with the static field, uFEgcos f5.

Let us remark that our diabatic model for the population
transfer is equivalent to considering a field configuration with
a linearly polarized YAG pulse being parallel to an electro-
static field with strength Egcos . This field geometry is
neglecting the component of the electric field Essin ff perpendi-
cular to the YAG polarization, which is responsible for
breaking the azimuthal symmetry and causing M to stop being
a good quantum number. This approximation can be done
because the interaction due to the static field is sufficiently
weak. We have performed the full calculation considering the
simplified case of parallel fields, the static one with strength
Es = 286 cos135° V.em ' and 7 = 7 x 10" W cm 2,
obtaining for the orientation the value Ny,/Nio = 0.636.

To illustrate the necessity of the diabatic model, we build
up the molecular ensemble by successively adding states
according to their weights. Thus, our initial ensemble contains
only the ground state, and for the second one, we add the
second and third most populated levels. The relative weights of
the states within these molecular beams are the same as in
the full molecular ensemble. Fig. 9 presents the orientation
Nyp/Nior as a function of the percentage of states included in
the ensemble for 7 = 7 x 10" W em 2 and = 135°. The ratio
Nup/Nior has been computed with the diabatic model for the
population transfer and a fully adiabatic picture, i.e., all
avoided crossings are assumed to be passed adiabatically.
The first three populated states, 0yo0, 19;1 and 1¢; — 1, are
perfectly oriented: N,,/Nio = 1. For the sets including the
levels adding 20% of the total population, the diabatic and
adiabatic results agree because these states do not suffer any
avoided crossings. As highly excited levels are added to the
molecular beam, the difference between both calculations
becomes more evident due to the presence of the diabatic
avoided crossings. They both show a zig-zag decreasing trend
as the population is increased. The ratio Np/No computed

05 L L L L
5.46 20 40 60 80 99

Population percentage

Fig. 9 The theoretical orientation ratio Ny,/Nyo as a function of the
population of the molecular beam of benzonitrile, for the field configu-
ration 7 = 7 x 10" W em™2 Eg = 286 V cm™!, and f = 135°,
computed with the diabatic model for the population transfer (squares
and solid line) and a fully adiabatic picture (circles and dashed line).
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under the adiabaticity assumption is smaller than the diabatic
result as more states are added. Taking into account all states
populated in the molecular beam, the adiabatic model does
not yield any appreciable amount of orientation: we obtain
Nup/Niwot = 0.53 which strongly underestimates the experi-
mental result. In addition we have observed that the adiabatic
orientation ratio Nyp/Nio¢ is no longer p-independent.
This confirms that non-adiabatic crossings play a crucial
role in understanding the strong orientation observed in the
experiment.

Finally, it is worth noting for the field configuration
I=7x10"Wcem™2and § = 135° that a thermal sample
of BN at 1 K shows a weak degree of orientation with
Nyp/Nioy = 0.563.

5 Summary and conclusions

We have presented a theoretical model to investigate the
degree of alignment and orientation of a beam of asymmetric
top molecules exposed to combined electrostatic and non-
resonant linearly polarized laser fields. Our analysis combines
the field-dressed wave functions with the experimental distri-
bution of the populated quantum states. As a first step, we
solve the three-dimensional Schrédinger equation within the
rigid rotor approximation. For a certain field geometry, we
treat each irreducible representation independently, by expanding
the wave function in a basis that respects the corresponding
symmetries. Since the dc electric field strength is very weak,
we consider M as being almost conserved, and a diabatic
model is introduced to approximate the population transfer
through the avoided crossings as the YAG pulse intensity is
increased. The 2D projection of a wave function is derived
by using the detection selectivity factors of the probe pulse, the
velocity distribution of the detected ions, and a volume effect
average.

This theoretical model has been checked by comparing the
numerical and experimental results for benzonitrile. The
molecular beam has been simulated using the population of
each quantum state numerically obtained from deflection
profiles.? For several field configurations, we have performed
a detailed study of the directional properties of the molecular
mixture. In particular, we have explored the degrees of align-
ment and orientation as the YAG pulse intensity and the angle
between both fields are varied. For perpendicular fields, a
good agreement between the computational and experimental
results is obtained. Let us remark that we do not take into
account the background of unwanted ions which contaminate
the velocity mapping images for BN and reduce the experi-
mental degree of alignment.' Hence, a better agreement could
be achieved for other systems with cleaner Coulomb explosion
imaging channels, like IB.

Regarding the orientation results, we have shown that the
assumption of a fully adiabatic dynamics is incorrect for the
prototypical experiment and predicts a non-oriented molecular
beam—which is not in agreement with the experimental
results. Indeed, we have proven that the degree of orientation
does not adiabatically follow the time envelope of the YAG
laser with a FWHM = 10 ns in the experiment. By employing
a simple diabatic model, the experimental results for orientation

could be reproduced reasonably well. Based on the comparison
with the experimental measures, the important impact of
the diabaticity on the field-dressed molecular dynamics is
hereby demonstrated. However, note that our model does
not produce the smooth f-dependence of N,,/Ny that was
experimentally obtained for IB.*

This theoretical model is based on several approximations
that may be the source of discrepancies with the experimental
results. The molecules are exposed to an alignment laser
pulse with a certain time profile, but we are performing a
time-independent description of the field-dressed rotational
dynamics. We compensate this deficiency by using a simple
partially diabatic approach to model the population transfer.
However, a general statement on the character of the avoided
crossings cannot be made, and some of them could not be
classified clearly by our adiabaticity criterion. The semiclassical
calculations of the molecular trajectories through the deflector
have been derived using a fully adiabatic picture, whereas it
has been theoretically shown that such an approximation may
be incorrect.® These assumptions for both processes might
not be fully satisfied. A full time-dependent description of the
process would properly treat the avoided crossing, but it is
computationally very challenging. Possible distortion effects
due to the strong laser pulse are also not taken into account.
Furthermore, we are working within the axial recoil approxi-
mation neglecting the interactions between the ionic fragments
on their way to the detector. Analogously, collisions and
interactions between the molecules within the molecular
beam®' were not considered. The geometric alignment due to
the strong-field ionization has been assumed to be a single-
photon absorption, but it is a multiphoton process.*® The
nuclear hyperfine structure has been neglected. Whereas it
can be of the same order of magnitude as the interaction
with the weak static field (i.e., for IB%?), this is clearly not the
case for BN.¥

Certainly, it would be interesting to perform a comparison
of these computational results with experimental data obtained
for other molecular species either with a smaller number of
populated states or with a cleaner imaging signal. A rather
natural extension of the present work would be to go beyond
any of the approximations described above. A more sensitive
criterion for the avoided crossing treatment, a time-dependent
description, or the inclusion of the hyperfine interaction
should improve these theoretical results.
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We present a theoretical study of the impact of an electrostatic field combined with nonresonant linearly
polarized laser pulses on the rotational dynamics of linear molecules. Within the rigid rotor approximation,
we solve the time-dependent Schrodinger equation for several field configurations. Using the carbonyl sulfide
molecule as the prototype, the field-dressed dynamics is analyzed in detail for experimentally accessible static-
field strengths and laser pulses. Results for directional cosines are presented and compared to the predictions
of the adiabatic theory. We demonstrate that for the prototypical field configuration used in current mixed-
field orientation experiments, the molecular field dynamics is, in general, nonadiabatic, and a time-dependent
description of these systems is mandatory. We investigate several field regimes identifying the sources of
nonadiabatic effects and provide the field parameters under which the adiabatic dynamics would be achieved.

DOI: 10.1103/PhysRevA.86.043437

I. INTRODUCTION

The creation of directional states of molecules represents
an important tool to control and tailor the rotational degree
of freedom. When a molecule is oriented the molecular fixed
axes are confined along the laboratory fixed axes and its dipole
moment is pointing in a particular direction. Experimentally,
the availability of oriented molecules provides a wealth of
interesting applications in a variety of molecular sciences, such
as in chemical reaction dynamics [1-5], photoelectron angu-
lar distributions [6-8], and high-order harmonic generation
[9,10].

Due to this broad interest, special efforts have been
undertaken to create samples of oriented molecules and tech-
niques based on the application of inhomogeneous [1,11] and
homogeneous [12-16] electric fields as well as homogeneous
magnetic fields [17] have been used. Friedrich and Herschbach
proposed the use of combined weak electrostatic and strong
nonresonant radiative fields to enhance the orientation of polar
molecules [18,19]. This theoretical prediction was done within
an adiabatic picture assuming that the switching-on time of the
laser pulse is larger than the molecular rotational period [20].
For linear molecules, a linearly polarized laser field produces
a double-well potential along the polarization direction. In the
pendular limit, this double-well potential contains nearly de-
generate pairs of states with opposite parity, forming tunneling
doublets. If the molecules possess a permanent electric dipole
moment, a strong pseudo-first-order Stark effect is induced by
coupling the tunneling doublets with an additional electrostatic
field. Due to this coupling, the two levels in a pendular doublet
are efficiently oriented, but with their effective electric dipole
moments pointing in opposite directions. As a consequence of
this oriented and antioriented state pairing, the orientation is
small in a molecular ensemble with the population thermally
distributed. Therefore, the first experimental measures of the
orientation of a molecular beam were indeed reduced to small
values [21,22]. A significant improvement was gained by
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using a quantum-state selected molecular beam, which allowed
the creation of an unprecedented degree of orientation for
complex asymmetric tops [23-25]. The first theoretical study
of the mixed-field orientation experiment of asymmetric top
molecules pointed out that a fully adiabatic description of the
process does not reproduce the experimental observations [26].

Recently, we have experimentally and theoretically investi-
gated the mixed-field orientation of the carbonyl sulfide (OCS)
molecule [27]. Our analysis has proven that a time-dependent
description of the mixed-field orientation process is required
to explain the experimental results. We have shown how the
nonadiabatic coupling of the levels forming quasidegenerate
doublets as the laser intensity is increased gives rise to a
reduction in the orientation and, therefore, to disagreement
with the predictions of the adiabatic theory [18,19]. Herein,
we provide a detailed theoretical analysis of the dynamics of
a linear molecule exposed to an electrostatic field combined
with a nonresonant laser pulse. In the framework of the rigid
rotor approximation, we solve the time-dependent Schrodinger
equation using experimental field configurations, i.e., a Gaus-
sian laser pulse and a weak electrostatic field that is turned on
at a constant speed. As the prototype example, we consider the
OCS molecule. For several rotational states, we investigate
the mixed-field orientation dynamics under different field
configurations by varying either the laser peak intensity, the
duration of the Gaussian pulse, the dc-field strength, or the
angle between the two fields. Hence, we demonstrate that
for some field configurations, the field-dressed dynamics is
nonadiabatic and provide a detailed account of the sources of
nonadiabaticity and the field regimes at which they appear. For
parallel fields, the dynamics is characterized by the population
transfer between adiabatic states when the pendular doublets
are formed. Whereas for nonparallel fields, we encounter
additional nonadiabatic effects when the states from the same
J manifold, now having the same symmetry, are driven apart
as the laser intensity is increased in the weak-field regime.
For different field configurations, we identify and discuss
the experimental conditions needed to achieve an adiabatic
molecular dynamics.

The paper is organized as follows: In Sec.Il we describe
the Hamiltonian of the system and its symmetries for various
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field configurations. The results for the energy, alignment,
and orientation predicted by the adiabatic theory are analyzed
in Sec. III. In Sec.IV, we focus on the molecular dynamics
when the fields are parallel. In particular, we explore how the
time-dependent orientation varies as the field parameters are
modified and indicate the experimental conditions under which
an adiabatic orientation would be achieved. A similar study is
performed for tilted fields in Sec. V, where we show that the
conditions for an adiabatic mixed-field orientation are more
difficult to fulfill. In Sec. VI, we assume that, once the pulse is
turned on, its peak intensity is kept constant and investigate the
dynamics in this regime. In Sec. VII, we consider the ground
state aligned by a cw laser and investigate the adiabaticity of
the orientation dynamics when an electric field is applied. The
conclusions are given in Sec. VIIIL.

II. THE HAMILTONIAN OF A LINEAR RIGID
ROTOR IN EXTERNAL FIELDS

We consider a polar linear molecule exposed to a homoge-
neous static electric field and a nonresonant linearly polarized
laser pulse. The field configuration is illustrated in Fig. 1: the
polarization of the laser field Ey (¢) lies along the Z axis of the
laboratory fixed frame (LFF) (X, Y, Z), and the dc field E(¢) is
contained in the X Z plane forming an angle 8 with the Z axis.
The z axis of the molecule fixed frame (x,y,z) is defined by
the permanent dipole moment p of the molecule. These two
frames are related by the Euler angles 2 = (6,¢) (cf. Fig. 1).
The description of this system is done within the rigid rotor
approximation, assuming that the vibrational and electronic
dynamics are not affected by the fields. Thus, the rigid rotor
Hamiltonian reads

H(t) = H, + Hy(t) + HL(?), (D
where H, is the field-free Hamiltonian

H, = BJ, 2)

Z | Eg,

z || p

——— -

FIG. 1. (Color online) Laboratory fixed coordinate, Euler angles,
schematic field configuration, and the OCS molecule.
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with J being the total angular momentum operator and B the
rotational constant. Hy(¢) and Hj (¢) stand for the interactions
with the static and laser fields, respectively.

The dipole coupling with the static field reads

Hy(t) = —p - Es(t) = —LE(1) cos b, (©))

with E(r) = E(t)(sin BX + cos BZ) and E(r) being the
electrostatic-field strength. The angle between the dipole
moment g and this field is 6; (cf. Fig. 1), and cosfs =
cos B cos @ + sin B sin 6 cos ¢.

The nonresonant laser-field molecule interaction can be
written as [20]

Hi (1) = —ﬂm cos? 6, 4)
2660
where Ac is the polarizability anisotropy, /(¢) is the intensity
of the laser, ¢ is the speed of light, and ¢, is the dielectric
constant. Note that we have neglected the term —« 1(¢)/2cey,
which represents only a shift in the energy.

In this work, the field configurations are chosen based on
mixed-field orientation experiments [23,25,27]. Initially, the
molecule is in field-free space, then the electrostatic field is
switched on, and its strength is increased linearly with time. We
ensure that this turning-on process is adiabatic, and once the
maximum strength Ej is achieved, it is kept constant. For the
laser pulse, we use a linearly polarized Gaussian pulse with a
full width at half-maximum (FWHM) t in the nanosecond
range. The intensity is given by I(¢t) = Iyexp(—t*/20?),
where [ is the peak intensity, and o is related to the FWHM
T = 2+/2In20. Numerically, the nonresonant laser field is
turned on in such a way that the interaction due to this field is
much weaker than coupling with the dc field.

The eigenstates of the field-free Hamiltonian, (2), are
the spherical harmonics Y, (€2), with J and M being the
rotational and magnetic quantum numbers, respectively. Note
that M is the projection of the total angular momentum J on
the LFF Z axis. The field-free Hamiltonian, (2), belongs to
the SO(3) group because the operator J* remains unaltered
under any rotation. In the presence of the external fields, the
symmetries of the rotational Hamiltonian, (1), are significantly
reduced. The operations describing the symmetries of the
field-dressed Hamiltonian are listed in Table I. For a static
field, the symmetry group is reduced to arbitrary rotations
around the field axis and the identity {£,Cgs(5)}. If only
a linearly polarized laser field is applied, the Hamiltonian
is invariant under arbitrary rotations around the Z axis and
twofold rotations around any axis perpendicular to the Z axis,
and the symmetry group is compound by {£,Cz(8),Cz()}.
For parallel fields, the elements of the symmetry group are

TABLE I. Action of the symmetry operations on the Euler angles.

Transformation
Operation ¢ 0
& ¢ — ¢ 0 —0
oxz ¢ —> 2 —¢ 60— 6
Cx(m) ¢ —> 21 —¢ 0 —m—0
CS,(m) ¢ —>20—¢ 0 —>m—0
Cz(8) ¢ —> dp+48 60— 0
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TABLE II. For the B =90° and B # 90° field configurations,
values of the parameters « and € for the wave functions with the
correct symmetry for each irreducible representation.

B # 90° B =90°
K Oxz7 € J + M Oxz CX
M Even M Even Even Even
M+1 Odd M Odd Even Odd
M+1 Odd Odd Even
M+1 Even Odd Even

the identity &, arbitrary rotations around the fields Cz(§),
and the reflection in any plane containing the fields. For a
given |M| value, the parity under the reflection on one of
these planes defines two irreducible representations. Since the
selection of this plane is not unique, states with M # 0 are
doubly degenerated. Note that M remains as a good quantum
number for these three field configurations with 8 = 0°. For
nonperpendicular and noncollinear fields, i.e., 8 # 0° and
B # 90°, the Hamiltonian is invariant under the identity &
and the reflection on the X Z plane containing the fields ox 7.
This group {€,0x7z} has only two irreducible representations,
characterized by the parity with respect to this reflection oy z,
and the functions belonging to the even and odd representations
are \Ifj/,(,;(Q) =[Y;u(2) + (1) YJ,M(S'Z)]/«/Z with « given
in Table II. If the fields are perpendicular, g = 90°, the
twofold rotation around the static field Cx () is also a
symmetry operation. Thus, the symmetry group is formed
by {£,0xz,Cx(m)} and has four irreducible representations
labeled by the parity with respect to the transformations ox
and Cx(m). The properly symmetrized functions for these
four irreducible representations are \I/j/;,‘e/ Q) = [Yu(Q) +

(—1)¢ YJ,M(Q)]/\/E; the possible values of € are listed in
Table II.

The time-dependent Schrodinger equation associated with
Hamiltonian (1) is solved by means of a second-order
split-operator technique [28], combined with the discrete-
variable and finite-basis representation methods for the angular
coordinates [29-32]. For reasons of addressability, we label
the time-dependent states |J,M,1)° and |J,M,I) for B = 0°
and 0° < B < 90°, respectively, with [ = e and o indicating
even or odd parity with respect to the XZ plane. The labels
J and M refer to the field-free quantum number to which
they are adiabatically connected. Note that the labeling of the
states depends on the way the fields are turned on [33]. The
time-dependent wave function depends on the time ¢, the peak
intensity Iy, the FWHM 1, the electrostatic-field strength Ej,
and the angle S. For the sake of simplicity, we have not made
these dependences explicit, but the field configuration is clearly
indicated throughout the text.

To get better physical insight into the field-dressed dynam-
ics, the time-dependent results are compared to those from
the adiabatic theory. We take the adiabatic limit by using
a constant electrostatic field E; and constant laser intensity
I in Hamiltonian (1). The corresponding time-independent
Schrddinger equation is solved by expanding the wave function
in a basis that respects the symmetries. The adiabatic states are
labeled |J,M,l)g and |J,M,I), for B = 0° and 0° < B < 90°,
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respectively, and we have not made their dependence on the
field parameters explicit.

The field-dressed eigenfunctions of this time-independent
Hamiltonian form a basis, which is used to analyze the time-
dependent wave function |y) by means of the expansion

N
ly) =Y Cr®lyidy, ()
i=1

with C,,(t) = (y|yi)p, v and y; including all the labels
identifying these levels. For computational reasons, we have
only considered the lowest-lying N adiabatic levels and always
ensured that the contributions of highly excited states are
negligible. Let us remark that for each time #, the expansion
of the wave function is performed in a different adiabatic
basis obtained by solving the time-independent Schrodinger
equation using the static-field strength and laser intensity at
time 7, i.e., E(t) and I(¢).

III. RESULTS IN THE ADIABATIC LIMIT

In this work, we use the OCS molecule (see Fig. 1) as
a benchmark to illustrate our results. The rotational constant
of OCS is B = 0.20286 cm™!, the permanent dipole moment
w = 0.71 D, and the polarizability anisotropy Aa = 4.04 A3.

We start by analyzing the adiabatic limit. We restrict this
study to the following eight states: |0,0,e)g, |l,0,e)g, 1, l,e)g,
|2,1,e)g, |2,0,e)g, |3,0,e)g, |2,2,e)g, and |3,2,e)g. For B =
0°, they adiabatically correspond to the states forming the
four first doublets. Note that they well represent the main
physical features observed in the overall molecular dynamics,
and similar behavior and properties are, therefore, obtained for
states in other irreducible representations.

For E; =300 V/cm and B8 = 0°, the energies and the
expectation values (cos?6) and (cos6) of these levels are
plotted versus the laser intensity in Figs. 2(a)-2(c), respec-
tively. The weak static field breaks the field-free degeneracy
in the magnetic quantum number, and as the laser intensity is
increased, these states become high-field seekers. In the strong-
laser-field regime, once the pendular regime is reached, pairs
of quasidegenerate states with the same symmetry are formed.
The insets in Fig. 2(a) show how these doublets appear. The
gap in energy in a doublet goes as AE ~ 2| Eqp(i| cos 0]i),],
where (i cos@|i), is the effective dipole moment of the
state |i), in the doublet, which is of opposite sign for |j),.
Within a doublet, the two levels are characterized by the
same hybridization of the angular motion (J?) and alignment
(cos?0) [see Fig. 2(b)]. In contrast, they possess opposite
orientations (cos 0); one is oriented and the other antioriented
[cf. Fig. 2(c)]. This opposite orientation is also illustrated in
Fig. 2(d) by the polar plots of the square of their wave functions
for I = 10'> W/cm?. The larger is the field-free rotational
quantum number of the levels, i.e., their field-free energy, the
stronger is the laser intensity needed to achieve a significant
orientation. Indeed, the states in the third and fourth doublets
are not aligned for 7 <2 x 10'"' W/cm? and, therefore, not
oriented. Once the pendular regime is achieved, the orientation
of these states |(cos8)| approaches 1 as [ is increased. If the
laser field is sufficiently strong, this adiabatic orientation is
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<0052 (-)>

(cosB)

FIG. 2. (Color online) Adiabatic results for the (a) energy and
expectation values, (b) (cos?8), and (c) {(cosf) as a function I
of the adiabatic states |0,0,e)) [thick solid (red) line], |1,0,e);
[thin solid (gold) line], |1,1,e)g [thick short-dashed (orange) line],
|2,1,e)‘P’ [long-dashed (dark-blue) line], |2,0,e)3 [dot-short-dashed
(blue) line], |3,0,¢)J [dotted (purple) line], |2,2,e); [thin short-dashed
(green) line], and |3,2,e>g [dot-long-dashed (pink) line]. Insets:
Relevant energy and intensity ranges where the formation of the
near-degenerate doublets occurs. (d) Polar plots of the square of their
wave functions at J = 10'2 W/cm?. E; = 300 V/cm and 8 = 0° for
all data.

independent of the dc-field strength and of the angle between
the two fields.

IV. RESULTS FOR PARALLEL FIELDS

In this section, we investigate the rotational dynamics in a
parallel configuration: a dc field of 300 V/cm and a Gaussian
pulse with FWHM 7 = 10 ns and several peak intensities. Let
us remark that recent experimental studies have demonstrated
that the nonresonant ionization of OCS is negligible under
alignment pulses similar to those analyzed in this work
[34-36]. For the ground state |0,0,¢)°, the expectation value
(cos 0) is presented in Fig. 3(a) as a function of /() up until
the peak intensity I is reached. For comparison, the adiabatic
results are also shown.

Since the FWHM is 121 times larger than the rotational
period, one would expect that the rotational dynamics follows
the adiabatic limit. However, this is not the case, and there
are significant discrepancies between the time-dependent and
the adiabatic results. In contrast to what is predicted by
the adiabatic theory, the final orientation decreases as the
peak intensity of the laser pulse is increased. For Iy =
2 x 10" W/ecm?, (cos@) initially resembles the adiabatic
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FIG. 3. (Color online) (a) For the ground state, time evolution
of the expectation value (cos) as a function of /(¢) for Gaussian
pulses of 7 = 10 ns and peak intensities Iy = 2 x 10" W/cm? [thick
solid (red) line], Iy = 5 x 10'"" W/cm? [dashed (orange) line], I =
10" W/cm? [dotted (gold) line], and Iy =2 x 10'>2 W/cm? [dot-
dashed (green) line]. The adiabatic results for (cos®) (thin solid
line) are also included. (b) Squares of the projections of the time-
dependent wave functions onto the adiabatic pendular state |0,0,e)g.
(c) Adiabatic criteria n as a function of /(z). The field configuration
is E; =300 V/cm and 8 = 0°.

behavior, but it achieves a maximum value (cos8) = 0.899
for I(t) = 1.86 x 10'' W/ecm?. For Iy =5 x 10" W/cm?,
10'2 W/cm?, and 2 x 10'> W/cm?, the orientation shows a
qualitatively similar but quantitatively different behavior: in
the weak-laser-field regime, (cos ) monotonically increases
following the adiabatic limit, but for I(¢) > 2 x 10" W/cm?
it reaches a plateau behavior and the orientation is smaller than
the adiabatic value. For instance, (cos8) = 0.661 for 1(0) =
2 x 10'2 W/cm?, whereas the adiabatic value is (cos) =
0.975.

The first physical insight into the nonadiabatic dynamics
could be gained by analyzing the characteristic times of
the molecule. When the states in a pendular doublet are
quasidegenerated, the energy gap between them, AE ~ 2 E;,
defines a time scale of this system [27]. Note that we have
assumed |, (i| cos O]i),| = |p{j|cosO]j)p| ~ 1, which holds in
the strong-laser-field regime. For E; = 300 V/cmand 8 = 0°,
the energy separation within the first doublet formed by
|0,0,e)g and |1,0,e)g is AE=6.97 x 107% cm™!, giving a
time scale of 761.21 ps, which is larger than the rotational
period, 82.2 ps. Thus, only pulses long enough compared to
this pendular time would ensure an adiabatic orientation of the
molecule.

Since the static-field strength is so weak, its impact on
the rotational dynamics is very small, and before the pulse
the levels could be considered as field-free rotor states.
As the laser intensity increases, the states are hybridized
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by the combined action of both fields, and the doublets of
nearly degenerate states are formed in the strong-laser-field
regime, as shown in Fig. 2(a). When the energy splitting of this
pendular doublet approaches the coupling of the two sublevels
due to the pseudo-first-order Stark interaction, these states
can mix because they have the same symmetry for 8 % 90°.
As a consequence, there is a population transfer between the
oriented and the antioriented states, which results in a decrease
in the final orientation compared to the adiabatic limit. For this
field configuration, the dynamics can be analyzed by means
of the adiabatic states forming this pendular doublet, because
their couplings to states in neighboring doublets are much
smaller than the energy difference between them. Note that
these adiabatic states are the eigenstates of the Hamiltonian at
fixed time .

Under a time-dependent interaction, i.e., in our case the
interaction with the laser field Hy (), (4), the dynamics could
be considered adiabatic if and only if the condition [37]

Rl (i1 52 )|
E—Ep <1 (6)
is fulfilled, with |i), and |j), being the eigenstates of the
Hamiltonian in the adiabatic limit, and E; and E; their
energies. According to this criterion, the probability of mixing,
corresponding to the transfer of a population from one state
of the doublet to the other, is determined by the rate of
change of the laser-field interaction and the energy separation
between the states. Thus, as the laser intensity is increased the
population transfer between the two states in a doublet takes
place because criterion (6) is not satisfied. To illustrate this
phenomenon, we show the contribution of the adiabatic ground
state | Cgoe(2)|? to the time-dependent wave function of |0,0,¢)°
[Fig. 3(b)] and the adiabatic parameter n when n > 10~
[Fig. 3(c)]. Note that [Cooe()|> + |Cro.()|> = 1. In these
four cases, the dynamics is initially adiabatic, i.e., |Cog.(t)|?
remains equal to 1 and n < 1. As I(¢) is increased, the energy
splitting of the doublet decreases, and moreover, it becomes
comparable to or even larger than the rate of turning-on of
the pulse; thus, n is close to 1, and the population transfer
takes place. This region where 7 is not negligible corresponds
to the formation of the quasidegenerate doublet. Once the
doublet is formed, AE = |E; — E;| reaches a small value and
slowly decreases as I(¢) is enhanced, but the two states are
oriented in opposite directions and their wave functions do
not overlap. Therefore, the coupling due to the alignment
laser is much smaller than AE, n < 1 and the population
transfer no longer takes place, i.e., | Cgo.(¢)|? remains constant
as I(t) is enhanced. The larger is this population transfer,
the smaller is the orientation compared to the adiabatic
prediction. Since these adiabatic states contributing to the
dynamics are quasidegenerated and have very close values
of the alignment and hybridization of the angular motion,
the lack of adiabaticity is not reflected in the time evolution
of the energy, (cos>@) or (J?). For this field configuration,
the molecular dynamics of excited states present features for
(cos ), {cos ), and (J?) analagous to those presented for the
ground state.
The adiabaticity of the field-dressed dynamics is deter-
mined by the rate of change of the laser-field interaction
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compared to the largest time scale of the system. In the
pendular regime, the energy splitting in a doublet goes as
AE ~ 2uEg; then the population transfer decreases if Ejy is
increased. On the other hand, increasing the FWHM augments
the time scale on which the pendular doublets are formed and
facilitates the adaptation of the molecule to this field. That is,
the mixed-field orientation will be more adiabatic when either
longer pulses or stronger static electric fields are used. Let us
remark that by the expression the dynamics is more adiabatic,
we mean that, for a certain state, the weight of its corresponding
adiabatic state in the time-dependent wave function is closer
to 1 during the dynamics.

A. Influence of the peak intensity I,

Here, we investigate the orientation at the maximum of
the laser pulse, as done in most of the experiments [21,25,
38]. The rate of change of the laser field and the adiabatic
parameter, (6), depend linearly on Iy. Then, for a Gaussian
pulse with a fixed FWHM, the dynamics will be more diabatic
if Iy is increased. In this section, we consider the states |0,0,¢)°,
[1,0,e)°, |1,1,e)°, 12,1,e)°, |2,0,¢)°, |3,0,e)°, |2,2,e)°, and
13,2,¢)°. Their orientation at t = 0, i.e., {cos @) for I(0) = Iy,
is plotted as a function of I, in Figs. 4(a) and 4(b) for E; =
300 V/cm and Eg = 600 V/cm, respectively. The fields are
parallel, and the FWHM of these pulses is 10 ns.

For Eg = 300 V/cm, the orientation of the low-lying level
in a doublet increases as I is increased, reaching a maximum
and smoothly decreasing thereafter. This is counterintuitive
to what is expected in the adiabatic limit, namely, a larger
orientation when the laser intensity is increased. The maximum
in the orientation is achieved with an alignment pulse that
already gives rise to a nonadiabatic dynamics. However, due
to the coupling between the populated adiabatic states in
the pendular pair (i|cosé|j)p, the orientation is enhanced
compared to what happens at the adiabatic limit. By further
increasing Iy, the population transferred between the two
states is enhanced, but now the coupling between them
is very small or even O due to their opposite orientation.
As a consequence, the final orientation decreases as Iy is
increased. For a certain pendular doublet, the upper state is
antioriented, and (cosf) shows the opposite behavior as a
function of I. Regarding the third and fourth doublets, the
states are not oriented or aligned for ac pulses with Iy < 2.4 x
10" W/cm?. Compared to low-lying states, their orientation
is smaller and the maximum of (cos #) appears at higher peak
intensities.

Upon increasing the static field strength to 600 V/cm the
energy gap of the pendular pair is also increased, whereas
the characteristic time scale of the system is reduced. Thus,
for the same laser pulse, the dynamics is more adiabatic, i.e.,
population transfer is decreased, and the final orientation is
increased [see Fig. 4(b)]. The orientation (antiorientation) of
the pendular states also achieves a maximum (minimum), but
it is so shallow that it is hardly appreciated on the scale of
Fig. 4.

To illustrate the field-dressed dynamics, we plot in Fig. 5
the weights of the adiabatic states associated with the oriented
levels in these pendular doublets. For the corresponding
antioriented levels, the contributions of its associated adiabatic
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FIG. 4. (Color online) Expectation value (cosf) at t =0 as a
function of the peak intensity I, for the states |0,0,e)° [thick solid
(red) line], |1,0,e)° [thin solid (gold) line] |1,1,e)° [thick short-dashed
(orange) line], |2,1,¢)° [long-dashed (dark-blue) line] |2,0,e)° [dot-
short-dashed (blue) line], |3,0,¢)° [dotted (purple) line], 12,2,e)° [thin
short-dashed (green) line], and |3,2,¢)° [dot-long-dashed (pink) line],
for B =0° and (a) £, =300 V/cm and (b) E; = 600 V/cm. The
FWHM of the laser pulses is 10 ns.

state are identical to the one presented here, e.g., for the ground
state, we present the contribution of the adiabatic ground
state |Cooe(0)|?, which is identical to the weight |C 10¢(0)|? for
[1,0,e). In an adiabatic molecular dynamics, these coefficients
are equal to 1. Note that in the considered regime, only the
two adiabatic states of the pendular doublet contribute to
the dynamics. For all these levels, |C;(0)|? decreases, i.e., the
dynamics is less adiabatic, as I is enhanced. Upon increasing
E, AE is increased; thus, under the same Gaussian pulse the
population transfer is reduced, i.e., |C;(0)|? is closer to 1, and
the range of peak intensities that can be considered adiabatic
is increased.

B. Influence of the FWHM of the laser pulse

The duration of the Gaussian pulse plays an important role
in the molecular dynamics. It has been shown that an alignment
pulse of 10 ns is not enough to achieve an adiabatic mixed-field
orientation for molecules such as OCS, benzonitrile, and
iodobenzene [19,27,33,39]. The need to increase the rising
time of the laser pulses to achieve the highest possible
orientation has been pointed out [27,40,41]. By increasing the
FWHM, the time needed to form the pendular doublets is also
increased. For a given field configuration, at the point where

(b)
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FIG. 5. (Color online) Projections of the time-dependent wave
functions onto the corresponding adiabatic states as a function
of the peak intensity I, for the states |0,0,e)? [thick solid (red)
line], |1,1,e)° [thick short-dashed (orange) line], |2,0,e)° [dot-short-
dashed (blue) line], and |2,2,e)° [thin short-dashed (green) line], for
(a) Es =300 V/cm and (b) E; = 600 V/cm. We use 10-ns laser
pulses and B = 0°.
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FIG. 6. (Color online) Expectation value (cosf) at t =0 as a
function of 7 for (a) Iy = 2 x 10" W/cm? and (b) Iy = 10'2 W/cm?.
The fields are parallel and E; = 300 V/cm. The states and their labels
are the same as in Fig. 4.

the pulse reaches a certain intensity the adiabatic parameter,
(6),isreduced if 7 is increased. Hence, the molecular dynamics
becomes more adiabatic, and therefore, the population transfer
to other pendular states is reduced. Here, we investigate how
the directional properties of OCS depends on the laser-pulse
FWHM. For the same set of states as in the previous section,
Fig. 6 shows the orientation at + =0 as a function of .
The fields are parallel, and we consider the peak intensities
Iy =2 x 10" W/cm? and Iy = 10'> W/cm? and a dc field of
E; =300 V/cm.

The degree of orientation of the two states in a given
pendular pair shows the same behavior as a function of t, but
with their dipole moment pointing in opposite directions. In
the first two doublets and with Iy = 2 x 10" W/cm?, |(cos 8)|
increases with t till it reaches a plateau-like behavior. The
second pair satisfies that | {(cos )| ~ 0.428 for T 2 10ns. Since
the states in the third and fourth doublets have not achieved
the pendular regime for Iy = 2 x 10" W/cm?, increasing the
pulse duration does not have any impact on their orientation,
and (cos 6) keeps a constant value close to 0 as 7 is increased.
For Iy = 10'?> W/cm?, the degree of orientation of all the states
increases and approaches the adiabatic limit as 7 is enhanced.
For the ground state and T = 20 ns, we obtain (cos ) = 0.913,
which is very close to the adiabatic value (cos 8) = 0.964.

These results show that for parallel fields, the mixed-field
orientation dynamics of any state could be adiabatic if a
sufficiently long pulse and sufficiently strong fields are used.
For a 50-ns Gaussian pulse with Iy = 10'> W/cm? and E; =
300 V/cm, the dynamics can be considered adiabatic for all
these states, with |C;(0)|> > 0.999.

C. Influence of the electrostatic-field strength

Since the energy splitting in a pendular doublet is propor-
tional to the static-field strength, the degree of adiabaticity in
the molecular orientation should increase if E is enhanced,
i.e., the characteristic time scale of the system is reduced.
In Fig. 7 we present the final orientation at r = 0 of these
eight states versus E;. We have considered two laser pulses
of T = 10 ns with peak intensities I = 2 x 10" W/cm? and
10'2 W/cm? and 8 = 0°.

For the lowest laser intensity, the orientation of the |0,0, e)?
and |1,O,e)0 states is constant and independent of the static
field for E; 2 500 V/cm with |(cos8)| = 0.915. The orienta-
tion of the levels |1,1,e) and |2, 1,e) increases monotonically
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FIG. 7. (Color online) Expectation value (cosf) at t =0 as
a function of E; for (a) Iy =2 x 10" W/cm? and (b) I, =
10" W/cm?. We use a 10-ns laser pulse and g = 0°. The states
and their labels are the same as in Fig. 4.

as E is enhanced, and we obtain |(cos8)| = 0.792 for Es =
2 kV/cm. This peak intensity is not high enough for the states
in the third and fourth doublets to be in the pendular regime.
Thus, these pairs are weakly oriented even if a strong dc field
is used, e.g., for E; = 2 kV/cm, [(cos6)| = 0.265 and 0.153
for the third and fourth doublets, respectively.

For the strong peak intensity, all the states are in the
pendular regime, and their |(cos8)| increases as E; is in-
creased, reaching a constant value for sufficiently strong static
fields. Their orientation approaches the adiabatic limit, and
for Eg 2 1 kV/cm, [{cos0)| = 0.949 for the states of the first
doublet, and 99.91% of their population is in the corresponding
adiabatic pendular state. For Eg = 2 kV/cm, the states in the
fourth doublet satisfy |{cos8)| = 0.885, and 99.99% of their
population is on the corresponding adiabatic level.

In conclusion, by combining sufficiently strong electro-
static fields with standard Gaussian pulses, i.e., with exper-
imentally accessible peak intensities of 10'> W/cm? and a
10-ns FWHM, a significant orientation is obtained even for
excited rotational levels. It is worth remarking that the fields
have to be parallel; then, techniques such us the ion imaging
method [25] could not be used to measure the degree of
orientation, whereas techniques such as time of flight [21,38]
are feasible.

V. RESULTS FOR NONPARALLEL FIELDS

Some experiments combine the ac electric field from a
YAG pulse with the weak dc electric field present in the
velocity-mapping image spectrometer and measure the degree
of orientation by the ion imaging method [25]. For parallel
fields, this technique does not work because all recoiling
ions tend to collapse in the center of the detector. Then the
mixed-field orientation experiments are performed with tilted
fields. In this section, we investigate the rotational dynamics
when the electrostatic field forms an angle 0° < 8 < 90° with
the linearly polarized laser pulse. The azimuthal symmetry is
lost, and the number of irreducible representations is reduced
to 2 (see Sec. II). The states with different field-free magnetic
quantum numbers are coupled by the electrostatic field.

The field-free wave function of the initial state is con-
structed as an eigenstate of the operators Cgs(7r) and o7 (see
Table I); i.e., |J,M,e) = RY(,B)|J,M,e)0, where Ry () is the
rotation operator of an angle 8 around the LFF Y axis [42].
This ensures that this wave function has the correct symmetries
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FIG. 8. (Color online) For the ground state, evolution of the
expectation values (a) (cos @) and (b) (cos 6;) as a function of /(¢) of
a 10-ns Gaussian pulse. The field configurations are g = 30° (thick
line) and 45° (thin line) with peak intensities I, = 2 x 10'' W/cm?
(dashed line), 5 x 10'' W/cm? (dot-dashed line), and 10> W/cm?
(dotted line). The static electric field is fixed at E; = 300 V/cm. The
adiabatic results (solid line) are also included.

and that its time evolution corresponds, in the adiabatic limit,
to an eigenstate of the field-dressed Hamiltonian at any time.

Before the pulse is turned on, an important feature of the
ground state is that its energy gap to the next state with the same
symmetry is proportional to the rotational constant B, which is
much larger than the coupling in the weak-laser-field regime.
In this regime, it evolves as an isolated state, and its interaction
to the neighboring levels can be considered negligible. Hence,
analogously to the parallel-field configuration, the formation
of the doublets in the pendular regime is the only source of
nonadiabatic effects in its field-dressed dynamics. Note that
the lowest lying level of the odd irreducible representation
will show the same behavior.

For the ground state, the time evolutions of the expectation
values (cosf) and (cos6;) are presented as a function of
1(¢) till the peak intensity is reached in Figs. 8(a) and 8(b).
The Gaussian pulse has a 10-ns FWHM and peak intensities
Iy =2 x 10" W/em?, 5 x 10" W/cm?, and 102 W/cm?.
We consider the inclination angles § = 30° and 45° and a
dc field of Eg = 300 V/cm. For comparison, the adiabatic
results are also included: (cos6) is independent of 8. For a
certain laser pulse, increasing the inclination angle towards 90°
implies a decrease in the energy splitting in the first doublet,
AE ~ 2uEgcos 8, and, therefore, an increase in the adiabatic
parameter, (6). Note that in the energy splitting we have not
considered the component of the dc field along the LFF X
axis. Compared to the 8 = 0° configuration, the dynamics
can be considered less adiabatic if it is characterized by a
larger population transfer to the other adiabatic state in this
pendular pair. The final orientation is significantly decreased
as B is increased, e.g., for Iy = 10'2 W/cm?, (cos @) = 0.651
and 0.561, and the contribution of the adiabatic ground
state is |Coo.(0)|?> = 0.837 and 0.791 for B = 30° and 45°,
respectively. For a certain angle 8, the orientation achieved
at t = 0 decreases as [y is increased (cf. Fig. 8). Since the
molecular dynamics of the ground state is restricted to the two
lower pendular adiabatic states, the time-dependent results for
its energy and expectation values (cos?6) and (J?) resemble
the adiabatic ones.

To illustrate the rotational dynamics of excited states, we
show in Fig. 9(a) the orientation cosine (cos ) as a function
of I(z) for |1,1,e). The field configurations are the same as
in Fig. 8. The adiabatic model predicts a sharp wrong-way
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FIG. 9. (Color online) (a) For the |1,1,e) state, the expectation
value (cos @) as a function of /(¢) of a 10-ns Gaussian pulse. The field
configurations are 8 = 30° (thick line) and 45° (thin line), with I, =
2 x 10" W/cm? (dashed line), Iy =5 x 10'' W/cm? (dot-dashed
line) and I, = 10> W/cm? (dotted line). The adiabatic results (solid
line) are also included. For I, = 10'> W/cm? and 8 = 30°, (b) the
squares of the projections of the time-dependent wave function on the
adiabatic pendular states [1,1,e), (dot-dashed line), |1,0,e), (dotted
line), |0,0,e), (long-dashed line), and |2,2,e),, (short-dashed line) and
(c) the adiabatic parameter between the pendular states |1,1,e),
and [1,0,e), (dot-dashed line), |1,1,e), and |0,0,e), (dashed line),
and |1,0,e), and [2,2,e), (dotted line). The dc field is fixed at
E; =300 V/cm.

orientation. In contrast, this state presents a weak or even 0
orientation, and in addition, a higher peak intensity does not
imply a larger orientation. When the peak intensity is reached,
this level shows a weak right-way orientation for 8 = 30°:
(cosf) = 0.326 and 0.259, for Iy =5 x 10" W/cm? and
10" W/cm?, respectively. For B = 45° and peak intensities
Iy =5 x 10" W/cm? and 102 W/cm?, due to the nonadia-
batic dynamics, |1,1,e) is not oriented.

Let us analyze these results in detail. For highly excited
states, the dynamics is more complicated. Apart from the
doublet formation, there is another physical phenomenon at
weak laser intensities which causes loss of adiabaticity. In
the presence of only a weak static field, the M degeneracy
of the states with the same field-free J is broken due to the
quadratic Stark effect, i.e., the splitting goes as AE ~ E52
As the pulse is switched on, the energy gap between two
states of this J manifold is much smaller than the rate of their
coupling due to the laser field, i.e., n is larger than 1. For
B = 30°, the adiabatic parameter n between state |1,1,e), and
state |1,0,e),, both contributing to the dynamics of |1,1,e),
is presented in Fig. 9(b), and it achieves large values for
I(t) S5 % 10° W/cm?. As the states in this J manifold are
driven apart by the laser field, the process is nonadiabatic and
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there is a population transfer between them. The projections
of the time-dependent wave function in terms of the adiabatic
states |0,0,e),, |1,1,e)p, |1,0,€)p, and |2,2,e), are presented
in Fig. 9(d) for B = 30° and I, = 10'> W/cm?. Under these
diabatic conditions, |Cy1.(¢)|? decreases as I(¢) is increased,
whereas |Cio.(2)|? increases. Upon further increasing I(¢), the
coupling between these states becomes very small or even
0 and their energy separation increases, so that n decreases
and the population transfer is stopped. This process is so
diabatic that the wave function does not change, but its
projections on the adiabatic basis are modified because the
basis varies with time. For instance, the field-free state is
[1,1,e) = cos B]1,1 ,e)g + sin,3|1,0,e)g, which belongs to the
proper irreducible representation. After switching-on of the
static field, its wave function can be approximated by the same
expression because this field is very weak. Once the splitting of
this J manifold is finished, i.e., for 7(z) ~ 5 x 10’ W/cm?, the
contributions of states |1,1,e), and |1,0,e), are approximately
sin? B and cos” B, respectively. Note that states |J, M ,e)g and
|J,M ,e), are not related adiabatically.

In contrast to the ground state, the wave function of
any excited level has contributions from adiabatic states
which correspond to different pendular doublets. As the laser
intensity is increased, the molecular dynamics is affected
by the formation of these pendular doublets. Thus, the final
orientation could be significantly reduced compared to the
parallel-field result. For instance, the time-dependent |1,1,e)
state has contributions from the adiabatic levels |1,1,e), and
|1,0,e)p, which correspond to the first and second pendular
doublets, respectively. In Fig. 9(b) we show how the adiabatic
parameters 7 between the pairs [0,0,e), — |1,1,e), and
[1,0,e)p — [2,2,e),, which form the first and second doublets,
respectively, achieve values close to 1. The final population
of state |1,1,e) is |Coo.(0)|> = 0.041, |Ci1.(0)]*> = 0.210,
|C10.(0)|> = 0.603, and |C2,(0)|> = 0.146, which gives rise
to a small orientation. As a consequence of this population
redistribution to other pendular doublets, features of the
system such as the energy, alignment, and hybridization of
the angular motion do not resemble the adiabatic results. In
particular, since the levels on the second pendular doublet
possess a smaller alignment, the adiabatic result is larger
than the time-dependent one. For instance, for 8 = 30° and
Iy = 102 W/cmz, once the time evolution is finished the
alignment of this state |1,1,e) is (cos? 8) = 0.879, compared to
the (cos? 6) = 0.931 obtained for the adiabatic level [1,1,e)p.

For B = 45°, despite the fact that the |1,1,e) level is
significantly aligned, (cos? ) = 0.896, it is not oriented with
(cos @) = —0.041 for Iy = 10'> W/cm?. This state does not
gain any orientation if stronger peak intensities are used. This
is a consequence of the population redistribution explained
above. Indeed, this level can be considered a dark state for the
mixed-field orientation dynamics. This physical phenomenon
is not restricted to this state and field configuration. We show
below that other levels also behave as dark states. It is worth
noting that if, in a mixed-field orientation experiment, these
dark states form part of the molecular beam, the degree of
orientation will be diminished.

The population redistribution to other pendular doublets
significantly affects the expectation value (cos6s). Terms
which mix up adiabatic states with different magnetic quantum
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numbers contribute to (cosés). Since their wave functions
could spatially overlap, their coupling matrix elements do not
vanish, and (cos 6,) oscillates as t is increased.

The phenomenon of population redistribution at weak laser
intensities also occurs for highly excited rotational levels, and
for them, more adiabatic states would be involved in it. Before
the Gaussian pulse is turned on, the Stark separation of the
states in a certain J manifold is increased if the electrostatic
field strength is enhanced. Then the adiabatic parameter 7,
is reduced, and the process of splitting of this J manifold
becomes less diabatic. Indeed, for sufficiently strong dc fields,
the dynamics would be adiabatic without population transfer
between states with the same field-free J. For instance, the
mixed-field dynamics of the |1,1,e) level can be considered
adiabatic in the weak-laser-field regime for Es = 14 kV/cm
and g = 30°.

Let us remark that the excited states could also suffer
avoided crossings with adjacent levels having different field-
free magnetic quantum numbers M as the pulse intensity is
varied. The rotational dynamics in most of these crossings
will be nonadiabatic [26].

A. Influence of the peak intensity 7

Analogously to the parallel-field configuration, we inves-
tigate now the impact of the laser peak intensity on the
orientation. To do so, we restrict this study to the following
eight states: |0,0,¢e), |1,0,¢e), |1,1,e), |2,0,e), |2,1,¢e), |2,2,¢),
13,0,e), and |3,2,e). Note that they are related to the ones
analyzed in the parallel-field configuration, by a rotation of 8
around the LFF Y axis. Their orientation at t = 0, i.e., (cos )
for 1(0) = Iy, is plotted as a function of Iy in Figs. 10(a)
and 10(b) for g = 30°, in Figs. 10(c) and 10(d) for g = 45°,
and in Figs. 10(e) and 10(f) for g = 75°, with E; = 300 and
600 V/cm, respectively. The FWHM of these Gaussian pulses
is fixed at T = 10 ns.

Let us start analyzing the results for the ground state.
For all field configurations, (cosf) shows a qualitatively
similar behavior as a function of the peak intensity: it initially
increases, reaches a maximum, and decreases thereafter. At
the peak intensity where the maximum of (cosf) takes
place, the dynamics of this state is nonadiabatic, but due
to the coupling of the two states in the first pendular pair
the orientation increases with respect to the adiabatic result.
For a fixed peak intensity and electric field strength, (cos 6)
decreases as f is increased towards 90°. For 8 = 75° and
Ip = 2 x 10" W/cm?, the ground state achieves a moderate
maximal orientation, (cos8) = 0.514 and 0.796 for E; = 300
and 600 V /cm, respectively.

The population transfer taking place at weak and strong
laser intensities leaves its finger-prints in the dynamics of
the excited states. Compared to the parallel-field results (cf.
Fig. 4), their orientation is reduced for any inclination angle
B and the pendular pairs are no longer formed by right-
and wrong-way oriented states. Whereas for most of the
field configurations, the ground state possesses the largest
orientation, the levels |1,0,e) or |2,1,0) could achieve a
similar or even larger orientation, e.g., for 8 = 45° and 75°,
Ip ~ 5 x 10" W/ecm? and E; = 300 V/cm. For 8 = 30° and
E; =600 V/cm, the degree of orientation is moderate for
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FIG. 10. (Color online) Expectation value {(cosf) at t =0 as
a function of the peak intensity [y for |0,0,e) [thick solid (red)
line], |1,0,e) [thin solid (gold) line], |1,1,e) [thick short-dashed
(orange) line], |2,1,e) [long-dashed (dark-blue) line], |2,0,e) [dot-
short-dashed (blue) line], |3,0,e) [dotted (purple) line], |2,2,e) [thin
short-dashed (green) line], and |3,2,e) [dot-long-dashed (pink) line].
The field configurations are (a), (b) 8 = 30°, (¢), (d) B = 45°, and
(e), (f) B =75° with E; =300 and 600 V/cm, respectively. The
FWHMs of the Gaussian pulses are fixed at 10 ns.

most of the states. Several dark states are found for g = 45°:
[1,1,e), |1,0,e), |3,0,e), and |3,2,e) [see Figs. 4(c) and
4(d)]. For instance, the levels |1,1,e) and |1,0,e) are strongly
aligned with (cos? @) = 0.927 for I > 2 x 10'> W/cm? and
E; = 600 V/cm, whereas they are not oriented with (cos ) ~
—0.059 and —0.043, respectively. For 8 = 75°, when the peak
intensity of the Gaussian pulse is reached most of the states
present a weak orientation; only levels |0,0,¢) and |1,1,e) have
a large orientation for small values of .

These results indicate that with a 10 ns alignment pulse,
strong dc fields and small inclination angles are required to
reach a moderate orientation for excited states.

B. Influence of the FWHM of the laser pulse

For the same set of states as in the previous section, we
analyze here how their directional properties depend on the
FWHM of the Gaussian pulse. In Figs. 11(a) and 11(b) we
show (cos@) at + =0 as a function of t for § = 30° and
45°, respectively. The static electric field is fixed to E; =
300 V/cm, and the peak intensity to Iy = 10'2 W/cm?.

The orientation of the ground state increases, approaching
the adiabatic limit as 7 is increased, and it reaches it with a
50-ns pulse. We encounter several excited states presenting
a moderate or weak orientation, and their |{cos 8)| increases
monotonically as 7 is increased, e.g., for 8 = 30°, the levels
[1,0,e), |1,1,e), |2,0,e), |2,1,e), |2,2,€), and |3,0,e), and for
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FIG. 11. (Color online) Expectation value (cos#) at t =0 as a
function of 7. The field configurations are (a) § = 30° and (b) 8 =
45°, with Iy = 10" W/cm? and E; = 300 V/cm. The states and their
labels are the same as in Fig. 10.

B = 45°, the levels |2,0,¢), |2,1,e), and |2,2,e). For all of
them, a 20-ns pulse is not enough to achieve the adiabatic
regime. In contrast, other excited levels present a very small,
almost-zero, orientation independently of the pulse duration.
Some of these levels behave as dark states and are strongly
aligned but not oriented independently of the pulse duration,
e.g., the |3,2,e) state has (cos?6) = 0.755 and |{cosf)| <
0.04 for § = 30° and any value of t. An analogous behavior
is found for the levels |1,0,e), [1,1,e), |3,0,e), and |3,2,¢)
at B = 45°. As described above, this phenomenon is due to
the nonadiabatic dynamics at weak laser intensities when the
levels of the J manifold are driven apart, and it takes place
even for 50-ns pulses.

C. Influence of the electrostatic-field strength

In this section, we consider two inclination angles and
investigate the impact of the electrostatic field on the mixed-
field orientation dynamics of the same states. Figures 12(a) and
12(b) illustrate the behavior of (cos#) at ¢t = 0 as a function
of Es for 8 = 30° and 45°, respectively. The laser pulse has
T = 10ns and Iy = 10'> W/cm?.

The ground state presents the largest orientation, which
increases as Ej is enhanced and is strongly oriented for suf-
ficiently large fields, e.g., (cosf#) > 0.9 for E; > 600 V/cm
and B = 30°. Regarding the excited states, their orientation
strongly depends on the inclination angle. For g = 30°,
|(cos 6)] increases monotonically till it reaches a plateau-like
behavior, and they show a moderate orientation. Indeed, for
B =30° Iy =102 W/cm?, and E, = 2 kV/cm, we obtain,
at the maximum of the Gaussian pulse, (cos ) = —0.402 and
0.365 for states |1,0,¢) and |1,1,e), respectively. For § = 45°,

0.5 1 1.5 2
Es (kV/cm)

FIG. 12. (Color online) Expectation value of (cosf) at t =0
as a function of E for the field configurations v = 10 ns, [y =

10" W/cm?, and (a) B = 30° and (b) B = 45°. Labeling of the states
is as in Fig. 10.
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the level |2,1,e) presents a large orientation: {(cosf) > 0.8
for Eg 2 800 V/cm. There are some dark states for § = 45°,
which are not oriented even when dc fields of 2 kV/cm are
used, e.g., |3,0,e) and |3,2,¢).

For nonparallel fields, a strong dc field does not ensure a
large orientation for excited rotational states. If the aim is a
strongly oriented molecular ensemble, then this should be as
pure as possible in the ground state.

In Hamiltonian (3), the term —wEsinfBsinf cos¢ is
responsible for the mixing of states with different field-free
magnetic quantum numbers. In the weak-dc-field regime,
the mixing between these states is so small that M can be
considered conserved, and this term can be neglected. Upon
increasing Ejg, this coupling between levels with different
field-free M values becomes important, and this should affect
the molecular dynamics. Thus, the questions that remain open
are, How important is the X component of the electrostatic
field to the dynamics? and For which electric-field regime can
we consider only its Z component, E; = E, cos 2?

As indicated above, even for tilted fields, the dynamics
of the ground state can be described by a two-state model. Its
energy separation to the next state with M # 0 s of the order of
B and larger than the dc field coupling to these levels. Thus, for
E < 20 kV/cm, the dynamics considering the dc field is equal
to the one obtained when only its Z component is included.

For the excited states, the answer to these questions depends
on how the initial wave function, before the fields are switched
on, is constructed. The first option is to proceed as indicated
at the beginning of this section; the field-free 8 # 0° and
B = 0° wave functions are related by a rotation of 8 around
the Y axis, |J,M,e) = Ry(ﬁ)|J,M,e)0. In this case, for the
level |1,1,e), some differences in its orientation are observed
for E; = 1 kV and |{cos 8)]| is larger if the two components
of E; are considered. These differences are increased as
E is increased, e.g., for a 10-ns laser pulse with [y =
1 x 102 W/cm?, B =45°, and E; =5 kV/cm, we obtain,
at t =0, (cosf) = —0.629, compared to (cosf) = —0.019
when only the Z component of E; is included. Upon increasing
Ej this state will achieve an adiabatic dynamics only if both
components of the static field are present. The second option
is to construct the field-free § # 0° wave function equal to the
field-free B = 0° one. In this case, the results resemble those
of the parallel-field configuration taking into account cos 8 as
the scaling factor for the static-field strength.

D. Influence of the inclination of the fields

The symmetries of the rotational Hamiltonian, (1) (see
Sec. II), and therefore, the rotational dynamics strongly depend
on the angle between the fields. In this section, we investigate
in detail the impact of the inclination angle in the mixed-field
orientation dynamics.

For the ground state |0,0,¢), the orientation cosines (cos 6)
and (cos 6;) are plotted in Fig. 13, as a function of 8, together
with the adiabatic results. For a weak dc field and a strong laser
field, the relation (cos6s) =~ (cos@) cos B is satisfied within
the adiabatic limit. In (cosf;) the term (sin6 cos ¢) sin
has been neglected, which can be done as long as the
mixing between states with different field-free M values is
very small. Upon increasing the electrostatic-field strength,
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FIG. 13. (Color online) Expectation values (cos#) (thick solid
line) and (cos ;) (thin solid line) at r = 0 as a function of g for
the ground state. The peak intensities are (a) Iy = 2 x 10" W/cm?
and (b) Iy = 10'> W/cm?. The adiabatic results for (cos@) (thick
dashed line) and (cos 6;) (thin dashed line) are also presented. The
FWHM of the laser pulse is fixed at T = 10 ns, and the dc field at
E; =300 V/cm.

a regime would be encountered where this approximation
no longer holds. An analogous relation is satisfied between
the time-dependent orientation cosines of the ground state.
For Iy =2 x 10" W/cm?, its orientation (cos®) shows a
plateau-like behavior till 8 = 50°, which is very close to the
adiabatic limit. Upon further increasing S, (cos#) decreases
and approaches 0. For 8 = 90°, the states in a pendular doublet
have different symmetries and are not coupled by the dc field,
thus they might be strongly aligned but not oriented. For
Iy = 10" W/cm?, (cos#) monotonically decreases as f is
increased towards 90°, and its value is always smaller than for
Iy = 2 x 10" W/cm?. For both laser fields, (cos 6;) decreases
as B is increased.

In Figs. 14(a)-14(d), we present the orientation cosine of
the pairs |0,0,¢) — |1,0,e), |1,1,e) —|2,1,e), |2,2,e) — |3,2,¢),
and |2,0,e)—|3,0,e), respectively, as a function of 8. The
static-field strength is E5 = 300 V/cm and we consider two
Gaussian pulses of 10-ns FWHM and peak intensities [y =
2 x 10" W/ecm? and 10'> W/cm?. Due to the complicated

(cos6)
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FIG. 14. (Color online) Expectation value (cos@) at t =0 as a
function of B for the states (a) |0,0,e) (black line) and |1,0,¢) (blue
line), (b) |1,1,e) (black line) and |2,1,e) (blue line), (c) |2,0,e) (black
line) and |3,0,¢) (blue line), and (d) |2,2,e) (black line) and |3,2,¢)
(blue line). The field configuration is E; = 300 V/cm, with [y =
2 x 10" W/cm? (solid lines) and 10'> W/cm? (dashed lines). The
FWHM of the laser pulse is fixed at T = 10 ns.
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field-dressed dynamics of excited states for 0° < 8 < 90° with
contributions from several pendular pairs, in (cos ;) the term
(sin @ cos ¢) cannot be neglected. Thus, the simple relation
(cos ) ~ (cos A) cos B does not hold for these levels.

Based on the adiabatic theory, the ground state and the
level |1,0,e) should present the same orientation but with
opposite directions. However, this is only satisfied for 8 = 0°.
Due to the nonadiabatic effects at weak laser intensities, its
[{cos 6)] is smaller than the corresponding value of |0,0,e) for
0 < B < 90°. For the second doublet [cf. Fig. 14(b)], (cos 8)
oscillates as B is varied, and the orientation even changes its
direction. Both states could present a moderate orientation at
a certain value of . The pendular regime is not achieved
by the third and fourth pairs with a 10-ns laser pulse and
Ip =2 x 10" W/cm?, and their orientation is either 0 or very
small independent of 8. For Iy = 10'> W/cm? and 8 = 0°,
these four states show a moderate orientation, which is reduced
for any other angle and is small for 8 2 60°. At the strong
peak intensity Iy = 10'2 W/cm?, in all pendular doublets one
of the two levels presents the dark behavior with respect to the
mixed-field orientation dynamics at a certain angle .

These results show that if the molecular beam is rotationally
cold, a small inclination angle will optimize the degree of
orientation observed in the experiment.

VI. ROTATIONAL DYNAMICS ONCE THE LASER
PULSE IS TURNED ON

Let us investigate the dynamics for ¢ > 0 assuming that the
laser peak intensity, reached at ¢t = 0, and the dc-field strength
are kept constant for r > 0; i.e., I(t) = Iy and E(¢) = E; for
t > 0. At t =0, the time-dependent wave function can be
expressed in terms of the corresponding adiabatic basis. Since
the Hamiltonian is time independent for ¢ > 0, the contribution
of each adiabatic state remains constant as ¢ is increased. For
a certain state |y), the expectation value of an operator A in
this adiabatic basis reads as

(A) = 316, O tvilAly)y + 2 |Cy )] IC,, 0)]

J Jj<k
AEikt
n T Sjk | @)

with C,,(0) being the weight at 1 = 0 of the adiabatic state
|¥j)p to the wave function of |y), AEj; the energy splitting
between the adiabatic levels |y;), and |yy)p, and 8 j; the phase
difference of C,,(0) and C,,(0).

Based on the results presented above, the time-dependent
wave function could have contributions from (i) only the
adiabatic levels forming a pendular doublet or (ii) several
adiabatic levels from at least two pendular doublets. All the
states for § = 0° and the ground state for 0° < 8 < 90° could
belong to the first case, whereas the second one refers to all
excited states when 0° < B8 < 90°, unless the static field is
very strong.

Let us first analyze the case where the dynamics takes place
within a pendular doublet. If the adiabatic states are not fully
oriented, the coupling term in Eq. (7) is nonzero and this
expectation value oscillates for t > 0 with a frequency equal to
the energy splitting of the corresponding pendular doublet. For

xp<y.f|A|yk>pcos(
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FIG. 15. (Color online) Orientation cosines once the peak inten-
sity and dc-field strength are kept constant for# > 0. For state |1,1,¢),
(a) the expectation value (cos @) with Iy = 2 x 10! W/cm? and 8 =
0° (solid line), 8 = 30° (dashed line), and 8 = 45° (dotted line) and
(b) the value {cos 6;) with 8 = 30° and Iy = 2 x 10'"" W/cm? (solid
line), Iy =5 x 10" W/cm? (dashed line), and I, = 10'> W/cm?
(dotted line). The dc field is E; = 300 V/cm.

the |1,1,e) state, this behavior is shown for the time evolution
of (cosf) in Fig. 15(a), with Iy =2 x 10" W/cm?, E, =
300 V/cm, and B = 0°. An analogous behavior is obtained for
the ground state and 0° < 8 < 90°. Upon further increasing
the peak intensity, the orientation of the adiabatic states
increases, the coupling terms are reduced, approaching 0, and
these regular oscillations will disappear.

When two pendular doublets participate in the dynamics,
this oscillatory behavior becomes irregular, because the fre-
quencies associated with the energy separations within each
pendular doublet and between two of them do not form a
commensurable set. As an example, we show in Fig. 15(a)
these irregular oscillations of {(cos 8) for |1,1,e) with 8 = 30°
and 45°, E; = 300 V/cm, and Iy = 2 x 10! W/cm?. Upon
increasing I, the dynamics of this state still has contributions
from different pendular doublets, but the two states in a
pendular pair are not populated. As a consequence, the
coupling terms are reduced and the oscillation decreases or
even disappears.

For 0° < B < 90°, the time evolution of (cos ;) is dom-
inated by the couplings of adiabatic levels from doublets
with |AM| = 1. This is illustrated in Fig. 15(b) for state
[1,1,e), with Iy =2 x 10" W/em?, 5 x 10! W/cm?, and
102 W/cm? and 8 = 30°. Independently of Iy, on this time
scale (cos 6s) oscillates, with the highest frequency given by
the energy gap between the two pendular doublets involved,
which is similar for the three peak intensities. On a larger
time scale, the frequencies due to the states in a doublet will
modulate the oscillations of (cos 6s) in the weak-field regime.

VII. SWITCHING ON THE LASER PULSE FIRST:
ORIENTATION OF THE ALIGNED PENDULAR
STATES.

In previous sections, the field configuration was based
on mixed-field orientation experiments [23,25,27]. Here, we
investigate the molecular dynamics when the pendular pairs
of aligned states are already formed and a dc electric field is
turned on to orient them. Experimentally, the alignment could
be induced by a nonresonant cw laser. We assume that this
process is adiabatic [43,44]. For a sufficiently high intensity,
these levels are strongly aligned but not oriented. Upon turning
on the static field, these states have the same symmetry and
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they should be oriented due to their interaction with this
field. For this field configuration, we now check the validity
of the adiabatic predictions [18,19] by comparing them to a
time-dependent analysis.

If Iy is large enough, the energy gap between the states
in a pendular doublet is much smaller than the energy
gap with the neighboring doublet. Thus, when the static
field is switched on, the rotational dynamics of a certain
pendular level can be approximated by a two-state model
involving the two levels forming the corresponding pendular
doublet [19]. Att = 0, Es(0) = 0, and 1(0) = Iy, the pendular
states are |y;), with [ = e and o indicating even or odd
parity. Under this approximation, the levels |¥,) = (|¥.) +
o))/~ and [y,) = (1Y) — |¥,))/~/2 are right- and wrong-
way oriented, respectively. The two-state-model Hamiltonian
yields

— Vst {COS 65) eo
) Hust { ) ’
— 1LVt {COS B5) eo AE

where we have used FE(t) = vgt, with vy = Eg/Ty and
Ty being the switching-on speed and time, respectively.
To is chosen so that if the states are exposed only to
this field, the turning-on process is adiabatic. We have
taken (Ve |H|y.) =0, (Vo|H|Y,) = AE, and (Y |H|Y,) =
(VolHIY.) = —pvst (.| cos Os|r,) = —pvst (COS Os) 0. The
time-dependent Schrodinger equation associated with this
Hamiltonian admits a scaling factor. That is, when the
dynamics is adiabatic using v for a pendular doublet with
energy splitting AE for Iy, then, for I; and AE’ = kAE, the
dynamics is adiabatic for v, = k?v;.

For the sake of simplicity, we focus on the ground state
in a parallel-field configuration. For several switching-on
speeds, Figs. 16(a) and 16(b) display the directional cosine
and the population of the adiabatic ground state, respectively,
as a function of E(¢), and I, = 2 x 10'! W/cmz. Before the
dc field is turned on, the alignment of the ground state is
(cos? @) = 0.845, the energy separation within this pendular
pair is AE ~ 5.36 x 10™* cm™', and there are 2.4 cm™' to
the next pendular doublet. For E; = 1 V/cm, the coupling
term is (cos @), Es = 1.09 x 1073 cm™! with (cos8)., =
0.915. In an adiabatic picture, the energy gap AE cannot
be neglected, and as E(¢) is increased the energy of the
ground state does not increase linearly with Eg [19]. For

1
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FIG. 16. (Color online) For the ground state, (a) expectation value
(cos @) and (b) weight of the adiabatic ground state on its time-
dependent wave function as a function of E(¢), for turning-on speeds
vy = 10'"° Vem~!'s™! [dashed (orange) line], vy = 10° Vem™'s™!
[solid (red) line], vy = 10®° Vem™'s™' [dotted (blue) line], and
vy = 107 Vem™!s™! [dot-dashed (pink) line], and adiabatic results
(thin solid line). The fields are parallel and I, = 2 x 10! W/cm?.
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vs = 10'9 Vem~!'s™!, with the adiabatic parameter n & 1, the
rotational dynamics is nonadiabatic and there is a population
transfer between the two states in this doublet. We note that
for this process, the adiabatic parameter 5 is defined as in
Eq. (6), but replacing the laser-field interaction H(¢), (4),
with the dipole term Hg(z), (3). The ground state presents
a moderate orientation below the adiabatic limit due to the
contributions of the adiabatic states 10,0,e), and [1,0,e)p;
|Cooe(t)]? decreases until a minimum value, showing a smooth
oscillation afterward [cf. Fig. 16(b)]. Due to the coupling term,
(cos 8) oscillates as E(t) is increased, and its frequency is
equal to the energy separation between the adiabatic levels
10,0,e), and [1,0,e),. A similar behavior is observed for
10° Vem~'s™!, but (cos6) oscillates around a value closer
to the adiabatic limit because the process is more adiabatic
and |Cooe(2)]? ~ 0.956 for E(t) > 100 V/cm. For v, = 108
and 107 Vem~'s™!, the dynamics can be considered adiabatic,
with |Coge(?)]? > 0.999. However, for v = 103 Vem™!s™!,
(cos 8) still shows small oscillations.

Upon increasing the laser intensity, the energy splitting
of the levels in a pendular doublet is decreased, but their
coupling due to the dc field is not significantly modified. Thus,
the rotational dynamics becomes more diabatic, and larger
turning-on times are needed to achieve the adiabatic limit.
For Iy =5 x 10" W/cm?, the ground state is separated by
AE ~7.7 x 1077 cm™! from |1,0,e), and by 3.9 cm™! from
the next pendular doublet. The coupling due to the dc field
is 1.13 x 107 cm™! for E; = 1 V/cm and with (cos )., =
0.948. According to the scaling law of the time-dependent
Schrodinger equation, this process would be adiabatic for
vs <20 Vem™Is7!,

For Iy = 10> W/cm? and the ground state, we find
AE ~33x 107 cm™! and 5.7 cm™! to the second dou-
blet, and 1 (cos 0) e, Es = 1.18 x 107> cm™! for E;, = 1 V/cm
and with (cosf),, = 0.964. Within an adiabatic frame-
work, as Ej is increased the ground-state energy can be
approximated by the pseudo-first-order Stark linear effect
[WE;s 5(0,0,e|cos 0]1,0,e),| [19]. Note that A E is smaller than
the dc-field coupling even for E; &~ 10~* V/cm. Based on the
scaling law of the two-state model Schrodinger equation, the
dc field should be turned on very slowly, vy < 1072 Vem™'s™!,
to achieve the adiabatic limit. For higher turning-on speeds,
the dynamics is so diabatic that the |0,0,e) wave function
does not change, and its projections on the adiabatic states
|0,0,e)p and |1,0,e), are close to the field-free values even for
vs ~ 10° Vem~'s™ L.

VIII. CONCLUSIONS

In this work, we have investigated the mixed-field orienta-
tion dynamics of linear molecules. The richness and variety
of the field-dressed rotational dynamics have been illustrated
by analyzing in detail the directional properties of several
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low-lying states. In particular, we have explored the degree of
orientation as the peak intensity and FWHM of the Gaussian
pulse, the electrostatic field strength, and the angle between
the two fields are varied.

By considering prototypical field configurations used in
current mixed-field orientation experiments, we have proven
that the assumption of a fully adiabatic dynamics is incorrect.
For parallel fields, a nonadiabatic transfer of population takes
place when the quasidegenerated pendular doublets are formed
as the laser intensity is increased. As a consequence, the
time-dependent results for the degree of orientation are smaller
than the predictions of the adiabatic theory. Using current
available experimental peak intensities, longer laser pulses or
stronger static fields will increase the degree of orientation
even for highly excited states. In particular, we have provided
the field parameters under which the mixed-field orientation
dynamics will be fully adiabatic. We have also shown that the
field-dressed dynamics is more complicated if both fields are
tilted. Apart from the nonadiabatic effects when the pendular
doublets are formed, at weak laser intensities there is also
population transfer due to the splitting of the states within a
J manifold now having the same symmetry. For nonparallel
fields, we have shown that the ground state is strongly oriented,
whereas excited states might only present a moderate or weak
orientation, and furthermore, some of them could behave
as dark states in the mixed-field orientation dynamics. The
requirements for an adiabatic dynamics are now more difficult
to satisfy for excited levels than for the ground state. Again,
we have indicated that the field configuration that will give rise
to an adiabatic mixed-field orientation. If the peak intensity is
kept constant after turning on the pulse, we have shown that
the orientation of the states might oscillate with time due to
the nonadiabatic dynamics. Finally, we have investigated the
orientation dynamics of the adiabatically aligned ground state;
the switching-on of the dc field has to be very slow to achieve
a significant orientation.

Although our study is restricted to the OCS molecule,
we stress that the above-observed physical phenomena are
expected to occur in many other polar molecules. Indeed, the
Hamiltonian can be rescaled, and the above results used to
describe another polar linear molecule. In addition, due to
the complexity of the rotational level structure of asymmetric
tops, these nonadiabatic effects should have a negative impact
in mixed-field orientation experiments [23,26].
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We have experimentally and theoretically investigated the mixed-field orientation of rotational-state-
selected OCS molecules and achieved strong degrees of alignment and orientation. The applied
moderately intense nanosecond laser pulses are long enough to adiabatically align molecules.
However, in combination with a weak dc electric field, the same laser pulses result in nonadiabatic
dynamics of the mixed-field orientation. These observations are fully explained by calculations employ-
ing both adiabatic and nonadiabatic (time-dependent) models.
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Creating oriented samples of polar molecules, i.e., mole-
cules with their dipole moment preferentially pointing
towards one hemisphere rather than the opposite, has
been a long-standing goal in molecular sciences. It was
originally motivated by the crucial role played by orienta-
tion in chemical reaction dynamics [1]. More recently, its
importance in novel applications such as (fs-time-resolved)
photoelectron angular distributions [2—4], diffraction-
from-within [5], or high-order harmonic generation [6]
has been recognized.

Early methods exploited purely electrostatic fields.
Using an electric multipole focuser, molecules in a single
low-field-seeking quantum state can be selected due to
their first-order Stark effect [7-9]. The degree of orienta-
tion is determined, and also limited, by the selected state.
Alternatively, a strong homogeneous electric field can
create so-called brute-force orientation [10,11]. This
method requires very high electric field strengths and
works best for rotationally cold molecules with large per-
manent dipole moments.

In 1999 a method based on the combined action of a
moderately intense, nonresonant laser field and an electro-
static field was proposed [12]. For the case that the laser
field is turned on significantly more slowly than the rota-
tional period(s) of the molecule adiabatic behavior was
assumed. The time-independent calculations showed that
the degree of orientation could be nearly perfect under
conditions present in many experimental setups.
Furthermore, the degree of alignment, i.e., the confinement
of the molecular axes to space-fixed axes, could also be
very high. In addition, the method should be generally

0031-9007/12/108(19)/193001(5)
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applicable to a broad range of molecules and, therefore,
promises the availability of strongly oriented and aligned
molecules for various applications. Experiments per-
formed in the first half of the 2000s showed the feasibility
of the method but the degree of orientation observed was
moderate [13,14]. A major reason for the weak orientation
was that while the individual pendular states are strongly
oriented, these states arise in pairs whose members are
oriented oppositely with respect to one another.
Consequently, the resulting overall degree of orientation,
obtained as the weighted average over the populated quan-
tum states, diminishes compared to what is expected for
very cold or even single-state molecular ensembles. A
significant improvement in the experimental capabilities
was reported in 2009 when quantum-state selected mole-
cules were employed as targets leading to strongly en-
hanced orientation [15-17]. However, it was already
realized that an adiabatic description is not sufficient to
reproduce the experimental observations [18].

In the present work, we seek the maximum of achievable
orientation, as predicted by the original adiabatic descrip-
tion. Therefore, we prepare a nearly pure (92f§%)
rotational-ground-state ensemble of OCS molecules [19]
and use a laser pulse that is sufficiently strong to ensure
sharp alignment and that is turned on a 100 times slower
than the rotational period of the molecules. Our experi-
mental observations are, however, at odds, both qualita-
tively and quantitatively, with the predictions of the
original theory [12]. Instead, the experimental findings,
exploring the dependence of the orientation on both the
laser intensity and on the static field strength, can be

© 2012 American Physical Society
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rationalized by solving the time-dependent Schrodinger
equation describing the mixed-field orientation. Our analy-
sis directly shows the nonadiabatic coupling of the two
sublevels of the near-degenerate doublets, created by the
laser field, and allows us to predict the experimental con-
ditions needed to ensure adiabatic dynamics.

The experimental setup has been described in detail
before [17,19,20] and only a few important details will
be pointed out, see Fig. 1(a). A pulsed molecular beam is
formed by expanding a mixture of 1 mbar of OCS and
10 bar of neon into vacuum through a pulsed valve.
The molecular beam is skimmed twice before entering a
15-cm-long electrostatic deflector. Here it is spatially dis-
persed in the vertical direction according to the effective
dipole moments of the quantum states [17]. Hereafter, the
molecules travel into a velocity map imaging (VMI) spec-
trometer where they are crossed by two pulsed laser beams.
The first pulse (Eyjign, A = 1064 nm, Tewpy = 8 ns, line-
arly polarized) provides the laser field for the mixed-field
orientation whereas the weak static field, E,;, exploited
for the orientation is (inherently) provided as part of the
VMI spectrometer, which also defines its direction. The
second pulse (probe, A = 800 nm, Trwyym = 30 fs, line-
arly polarized) is used to characterize the orientation and
alignment by multiply ionizing the molecules, this is fol-
lowed by Coulomb explosion and imaging of the recoiling
S* fragments on a two-dimensional detector.

The strongest orientation is expected when E,j,, is
parallel to E . This geometry is, however, not well suited
for the ion imaging method to characterize the orientation
because the experimental observable, the S* ions, will
then be localized in the center of the detector.
Consequently, all measurements are conducted with
E,jign rotated by an angle B # 0 with respect to Egy
[see Fig. 1(a)]. Figures 1(b) and 1(c) show examples of
S* ion images for 8 = 45° and 135° (equal to —45°).
The S* ions from the Coulomb explosion channel
S* 4+ CO™", appearing in the outermost part of the images,
are highly directional and provide direct information
about the alignment and orientation of the OCS molecules
at the time of ionization.

FIG. 1 (color online). (a) Schematic of the field configurations
showing the polarization directions of the alignment and the
probe pulses as well as the static field inside the VMI spec-
trometer and the definition of the angle 8. (b), (c) ST ion images
for B =45° and 135°, respectively, and Eg, = 571 V/cm.
The rings in the image depict the limits for S* ions from
the ST + CO* channel used in the calculation of the degree
of orientation.

The strong angular confinement of the ST ions shows
that the OCS molecules are sharply one-dimensionally
aligned along Ej;,,. In addition, a pronounced asymmetry
of the ST ions emitted either along or opposite to Eg,,
with an excess of S* in the upper (lower) region for
B = 45° (135°) is observed. This shows that the mole-
cules are oriented with the S end preferentially pointing
toward the detector screen—as expected and in agreement
with previous studies [21]. To quantify the degree of
orientation only ions from the S* + CO™" channel are
considered. We then specify the orientation by the ratio
Nyp/ Nyt of the number of these ions in the upper half of
the image N, compared to the total number of ions Ny
from this channel.

In the first set of measurements the degree of orientation
is recorded as a function of the alignment pulse intensity,
Lyjign, for two values of Eg,. The results are shown in
Fig. 2 For low values of I, the orientation ratio is
almost the same for the two static fields but for I e, >
2.5 X 10" W/cm? the results differ. For the strong static
field the orientation reaches a maximum of approximately
0.8 at Iy, =5 X 10" W/cm? and remains essentially
constant out to 1.4 X 10'> W/cm?. In contrast, for the
smaller static field the maximum orientation occurs already
at Lyjign = 3 X 10" W/cm? and the degree of orientation
decreases as I,j;g, is further increased, dropping to 0.70 at
Ljign = 1.4 X 10" W/cm?. The calculated degree of
mixed-field orientation using the adiabatic model for
B = 45°, as in the experiment, is shown in Fig. 2. Here,
we have used rotational-state populations, in the coordinate
system of the electric field in the deflector, with 92% in the
|0, 0) state, adiabatically corresponding to the field-free
J =M =0 state, 4% in the |1, 1) state and 4% in the
|T, —1) state [19]. These states are projected onto a coor-
dinate system for the mixed-field orientation that is defined
by E,jign- The properly symmetrized states are then 10,0, e),
[1,1, e), and |1, 1, 0), where e and o denote even and odd
parity with respect to the plane defined by E, and E gy,
respectively. The volume effect [18] is accounted for by
using an experimentally determined cubic dependence on

1
0.9
0.8
Z% 0.7

tot

0.6 Estat =286 V/em g
0.5

Egtat =571V/em

0 25 5 75 10 125 0 25 5 75 10 125
Ialign(lon W/cm?) Ialign(loll W /cm?)

FIG. 2 (color online). Orientation ratio for 8 =45° as a
function of Iy, for the weak (a) and the strong (b) static field,
showing the experimental results (black solid circles), the adia-
batic calculations (green dotted line) and the time-dependent
calculations (blue solid line).
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the probe pulse intensity. These calculations predict that the
orientation is independent of the applied static field.
Following a rapid initial rise it reaches a value of 0.96
already at 4 X 10'' W/cm? and remains constant.
Clearly, these predictions are at odds with the experimental
findings: The simulated degree of orientation is much too
strong and it does not reproduce the decrease of the orien-
tation at intensities above 3 X 10'! W/cm?, that is experi-
mentally observed for the case of the smaller static field.

In the second set of measurements, shown in Fig. 3, the
degree of orientation is recorded as a function of 3 for the
weak and the strong static fields and for a fixed value of
Lyjign of 9.1 X 10" W /cm?. For both static field strengths
Nyp/ Ny decreases monotonically as 3 increases from 30°
to 150°. At all B values the strong field leads to stronger
orientation than the weak field. The N,,/N, ratios calcu-
lated from the adiabatic model are essentially identical for
the two static field strengths. The sharp rise (fall) of the
curve to a value close to 0.96 (0.04) as B is increased
(decreased) below (above) 90° shows that very strong
orientation is reached already for a very modest static
electric field along E,j;,,. This calculated behavior of the
orientation differs qualitatively as well as quantitatively
from the experimental results.

To obtain a better model of the mixed-field orientation
process we solve the time-dependent Schrodinger equation
using the experimental field configurations and rotational-
state populations [22]. The results for N, /Ny, as a func-
tion of ;g are shown in Fig. 2. The predictions of stronger
orientation for the strong static field and, in the weak static
field case, the decreasing orientation at increasing intensity
for I,jign >3 X 10" W/cm? are in line with the experi-
mental findings. Moreover, the smooth 8 dependence of
the orientation, shown in Fig. 3, is fully captured by the
time-dependent calculations. Quantitatively, the calculated
values overestimate the degree of orientation. This could
partly be due to temporal substructure in the experimen-
tally applied laser pulses, which could induce more

| Experimental
e Egtat =286 V/icm

0.8 ) wEgtat =571V/em
£ 061 |
z& Time dependent
Z: oal Egtat =286 V/em
— —Eqtat =571V/em
021
H Adiabatic
oL ‘ : I Tk Egtat =571V/em
30 60 90 120 150
B(°)

FIG. 3 (color online). The orientation ratio as a function of
B for ILyg, =9.1 X 10" W/cm? for the experiment using
Egy = 286 V/cm (black circles) and Eg, = 571 V/cm (red
squares), for the adiabatic calculations, which are identical for
the two static fields (green dotted line), and for the time-
dependent calculations using Eg, = 286 V/cm (blue dashed
line) and Eg, = 571 V/cm (blue solid line).

nonadiabatic population transfer. Overall, these non-adia-
batic-model calculations are in much better agreement
with the experimental results than the adiabatically calcu-
lated ones.

The underlying physical picture for understanding the
failure of the adiabatic model is obtained by considering
the evolution of the states during the turn-on of the align-
ment pulse. Before the pulse, the rotational states are
essentially described by field-free rotor states. As the laser
field strength increases, the states are hybridized by the
combined action of the laser and static fields. In Fig. 4(a)
the formation of doublets of nearly degenerate pendular
states in the strong laser-field regime is shown. For the
laser and static fields used in the experiment the absolute
ground state |0, 0, e)P is right-way oriented; i.e., the
permanent dipole moment is pointing along E,. The
upper level, |1, 1, e),, of the lowest doublet is wrong-way
oriented—see Fig. 4(b).

As the alignment field is turned on the states that even-
tually form the near-degenerate doublet are coming closer
together. This is illustrated in Fig. 4(a) for the |0, 0, e),
|1, 1, e) pair and the |1, 0, ), |2, 2, ) pair and it results from
the ac Stark interaction. When the energy splitting within a
pair approaches the coupling strength due to the dc Stark
interaction between the two sublevels, the two states in

0 p )"'-\~\ —‘0,0,C>p7 b) Ealign
A o~ — [1,1,¢)p E IR
- ~. stat :% |
s -10 |y ~.. [1,0,¢), ] B
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N . ~.. 1y4,€)p
M 1 | ~..
-20 -2 ~d U
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| -1.5 -5 -2.5
C) \\\ ‘0’079>P
08 1 v e I1,1,e)p
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o . \
S = = e e
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........... (fruniirrmrnnan e _4co
02+ > 7 s 5 =45
0 / / - — (3 =89.5°
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FIG. 4 (color online). (a) Energy of the four lowest lying
rotational eigenstates as a function I,;,, (time). The inset shows
the relevant energy and intensity ranges where the formation of
the near-degenerate doublets occurs. (b) Polar plot representa-
tion of the wave functions for the four states shown in (a) at
Lijign = 9 X 10! W/cm?. The single-headed arrow shows the
direction of the static field. (c) The squares of the coefficients for
the projection of the time-dependent pendular wave function of
the absolute ground state onto the adiabatic pendular state basis
(10,0, ¢), (black) and |1, 1, e), (green)] as a function of I,
(time) for B = 30° (solid line), 45° (dotted line), and 89.5°
(dashed line). Eg, = 286 V/cm for all data.
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each pair can mix because they have the same symmetry,
provided the laser and static fields are nonperpendicular.
This will result in population transfer between the oriented
and antioriented states. The probability for mixing, corre-
sponding to a crossing from one state of the doublet to the
other, is determined by the rate of the turn-on and the
energy separation between the [0,0,¢), and [1,1,e),
states. If the splitting is small, which is the case for a
weak static electric field, the two states will be strongly
coupled. To ensure fully adiabatic transfer it is necessary to
turn on the laser field on a time scale slower than the
inverse of the energy splitting of the near-degenerate dou-
blet. This time can be much longer than the rotational
period of the molecule. For the lowest doublet formed in
OCS with E, =286V /cm and I, = 9.1 X 10" W/cm?
our calculations show that the alignment pulse must be
50 ns long to ensure adiabatic transfer. The 8 ns pulses used
in the current experiments do not fulfill this adiabaticity
criterion although they are a hundred times longer than the
rotational period of OCS—the condition previously con-
sidered sufficient for adiabatic behavior.

The population transfer is illustrated in Fig. 4(c), where
the decomposition of the time-dependent state, which
starts as the rotational ground state, in terms of the pendu-
lar states, is shown during the time interval representing the
turn-on of the alignment pulse for three 8 values. The field-
free ground state is not transferred adiabatically to the
pendular ground state: for 8 = 45°, the final state is de-
composed into 74.06% |0, 0, e), and 25.94% [1, 1, e)p-
Therefore, the resulting degree of orientation falls below
that expected for a pure adiabatic transfer since the
[1,1, e) , state is wrong-way oriented. Similarly, other
field-free rotational states are mixed with different pendu-
lar states during the turn-on, for instance the initial state
|1, 1) ends up in a superposition of 13.00% 0,0, e)p
37.10% |1, 1, e),, 35.64% |1,0, ¢),,, and 14.26% (2,2, ¢),.
For B = 89.5°, the electric field along the molecular axis
is small, and the |0, 0, e), and 1, 1, e), states contribute
with 50.32% and 49.68%, respectively, to the time evolu-
tion of |0,0), resulting in a vanishing orientation. By
contrast, alignment is expected to remain strong since both
the [0, 0, e), and |1, 1, ), states imply tight confinement of
the molecular axis along the laser-field polarization,
see Fig. 4(b). The experimental observations for perpen-
dicular fields do indeed show no orientation but strong
alignment [23].

In summary, the combined action of a moderately strong
laser field and a weak electrostatic field remains an attrac-
tive approach for creating tightly oriented molecules, but to
fully exploit the potential of the method it is necessary
to redefine the meaning of adiabatic conditions. Unlike
alignment, where adiabaticity is ensured by turning on
the laser field slower than the rotational period of the
pertinent molecule, adiabatic transfer in orientation neces-
sitates that the laser field be turned on slower than the

inverse of the minimum spacing between the two pendular
states in a doublet. This has repercussions for designing
experimental parameters such that the degree of orientation
be optimized. In the case of OCS, our calculations show
that when Eg,, = 286 V/cm and 8 = 45° adiabatic trans-
fer of the |0, 0) state to the |0, 0, e), state is obtained if a
transform-limited laser pulse with a Gaussian pulse dura-
tion (full width half maximum) of 50 ns is used. In practice,
such pulses are not easily supplied by lasers typically
present in laboratories. Considering instead the 10 ns out-
put from the widespread Nd: YAG lasers adiabatic transfer
will occur for a static electric field of 2 kV/cm: The
increased static field leads to a larger minimum spacing
of the doublet and, thus, relaxes the requirement for the
slowness of the laser-field turn-on. Such static fields are
compatible with, for instance, VMI spectrometers. For a
pulse durations of 500 ps, which would be relevant for
using the stretched output from amplified Ti-sapphire
lasers, a static field of 10 kV/cm is needed to ensure
adiabatic conditions. Again this is compatible with elec-
tron or ion spectrometers [16].

We note that the lack of adiabatic behavior will also be
influenced by avoided crossings between rotationally ex-
cited states at low laser intensities. For larger molecules,
where the rotational level structure is quite complex, this
effect is expected to be particularly important [18,24], but
an increase of the static field strength should enhance the
degree of orientation as already demonstrated experimen-
tally for several asymmetric top rotors [2,15,17,20].
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The mixed-field orientation of an asymmetric-rotor molecule with non-parallel inertial, polarizability, and
dipole moment axis systems is investigated experimentally and theoretically. We find that for the typical
case of a strong ac field and a weak dc field solely the dipole moment component along the most-polarizable
axis of the molecule is relevant for the orientation. Correspondingly, one- and three-dimensional orientation
are induced by the combined action of a weak dc electric field and linearly- and elliptically-polarized laser
fields, respectively. Simulations show that the second dipole moment component becomes relevant in strong
dc electric fields combined with the laser field. This would create three-dimensionally oriented molecules in
combined linearly-polarized laser fields and dc electric fields, inducing three-dimensional orientation in fully

unsymmetric (bio)molecules.

PACS numbers: 37.20.4j, 33.15.-e

I. INTRODUCTION

The ability to control the rotational motion and to
angularly confine molecules has various applications in
molecular sciences. This includes studies of steric effects
in chemical reactions, both, bimolecular and photoin-
duced, and the possibility to investigate molecules from
their own point of view, the molecular frame. The latter
mitigates the usual blurring of experimental observables
caused by the random orientation of molecules in un-
controlled samples. Access to molecular frame measure-
ments is crucial in several applications, notably in various
modern schemes aiming at observing the (coupled) mo-
tion of nuclei and electrons during chemical reactions.!™”

Methods based on the use of moderately intense, non-
resonant, near-infrared laser pulses have proven particu-
larly useful for controlling the alignment and, in conjunc-
tion with weak dc electric fields, orientation of a broad
range of molecules.® Alignment refers to the confinement
of molecule-fixed axes along laboratory-fixed axes, and
orientation refers to the molecular dipole moment (com-
ponents) pointing in a particular direction. For a lin-
ear molecule, only a single axis needs to be confined in
space to ensure complete rotational control. This can be
achieved by a linearly polarized laser pulse, which will
align the most polarizable axis (MPA), which coincides
with the internuclear axis of the molecule. This is termed
1-dimensional (1D) alignment. Combined with a (weak)
static electric field it can also control the head-versus-tail
order of a polar molecule, i. e., induce 1D orientation.? 13

Complete rotational control of asymmetric top
molecules requires the confinement of three molecular
axes to laboratory frame fixed axes, resulting in 3D
alignment. In the adiabatic limit, where the laser pulse

is turned on slower than the rotational periods of the
molecule, it has been shown that an elliptically polar-
ized laser pulse can induce 3D alignment.'* 16 For polar
molecules, where the permanent dipole moment (DPM)
is parallel to the MPA it has also been shown that 3D ori-
entation, i. e., 3D alignment and a unique direction of the
DPM, can be achieved by combining the elliptically po-
larized laser pulse with a weak static electric field parallel
to the major polarization axis.'®'® For most asymmetric
top molecules, the DPM does, however, not coincide with
the MPA. While 3D alignment is expected to work well
for these less symmetric molecules, it remains to be ex-
plored if the combined action of a linearly or elliptically
polarized laser pulse and a weak or strong static electric
field can efficiently induce 3D orientation.

In the current work we investigate 3D alignment and
orientation of asymmetric top molecules where the DPM
is not parallel to the MPA. Our studies are motivated by
the fact that many important biomolecules, e.g., amino
acids, nucleic acids, peptides, and DNA strands, belong
to this class of molecules. Controlling how they are
turned in space would be of significant value in novel
and emerging schemes for time-resolved molecular imag-
ing.”17:18 Following the conclusions from the current
work, this three-dimensional control is indeed possible.
Our studies focus on 6-chloropyridazine-3-carbonitrile
(C,N,H,CICN, CPC). The molecule is chosen because
the DPM is off-set by 57.1° from the MPA and because
the atomic composition makes it possible to determine its
3-dimensional spatial orientation through Coulomb ex-
plosion imaging.
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FIG. 1. Sketch of the molecular structure of 6-

chloropyridazine-3-carbonitrile with the most polarizable axis
(black doubleheaded arrow) and permanent dipole moment
(red arrow). The coordinates of the individual atomic posi-
tions in CPC, from a geometry optimized quantum chemical
calculation, show a slight shift of the chlorine and nitrile bond
angles towards the nitrogens in the pyridazine ring. The x-
axis is perpendicular to the figure plane.

Il. MOLECULAR STRUCTURE AND ELECTRICAL
PROPERTIES OF CPC

A sketch of the molecular structure of CPC and the
position of the MPA and DPM vector are shown in
Fig. 1(a). The planar molecule consists of an aromatic
pyridazine ring with a nitrile and a chlorine substituent.
The N-N bond is shorter than the C-N and C-C bonds
in the aromatic ring causing the bond angle of the sub-
stituents on the ring to bend slightly towards the pyri-
dazine nitrogens, as can be seen from the energy op-
timized geometry of the molecule shown in Fig. 1 (b).
Quantum chemical calculations™ determine the electric
dipole moment of CPC to be 5.21D with u, = 0D,
fy = 437D, p, = 2.83D, i.e., in the molecular plane
and at an angle of 57.1° with respect to the z axis. The
static polarizability components of CPC are determined
to be ay, = 7.88A3% ay, = 12.0A% and a,, = 22.3 A3,

Il. EXPERIMENTAL SETUP

Most aspects of the experimental setup have been de-
scribed previously*?%2! and only a few pertinent details
will be given here. A few mbar of CPC (ChemFuture
PharmaTech, > 97 % chemical purity) was seeded in a
helium carrier gas at a backing pressure of 90 bar and ex-
panded into vacuum through a pulsed Even-Lavie valve??
heated to 170°. The expansion was skimmed twice before
entering an electrostatic deflector, where the molecules

were deflected according to the effective dipole moment
ltet Of their specific rotational quantum state.?°

The quantum-state-dispersed molecular beam entered
a velocity map imaging (VMI) spectrometer where it was
crossed at 90° by two collinear laser beams. The laser
beams were focused by a spherical lens (f = 30cm)
mounted on a motorized translation stage. This al-
lowed for the height of the foci to be scanned with
high precision. The molecules were aligned and ori-
ented by the combined effect of pulses from one of the
laser beams (YAG, A = 1064nm, 7pway = 10ns, wg =
34um, Iyac = 8 x 10 W/cm?, injection seeded) and
the weak static electric field from the VMI spectrometer
(Es was varied between values of 286V /cm, 571V /cm,
and 714 V/cm). The YAG beam was overlapped in space
and time with pulses from a second laser (probe pulse:
800 nm, 30fs, 24 pm, Lyepe = 5 x 10" W/cm?). These
short pulses multiply ionized the molecules, which then
fragmented into charged ions. These were projected
onto a 2-dimensional particle detector in order to de-
tect their recoil directions. For CPC molecules, C1T ion
momenta were recorded to determine the spatial orien-
tation of the C—Cl bond axis with respect to the labo-
ratory frame. The NT or HT fragment ion distributions
were recorded to provide information about the orienta-
tion of the molecular plane in the laboratory frame. All
experiments were conducted on deflected, state-selected
molecular samples at a repetition rate of 20 Hz, limited
by the YAG laser.

IV. THEORERICAL DESCRIPTION

We have theoretically investigated the rotational dy-
namics of the CPC molecule in combined static electric
and non-resonant laser fields. Due to the complexity
of this system, we retreated to a quasi-static descrip-
tion. We assumed that the interaction with the laser
pulse can be described within the adiabatic limit. We
applied a two-photon rotating-wave approach averaging
over the rapid oscillations of the nonresonant field. In the
framework of the rigid-rotor approximation, we solved
the time-independent Schrodinger equation of the CPC
molecule in a field configuration equivalent to the exper-
imental one: a nonresonant laser field, elliptically polar-
ized along the Y and Z-axes of the laboratory fixed frame
(LFF) (X,Y, Z) and a homogeneous electrostatic field of
strength Eg contained in the Y Z-plane and at an angle
[ with respect to the Z axis. The relation between LFF
and the molecular fixed frame (MFF) (x,y, z) is given by
the Euler angles Q = (¢, 0, x).%* The Hamiltonian of this
system is

H = J;By+J.By+J.B. + H, + H, (1)
with the rotational constant B,, B, and B, and the in-

teraction operators H, and H; with the dc and ac electric
fields, respectively.



The Stark interaction reads

Hi=—-E; - pn (2)
= —Egpcosly,

= —Egp, cos s, — Egpiy cos O,y

with u being the absolute value of the electric dipole
moment, and g, and p, its two components. The angles
between the electric field and p, and the MFF z and
y-axes, O, 0. and 04y, respectively, are given by the
relations

cos 0, =cos 3 cos B + sin 5sin 0 sin ¢, (3)
cos 05, = cos 3sin @ sin x

+ sin B(cos ¢ cos x — cos 8 sin ¢ sin ) (4)
cos 05, =cos(57.1°) cos 05, +sin(57.1°) cos b5, (5)

The interaction of the molecule with a nonresonant
elliptically polarized laser field can be written as

Izz
Hy = — == (a*" cos® 0z, + a" cos® 0zy)
2660

I
_ ﬁ( YT (082 eyy + a*® cos2 eyz) (6)
2ceq ’

where Iyy and Iz are the intensities of the polarization
components along the LFF Y and Z axes, respectively.
The total intensity is IYAG = Iyy —|—IZZ7 and IZZ = Slyy
is used here. o/ = aj; —ay;, and ;; are the i-th diagonal
element of the polarizability tensor, with i = z,y, 2. €
the dielectric constant and c is the speed of light. 0p, are
the angles between the LFF P-axis and the MFF ¢-axis,
and they are related to the Euler angles as follows

cosfz, = cosb,
cosfz, = sinfsin x,
cos By, = sin ¢sin @,

cos Oy, = cos ¢ cos x — cos 0 sin ¢ sin .

If the laser field is linearly polarized, the interaction with
this field is obtained by setting Iyy = 0 and Iyag = Iz2
in Eq. 6.

Let us shortly summarize the symmetries of this sys-
tem in the mixed-field configurations. In the field-free
case, they are given by the spatial group SO(3) and the
molecular point group D5.242% The total angular momen-
tum J and its projection M onto the Z-axis of the LFF
are good quantum numbers. The projection of J onto the
z-axis of the MFF (K) is not well defined. In the presence
of a linearly polarized laser parallel to a dc electric field,
i.e., 5=180°n (n =0,1,2,...), the Hamiltonian Eq. 1 is
invariant under the reflection on any plane containing the
LFF Z-axis and arbitrary rotations around the Z-axis of
the LFF, i.e., M is a good quantum number. Then, for
every |M| > 0 there are 2 irreducible representations and
the states with M # 0 are doubly degenerate. If the fields
are perpendicular, i.e., 8 = 90°(2n + 1), the symmetry

operations are the reflection on the plane containing the
fields and the 2-fold rotation around the dc field axis, i. e.,
the Y-axis of the LFF, and there are 4 irreducible repre-
sentations. For 8 # 180°n, 90°(2n + 1), the Hamiltonian
is invariant under reflections in the plane containing the
fields, and there are 2 irreducible representations. For
an elliptically polarized laser field in the Y Z plane and
with the dc field parallel to the Z-axis, i.e., § = 180°n, a
m-rotation around the LFF Z-axis and the reflection on
the Y Z-plane, the laser polarization) are the symmetry
operations and M is not a good quantum number, but
its parity is. For the other two cases, § = 90°(2n + 1)
and 8 # 180°n, the system has the same symmetries as
in the corresponding field configuration with a linearly
polarized laser field.

The time-independent Schrodinger equation of the
Hamiltonian Eq. 1 was solved by expanding the wave
function in a basis set formed by linear combinations of
field-free symmetric top rotor wave functions or Wigner
functions.?> Thus, for each field configuration, we con-
structed a basis that respects the symmetries of the cor-
responding irreducible representation.?’

V. EXPERIMENTAL RESULTS
A. Alignment

We start by showing that a linearly polarized YAG in-
duces 1D alignment of the CPC molecules. For this pur-
pose, the emission directions of CIt ions are detected.
The expected action of the YAG is that it aligns the
MPA along its polarization axis and as such an experi-
mental observable that provides direct and precise infor-
mation about the spatial orientation of this axis would
be ideal. Unlike in higher-symmetry molecules, e.g.,
iodobenzene,'? no such observable exists. The emission
direction of C1T ions comes close, assuming axial recoil
along the C-Cl bond axis, since the C-Cl axis is only off-
set by 3 degrees from the MPA. When only the linearly-
polarized probe pulse is applied, polarized perpendicu-
lar to the detector, the CIT image shown in Fig. 2 (a)
is circularly symmetric, as expected for randomly ori-
ented molecules. When the YAG is included the C1T ions
tightly localize along its polarization axis parallel to the
detector plane, see Fig. 2 (b). These observations show
that the C-Cl bond axes of the CPC molecules are aligned
along the YAG polarization axis, i. e., that 1D alignment
is induced. The degree of alignment is quantified by de-
termining the average value of cos? op, <cos2 02D>, where
O2p is the angle between the YAG pulse polarization and
the projection of a C1* ion velocity vector on the detector
screen. Only a confined radial range is used to determine
<cos2 92D>. This range at the outermost part of the im-
ages is marked by circles in Fig. 2(b. It corresponds
to ions originating from a highly directional Coulomb
explosion process. The derived values are plotted as a
function of the YAG pulse intensity, Iyvac in Fig. 2(c).
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FIG. 2. Cl" images recorded (a) without and (b) with the
YAG pulse, Iyac = 3 x 10'> W/em?. (c) The degree of align-
ment <cos2 02D> as a function of Ivac.

<cos2 02D> rises from 0.5, the value characterizing a sam-
ple of randomly oriented molecules, at Iyag = 0 to 0.93
at the highest value of Iyag. This behaviour is fully
consistent with many previous studies of 1D adiabatic
alignment.®!? The <cos2 92D> values determined under-
estimate the true degree of alignment due to the offset
between the C-Cl axis and MPA.

In order to investigate the effect on the molecular align-
ment when the YAG polarization is changed from linear
to elliptical, an ellipticity ratio of 3:1 was applied, i.e.,
the intensity along the major polarization axis of the
YAG is three times the intensity along the minor axis.
For these measurements, N* and HT images, displayed
in Fig. 3, are used to infer information about the molecu-
lar alignment. The images represent either a ”side-view”
when the major polarization axis is parallel to the detec-
tor, i.e., the molecules are watched from the side, or an
”end-view” when the major polarization axis is perpen-
dicular to the detector, i.e., the molecules are watched
from the end.

For N' ions, the molecule is imaged in side-view.
Fig. 3 (al) shows the image obtained with the probe pulse
by itself and serves a reference. In panel (a2) measure-
ments including the linearly polarized YAG pulse are
shown. The NT ions appear as two distinct areas at
large radii along the vertical axis and as two pairs of
wings protruding nearly horizontally from the horizon-
tal centerline. Here, the 1D alignment of the molecules
MPA along the vertical Z axis implies that the recoil-
ing N ions from the CN group will be ejected vertically,
either up or down depending on the orientation of the
molecule, and form the two distinct centerline regions of
signal. This structure is similar to the C1™ ion structure
(Fig. 2(b)) used for the determination of the 1D align-
ment discussed above. The wing structure is interpreted
as N ions originating from Coulomb explosion of the N
atoms in the aromatic ring. Since the linearly polarized
YAG pulse does not impose any constraint on the rota-

No YAG Linear YAG

Elliptical YAG
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b) Endview H* Probe ®

FIG. 3. a) N and b) H" images demonstrating 1D and 3D
alignment of CPC. The color scale is chosen such that the
central low kinetic energy peak is saturated to enhance the
visibility of the rest of the image.

tion of the ring the N ions will be emitted in a double-
torus-like pattern. Upon projection on the 2D detector
plane this gives the wing-structure. Covariance analy-
sis* confirms that in the wing-structure the two N* ions
from a single molecule are predominately produced on
the same sides of the tori supporting this interpretation.
When the YAG polarization is changed to elliptical the
image in Fig. 3 (a3) is obtained. N ions from the ring
are confined close to the vertical axis, whereas the N™
ion emission structure from the CN group is practically
unchanged. This shows that the alignment of the MPA
is not changed while the molecular plane is no longer
free to rotate, but instead it is confined to the polariza-
tion plane. This demonstrates that the molecule is 3D
aligned. The corresponding end-view images of H' in
row (b) corroborate this interpretation: With a linearly
polarized YAG pulse the H' ions emerge in the circularly
symmetric pattern shown in panel (b2), corresponding to
free rotation of the molecular plane around the YAG po-
larization axis. For an elliptically polarized YAG pulse,
the H" ions are angularly localized around the vertical
minor polarization axis, i.e., the molecular plane is con-
fined to the polarization plane. The radial structures of
panel (b2) and (b3) are the same, confirming that the
long axes of the molecules remain aligned along the ma-
jor polarization axis. Thus, the H™ images confirm that
the CPC molecules are 3D aligned by the elliptically po-
larized YAG pulse.

B. Orientation

Previous studies showed that 1D and 3D mixed-field
orientation of quantum-state selected asymmetric top
molecules can be efficiently produced in case the MPA
and the permanent dipole moment of the molecule are
parallel.1?:16 Orientation was observed when the molecule
was rotated away from the side-view geometry used in
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FIG. 4. Schematic illustration of the polarization state of the
YAG and the probe pulse with respect to the static electric
field and the detector plane used for 1D and 3D orientation.
In the orientation experiments the polarization direction of
the probe pulse is kept fixed to the plane of the detector,
while 8 (the angle between the static field direction and the
(major) polarization axis of the YAG pulse) is changed. For
both schemes, the expected alignment and orientation can be
visualized from the included molecular sketches.

pure alignment measurements; see Fig. 4 for a sketch of
this experimental approach. In practice this was done
by rotating the YAG pulse polarization to angles where
B # 90°. This provides a component of the static field
along the dipole moment which mixes the pendular states
of the tunneling doublet to form the corresponding ori-
ented states. The experimental findings showed that
the degree of orientation increased monotonically as 3
was rotated from 90° towards 0° or 180°. Later experi-
ments and analysis have identified this behaviour as re-
sulting from nonadiabatic dynamics in the mixed-field
orientation.?2% In the following we investigate if the
57.1° offset of the dipole moment from the MPA in CPC
influences the efficiency of mixed-field orientation and if
the degree of orientation peaks when the MPA or the per-
manent dipole moment is directed along the static field
from the VMI spectrometer. The experimental observ-
ables used are the Cl' ion images which provide infor-
mation about the orientation of the MPA.

Examples of C17 ion images recorded for 8 = 40° (130°)
are shown as insets in Fig. 5. For 5 = 40° (130°), more
(less) ions are detected on the upper half of the detector
than on the lower half. In analogy with previous studies
we interpret these observations as orientation due to the
combined effect of the YAG laser field and the static elec-
tric extraction field,'* where the DPM z-component ori-
ents along the projection of the dc electric field onto the
MPA. This implies that the partially negative nitrile end
will be directed towards the repeller electrode (farthest
away from the detector) where the potential is highest
and the C-Cl bond towards the extractor electrode where
the field is lowest — see Fig. 4. As a consequence, C1T
ions are expected to be ejected upwards (downwards) for
B = 40° (130°). This is in agreement with the up-down
asymmetry on the images.

The degree of orientation is quantified by dividing the
number of ions detected on the upper half of the detector
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FIG. 5. Degree of orientation as a function of angle g be-
tween the static field and laser polarization for different field
strengths. The values are determined from the distribution
of C1" ions. The insets show ion images at (left) 8 = 40° and
(right) 8 = 130°.

by the total amount of ions detected (Nyup/Niotar). This
asymmetry parameter is plotted in Fig. 5 as a function
of 8. Measurements were carried out for both a linearly
polarized and an elliptically polarized YAG pulse — in
either case the measurements were performed at two val-
ues of the static electric field. The figure shows that for
the linearly polarized and elliptically polarized data the
degree of orientation increases gradually as the MPA is
rotated towards the direction of the static electric field.
No significant dependence on the static field strength is
observed. This behaviour is similar to that observed for
molecules where the MPA and the permanent dipole mo-
ment are parallel. The experimental findings are ratio-
nalized by our computational treatment — discussed in
the next section.

VI. THEORETICAL RESULTS AND COMPARISON
WITH OBSERVATIONS

Let us first consider the CPC molecule exposed to
a static electric field parallel to the LFF Z-axis, i.e.,
B = 0° The p. (py) term of the Stark effect inter-
action couples states with different parity under inver-
sion along the molecular z (y) axis. As the dc field
strength is increased, the electric dipole moment p gets
oriented along the electric field axis. The expectation
values (cos0s,), (cosOs.) and {cosOsy), see Eq. 5, 3 and
4, measure the orientation of g and of the molecular z
and y axes, respectively. They are presented as a func-
tion of the dc field strength Eg in Fig. 6. For the ro-
tational ground state and Eg = 714V /cm, we compute
(cosbs,) = 0.327, (cosf,) = 0.384, and (cosf,) =
0.141. In such a weak field the orientation of the y-
axis, corresponding to the largest dipole moment com-
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FIG. 6. Expectation values (cos,,) (thick solid line),

(coss.) (dashed line) and (cos 0s,) (dot-dashed line) of CPC,
and (cosfs.) (thin solid line) of 0-CPC as a function of the
electric field strength Es. The field configuration is § = 0°
and IYAG = OW/Cm2.

ponent, is smaller than the orientation of the z axis,
see Fig. 6, because the energy gap from the ground state
to the first level with odd parity under inversion along
the y-axis (|Jk, k. M) = |1110)) is larger than to the first
level with odd parity under the inversion along the z-axis
(|1010)). When Eg is increased, the hybridization of the
pendular levels increase, and this trend in the orientation
is inverted; we encounter that (cosfs,) < (cosfs,) for
Es 2 10kV/cm, see Fig. 6. In the strong-de-field regime
limg, o0 (cos0s,) = 1, limp, 00 (cOs ;) = cos(57.1°) =
0.543 and limg, _, o (cos fsy) = cos(32.9°) = 0.840.

To investigate the influence of y, on the dc-field orien-
tation, we have considered a molecule with the same rota-
tional constants and polarizability as the CPC, but with
pr = 2.83 D and p, = 0 D. When this 0-CPC molecule is
exposed to an electric field, only its z-axis gets oriented
along the Z-axis. For weak dc fields, the ground states
of the CPC and 0-CPC molecules show close values of
(cos by, ), we find relative differences between 1% and 5%
for 100 V/cm < Eg < 700 V/cm. By increasing Eg, these
relative differences increase and are larger than 10% for
Es 2 1.2kV/cm. The 0-CPC orients always better, i.e.,
its orientation cosine (cosfs,) is larger than the corre-
sponding ones (cosfs,) and (cosfs.) of the CPC. Both
molecules share the field-free energy level structure, but
the p. and p, Stark interactions couple different states,
which provoke a larger orientation for 0-CPC in despite
of its smaller dipole moment. Only in the strong dc-field
regime, when the pendular levels are strongly hybridized
these two systems show a similar orientation. We ob-
tain (cosf,,) = 0.955 for the CPC ground state and
Es = 200kV/cm, and {cosfs,) = 0.966 for the 0-CPC
ground state.

We now consider the molecule in a linearly polarized
strong laser field, when tunneling doublets of aligned
states are formed.? In an additional tilted weak electric
field, the terms in p, and py in Eq. 2 couple states in

TABLE I. Orientation and alignment of the ground state of
the CPC molecule in a dc electric field and an linearly polar-
ized YAG laser of Iyag = 8 x 10! VV/cm2 forming an angle
of B =40°.

Es [V/cm] (cos® 0z (cosfz.) (cos Oyy)
571 0.985 0.993 0.126
714 0.985 0.993 0.156

5 x 10° 0.985 0.993 0.638
5 x 10* 0.985 0.992 0.893

the same doublet and between neighbouring doublets,
respectively. For the experimentally employed field-
strengths, the interaction due to the nonresonant laser
field dominates. For Iyag = 8 x 10! W/cm?, the en-
ergy splittings of the sublevels in the lowest two pendu-
lar doublets are smaller than 10~® cm™?, the energies of
the two doublets differ by 0.20 cm™!, and the MPA is
strongly aligned along the Z-axis with <(3052 922> > (0.98
for these four levels. For a weak dc field, the 0.20 cm™!
energy gap between two consecutive doublets is larger
than the interaction due to this field: for E; = 714V /cm,
Egit; = 3.4 x 1072 ecm™! and Eepy = 5.3 X 1072 cm~ L
Note that these quantities provide upper bounds to the
dc field interactions because the angular dependence in
Eq. 2 is set to 1, which holds only for fully oriented
states. As a consequence, for weak dc fields, the cou-
pling is only significant between states in the same dou-
blet and the states become oriented or antioriented along
the LFF Z-axis, but no orientation of the molecular y-
axis is achieved. This can be illustrated by a comparison
between the CPC and 0-CPC results in this field config-
uration. For 10V /cm < Eg, these molecules present the
same mixed-field orientation of the z-axis (cosfz,) with
relative differences smaller than 0.01%. At the experi-
mental field regime, the mixed-field orientation of both
systems is dominated by the Stark interaction due to
=, and the contribution of p, can be neglected. For
the CPC ground state, the orientation and alignment
are presented in Tab. I for Iyag = 8 x 101 W/cm? and
B = 40°. As Eq is increased (to values Es = 5kV/cm or
Es = 50kV/cm in Tab. I), the coupling due to p, is en-
hanced and the molecular y-axis gets oriented along the
laboratory Y-axis. In this strong electric field regime,
the CPC molecule is 3D oriented. Thus, the difference
between the CPC and 0-CPC systems appears only for
strong dc fields when they are 3D and 1D oriented, re-
spectively. However, even in this regime, they still have
the same value of {(cosfz.).

If the dc field is parallel to the linearly polarized
laser field, the MPA becomes oriented or antioriented
along the LFF Z-axis but there are no constraints in
the y-axis. If the dc field is perpendicular to the lin-
early polarized laser, due to symmetry no orientation
along the LFF Z-axis exists. For a strong laser field,
the MPA is aligned forming a small angle with the Z-
axis, e.g., for the ground state, <cos2 022> = 0.985 at



TABLE II. Orientation and alignment of the ground state
of the CPC molecule in a dc electric field and an elliptically
polarized YAG laser with Iyac = 8 X 10t VV/Cm2 and 8 =
40°.

E [V/em]  (cos®0z.) (cosfz.) (cos®Oyy) (cosbyy)
571 0.981 0.990 0.914 0.938
714 0.981 0.990 0.914 0.954

5 x 103 0.981 0.990 0.915 0.955
5 x 10* 0.981 0.990 0.917 0.957

Iyac = 8 x 10" W/em?.  Thus, u, lies close to the
plane perpendicular to the Z-axis which includes the dc
field, and the molecular y-axis gets oriented along the Y-
axis. For Iyag = 8 x 1011 W/ecm?, Eg = 714 V/cm, and
B =90°, (cosby,) = 0.250 for the ground state. Increas-
ing the dc field strength, this orientation is enhanced,
e.g., (cosfy,) = 0.731 for E; = 5kV/cm, and the molec-
ular plane is confined to the plane spanned by the laser
field and the static field.

Let us now discuss the case of an elliptically polar-
ized laser field. The molecule becomes 3D aligned with
the most polarizable axis (the z-axis) confined along
the Z-axis (the major polarization axis) and the second
most polarizable axis confined along the minor polar-
ization axis. Our calculation shows that <cos2 HZZ> >
(cos?By), e.g., (cos?0z.) = 0.981 and (cos?fy,) =
0.913 for Iyag = 8 x 1011 W/cm?. In this field configura-
tion, the four lowest lying states with even parity under
the reflection on the LFF ZY plane belong to 4 irre-
ducible representations. These levels are quasidegener-
ate and form a quadruplet. For Iyag = 8 x 101 W/cm?,
the energy splittings within the two doublets are 7.83 x
107% cm™! and 7.64 x 107% cm™' and they are sepa-
rated by 4.37 x 107® cm™!. In an additional electric field
with 8 # 0°,90° these states all have the same symmetry
and are Stark coupled. Now, both dc-field couplings, due
to p, and p,, are significantly larger than the pendular-
state-energy splittings. Thus, 3D orientation is feasible in
the weak dc-field regime. This confinement of the molec-
ular plane to the polarization one is illustrated in Tab. IT
for the ground state with Iyac = 8 x 10! W/cm? and
B = 40°. Let us mention that at least two non-zero
components of p are required to achieve a 3D orienta-
tion. If the dc electric field forms an angle of § = 0°
(8 =90°) with the ac electric field, the CPC molecule is
3D aligned and 1D oriented, resulting, effectively, in 3D
orientation:'¢ the molecular z (y) axis is oriented along
the major (minor) polarization axis.

Analogous features are found for the excited rota-
tional/pendular levels. The complexity of their field-
dressed dynamics is significantly enhanced due to the
large number of avoided crossings. These avoided cross-
ings provoke abrupt changes on their directional prop-
erties, which play an important role on the mixed-field
orientation of the molecular beam.?"

For the experimentally accessed regime of field

strengths, (cosfz.) is independent of Iyag and Eg,
whereas (cosfy,) increases until the strong dc field
regime is reached and then is independent of both. Re-
garding the behaviour of the orientation cosines (cos 6z )
and (cosfy,) versus 3, three different regimes are ob-
served: 1) for weak alignment lasers, when the pendu-
lar doublets are not yet formed, or the energy split-
ting between two neighbouring doublets is larger than
the dc-field interaction, (cosfz.) or (cosfy,) monoton-
ically increase with 3, respectively; ii) for stronger laser
fields, these energy separations are significantly reduced,
and the orientation is independent of f; iii) if the dc-
field interaction is much larger than the laser-field one,
the orientation in both directions reaches a maximum
at f = 57.1°, because the effect of the static field be-
comes optimal at this field configuration. In particular,
this time-independent description predicts an orientation
of the MPA along the Z axis independent of § and E.
Thus, the smooth behaviour of Nyp/Niotar versus § in
Fig. 5 cannot be reproduced with this theoretical treat-
ment. Indeed, the authors have recently demonstrated
that only a time-dependent study can reproduce the in-
triguing phyical phenomena taking place in the mixed-
field orientation experiments.2?

For completeness, we have investigated the mixed-
field orientation of thermal samples of CPC, in order
to mimic the state-selection, assuming that the align-
ment and orientation processes are adiabatic.?? For an
elliptically polarized laser with Iyag = 8 x 1011 W /cm?,
Es = 714V /cm, and § = 40°, the molecular sample at
1 K is strongly aligned but practically not oriented, con-
sistent with experimental findings:3° <cos2 02D> = 0.949
(<cos2 92z> = 0.931, <0052 9yy> = 0.680), (cosfz.) =
0.015, (cosfy,) = 0.021 and Nyp/Niota = 0.51. By
reducing the temperature to 0.1 K, the alignment is
slightly improved to <0052 92D> = 0.980 (<cos2 0Zz> =
0.976, <C082 9yy> = 0.868) and the orientation is strongly
increased (cosfz.) = 0.36, (cosby,) = 0.43 and
Nup/Niotal = 0.68. This demonstrates that for our cold
molecular beams (~ 1 K) the state-selection of low-energy
rotational states is crucial for the creation of orientation.

VII. CONCLUSIONS

We have performed a combined experimental and the-
oretical investigation of mixed-field orientation of the
6-chloropyridazine-3-carbonitrile (CPC) molecule. Our
studies are motivated by the fact that this molecule rep-
resents the large class of important species where the
relevant molecular-frame coordinate systems, i.e., iner-
tial frame, dipole moment, and polarizability, do not co-
incide. We show that the direct extension of weak-dc-
field mixed-field orientation from molecules with paral-
lel frames!'?16:2% toward three-dimensional orientation is
possible but does not agree with the simple picture in
which the strong alignment of the most polarizable axis
plus 1D spatial orientation of the dipole moment vector



along the dc field would completely lock the molecule
in space.” Instead, the detailed energy level structure of
the pendular states has to be evaluated and it is shown
that only one dipole component of CPC leads to strong
enough Stark interactions to provide orientation. The
other component correspond to Stark couplings of lev-
els in different pendular doublets and they only become
relevant under conditions similar to brute-force orienta-
tion of laser-field-free molecules. We demonstrate that
3D orientation of the unsymmetric CPC molecule is pos-
sible using elliptically polarized laser fields and a weak dc
field. Moreover, our calculations predict that 3D orienta-
tion can be achieved using linearly polarized laser fields
and strong dc fields arranged under an angle that cor-
responds to the angle between the most polarizable axis
and the dipole moment.

Overall, it is clear that mixed-field orientation with ap-
propriately polarized laser fields and weak dc fields is an
effective tool for three-dimensional confinement of com-
plex molecules. Even stronger control will be achiev-
able in upcoming experiments combining strong dc elec-
tric fields and linearly-polarized laser fields. The de-
gree of angular control demonstrated provides excellent
prospects for the recording of molecular movies of com-
plex molecules using ion-, electron-, or photon-imaging
experiments.
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We present a theoretical study of the rotational dynamics of asymmetry top molecules in parallel

electric field and non-resonant linearly polarized laser pulses.

The time-dependent Schrédinger

equation is solved within the the rigid rotor approximation. Using the benzonitrile molecule as
prototype, we investigate the field-dressed dynamics for experimentally accessible field configurations

and compare these results to the adiabatic predictions.

We show that for an asymmetric top

molecule in parallel fields, the formation of the pendular doublets and the avoided crossings between

neighboring levels are the two main sources of non-adiabatic effects.

We also provide the field

parameters under which the adiabatic dynamics would be achieved.

I. INTRODUCTION

The availability of oriented molecules provides a wealth
of intriguing applications in a variety of molecular sci-
ences, such as in chemical reaction dynamics [1-5], pho-
toelectron angular distributions [6-8], or high-order har-
monic generation [9-11]. An oriented molecule is char-
acterized by the confinement of the molecular fixed axes
along the laboratory fixed axes and by its dipole mo-
ment pointing in a particular direction. Many experi-
mental efforts have been undertaken to control the rota-
tional degree of freedom, and in particular to orient polar
molecules [1, 12-22].

Here, we focus on a theoretical study of the mixed-
field orientation technique, which is based on the com-
bination of weak dc and strong non-resonant radiative
fields [19, 20]. Strongly oriented/antioriented states
could be created by coupling the nearly degenerate pair
of states with opposite parity forming a pendular doublet
by means of a weak dc field. This theoretical prediction
is based on an adiabatic picture in which the turn-on
time of the laser pulse is larger than the molecular ro-
tational period [23]. For asymmetric top molecules, a
theoretical study based on a time-independent model of
their mixed-field orientation pointed out that a fully adi-
abatic description of this process does not reproduce the
experimental results [24]. We have recently found that a
time-dependent description of the mixed-field orientation
of linear molecules is required to explain the experimental
observations [25, 26]. Two main sources of non-adiabatic
effects were identified for linear molecules: i) the coupling
of the levels forming quasidegenerate pendular doublets
as the laser intensity is increased gives rise to a transfer of
population between them; ii) the strongly coupled states
from the same J manifold for tilted fields are driven apart
as the laser intensity is increased in the weak-field regime,
provoking a population redistribution among them. In
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addition, for highly excited states, avoided crossing in the
field-dressed spectrum could affect the rotational dynam-
ics. A similar time-dependent study for polar asymmet-
ric top molecules is desirable for a correct interpretation
of the numerous mixed-field experiments with these sys-
tems [21, 27]. Compared to linear molecules, asymmetric
tops possess a more dense level structure and, when the
fields are turned on these level could be strongly coupled.
Thus, a more complex rotational dynamics should be ex-
pected for asymmetric tops in combined dc and ac fields.
Let us also mention that several theoretical and exper-
imental studies have investigated the relevance of non-
adiabatic phenomena on the manipulation of molecules
in external fields [28-34]

In this work, we perform a theoretical investigation
of the rotational dynamics of an asymmetric top in the
presence of combined electric and non-resonant radia-
tive fields within the rigid rotor description. Due to the
complexity of the field-dressed spectrum, we restrict this
study to parallel fields. The time-dependent Schrodinger
equation is solved using experimental field configurations,
i.e., a linearly polarized Gaussian laser pulse parallel to
a weak electric field that is switched on at a constant
speed. To simplify the interpretation of our results, each
irreducible representation is treated independently by ex-
panding the wave function in a basis with the proper sym-
metry. For several rotational states, we investigate the
mixed-field dynamics under different field configurations
and provide a detailed account of the sources of nona-
diabaticity and the field regimes at which they appear.
For these molecules, the field-dressed dynamics is char-
acterized by the formation of the pendular doublets and
the numerous avoided crossings of the field-dressed spec-
trum. In both cases, there is a population redistribution
to neighboring adiabatic states when the laser intensity is
enhanced, which could reduce the degree of orientation.
We have proven that due the different time scales asso-
ciated to each phenomenon, it might become experimen-
tally harder to reach the adiabatic limit. Increasing the
electric field strengths helps for the lowest-lying state in
a certain irreducible representation; whereas for excited
one a proper combination of dc field with the temporal



width of the pulse is needed to optimize the mixed-field
orientation process.

The paper is organized as follows: In Sec. II we de-
scribe the Hamiltonian of the system, its symmetries and
the numerical method used to solve the time-independent
Schrodinger equation. In Sec. III we investigate the
mixed-field dynamics of several rotational states as the
laser intensity is increased, and identify the sources of
non-adiabatic effects. We also explore the final orien-
tation of these states as the field parameters are varied
seeking for the adiabatic regime. The conclusions are
given in Sec. IV.

II. THE HAMILTONIAN OF AN ASYMMETRIC
TOP MOLECULE IN PARALLEL FIELDS

We consider a polar asymmetric top molecule in par-
allel homogeneous static electric field and non-resonant
linearly polarized laser pulse. The polarization of the
laser lies along the Z-axis of the laboratory fixed frame
(LFF) (X,Y,Z) and the electric field is also parallel to
this Z-axis. We only consider molecules with diagonal
polarizability tensors, and the dipole moment parallel to
the z-axis of the molecular fixed frame (MFF) (z,y, 2),
and the smallest moment of inertia is parallel to the z-
axis. The LFF and MFF are related by the Euler angles
(0,6, x) [35]. Within the rigid rotor approximation, the
Hamiltonian reads

H(t) = Hg + Hs(t) + HL(t), (1)
where Hp stands for the field-free Hamiltonian
Hpr = B,J; + ByJ. + B.J; (2)

with Jj being the projection of the total angular momen-
tum operator J along the k-axis of the MFF with k = z,y

and z. The rotational constant along the MFF k-axis is
2

B = BT with Ir; the moment of inertia with respect

to this axis k. R
The interaction of the electric field Eg(t) = Eq(t)Z
with the permanent dipole moment, g = 2, reads

Hy(t) = —p - Es(t) = —pEg(t) cos 0, (3)

where Eg(t) initially depends linearly on time, and once
the maximum strength Eg is reached, it is kept constant.
The turning on speed is chosen so that this process is
adiabatic. Here, we work in the weak or moderate dc-
field regime. Thus, we can neglect the coupling of this
field with the molecular polarizability and higher order
terms.

The interaction of the non-resonant laser field and the
molecule can be written as [23]

I(¢
Hp(t) = _%O)C (" cos® @ + a¥* sin® @sin’*x),  (4)

where o™ = au, — omm are the polarizability

anisotropies, being ayr the polarizability along the
molecular axis £ = x,y and 2. ¢p is the dielectric con-
stant and c the speed of light. The intensity of the non-

resonant laser pulse is I(¢). We analyze Gaussian pulses
2

t
with intensity I(¢) = Igexp (—22>7 Iy is the peak in-
o

tensity, which is reached at t = 0, and o is related to full
width half maximum (FWHM) as 7 = 2v/21n20.

Based on current mixed-field orientation experiments,
we assume a field-free molecule and turn on the elec-
tric field first. Once the maximum dc field strength is
reached, the Gaussian pulse is switched on. Since the
turning on of the dc field is adiabatic, here we investi-
gate the non-adiabatic effects appearing in this second
stage.

In this parallel field configuration, the symmetries of
the rigid rotor Hamiltonian (1) are the identity, E, the
two fold rotation around the MFF z-axis, arbitrary ro-
tations around the LFF Z C%(0), and the reflection in
any plane containing the fields. Then, the projection of
J on the Z-axis M and the parity of its projection on the
z-axis, i.e., the parity of K, are good quantum numbers.
For M # 0, there are four irreducible representations
and the symmetry of reflection on any plane containing
the fields implies the well known degeneracy in |M|. For
M = 0, the wave function can have even and odd par-
ity under these reflections, giving rise to two irreducible
representations for each parity of K.

To solve the time-dependent Schrodinger equation of
the Hamiltonian (1), we employ the short iterative Lanc-
zos algorithm for the time propagation [36], and a basis
set representation for the angular coordinates. For each
irreducible representation, we construct a basis using lin-
ear combinations of the field-free symmetric top eigen-
functions |JK M) [35] that respect the symmetries [37].
For reasons of addressability, we label the field-dressed
wave function using the field-free notation |Jg, . M),
where K, and K, are the values of K on the limiting
symmetric top rotor prolate and oblate cases, respec-
tively [38]. We have made explicit the dependence on
time t of the wave function, but not on the field param-
eters Ip, 7 and Es.

To have a better physical insight on the non-adiabatic
effects of the field-dressed dynamics, the time-dependent
wave function |Jk, k. M): is expanded in the basis
formed by the adiabatic basis at time ¢

N
it M), = 30 oy (O3 )

Jj=0

with C, (1) = p{(v; Ik, k. M),, and |y;), denotes the
adiabatic states of Hamiltonian (1) taking the elec-
tric field strength and the laser intensities constant.
Note that for each time step t, the time-independent
Schrédinger equation is solved and an adiabatic basis is
constructed. This pendular basis can be used to char-
acterize as adiabatic or diabatic the time evolution of a



wave function. Thus, the rotational dynamics could be
considered as fully adiabatic if the criterion

OHy(1)
h <%‘ o ’Yj>
p 1%
= . <1
|E; — Ej

is satisfied [39].

IIT. RESULTS

In this work, we use the benzonitrile molecule (BN)
as prototype to illustrate our results. Its rotational
constants are B, = 1214 MHz, B, = 1547 MHz and
B, = 5655 MHz, the permanent dipole moment y =
4.515 D and the polarizabilities are g, = 7.49 A3,
ayy = 13.01 A% and a,, = 18.64 A3 [40, 41] For the
sake of simplicity, we restrict this study to several rota-
tional states of even parity with respect to the reflections
on X Z-plane and under a w-rotation around the MFF
z-axis. We stress that the observed physical phenom-
ena also appear for levels within other irreducible rep-
resentations. We consider experimentally accessible field
configurations: a linearly polarized Gaussian pulse with
the FWHM in the nanosecond range and peak intensi-
ties 101 W/em? < Iy < 102 W/em?; and a weak dc field
similar to the one present in a velocity-mapping image
spectrometer of few hundreds V/cm.

In a mixed-field orientation experiment, the measure-
ments are done once the laser pulse has reached the peak
intensity, i.e., at t = 0 in our theoretical model. In this
section, we first analyze the rotational dynamics as the
laser intensity I(¢) is increased. This allows us to under-
stand the different physical phenomena giving rise to a
non-adiabatic dynamics. We also consider different ex-
perimentally accessible field configurations and investi-
gate the orientation at t = 0 for several rotational states.

A. Field-dressed dynamics of the ground state of
several irreducible representations

We start analyzing the mixed-field orientation of the
ground states of the irreducible representations with
M =0 and 3, i.e., the levels |09 00) and |39 33). We have
chosen these states because in mixed-field orientation ex-
periment of BN they have a significant population in the
quantum-state selected beam [21, 27], and the knowledge
of their field-dressed dynamics is important for these ex-
periments.

In Fig. 1(a) and Fig. 1(b) we present the orien-
tation (cos#) of the ground state |0 0); as a func-
tion of the laser intensity I(t) for E; = 300V /cm and
Es = 600V /cm, respectively. The Gaussian pulses have
Ip = 7 x 10 W/em? and several FWHM. For compari-
son, the orientation of the adiabatic state |00,00>p is also

t/t
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FIG. 1. (Color online) For the absolute ground state |0,00)+,
we present the expectation value (cos @) versus the laser in-
tensity I(¢) for (a) Es = 300V /cm and (b) Es = 600V /cm.
The peak intensity is Iy = 7 x 10" W/cm? and the FWHM
are 7 = 3 ns (red solid), 7 = 2 ns (blue long dashed), 7 = 1 ns
(orange dotted) and 7 = 0.5 ns (green dashed-dotted).
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FIG. 2. (Color online) We present the formation of the pen-
dular doublet between the states |00,00), and [1o,10) in the
adiabatic spectrum for dc field strengths (a) Es = 300V /cm
and (b) Es = 600 V/cm.

presented. For all these field-configurations, the orienta-
tion shows a qualitatively similar behavior: (cos §) mono-
tonically increases as I(¢) is increased, once the pendular
limit is reached, the slope of {cos #) versus I(¢) is reduced,
and (cos ) increases smoothly with a value smaller than
the adiabatic limit. This reduction on the final orienta-
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FIG. 3. (Color online) For the state |00,00)¢, we present the
squares of the projection of the time-dependent wave function
onto the adiabatic ground state |Oo,00)p versus the laser inten-
sity I(¢) for dc field strengths (a) Es = 300 V/cm and (b) Es =
600 V/cm. The Gaussian pulse has Iy = 7 x 10" W/cm? and
7 = 3 ns (solid red), 7 = 2 ns (blue long dashed), 7 = 1 ns
(orange dotted) and 7 = 0.5 ns (green dashed-dotted).

tion is due to the non-adiabatic effects. Anologously to
the ground state of a linear molecule in combined electric
and non-resonant laser fields, the loss of adiabaticity in
the field-dress dynamics of |09 ,00); is due to the forma-
tion of the quasidegenerate pendular doublets [26]. Thus,
increasing the FWHM of the pulse will increase the orien-
tation [25, 26, 42, 43]. In Fig. 2, we present how the pen-
dular doublet between the adiabatic states |0o,0), and
10,10}, is formed. To illustrate this loss of adiabatic-

ity of |09,00); we show the population of the adiabatic
ground state |09,00), |Coy00(t)|* in Fig. 3. Note that
for the ground state, |Co, ,0(t)|* + |C1,,0(t)|* = 1. For
Es = 300V/cm, the rotational dynamics is adiabatic if
the pulse has 7 > 4 ns, whereas for smaller values of 7 the
population transfer when the pendular doublet is formed
could be very large. Using a 1 ns pulse, the population of
the adiabatic ground state is |Co, ,o(t)[* = 0.835 at t = 0,
and due to the contribution of the anti-oriented state
|10710)p, the orientation at ¢ = 0 of |0g,00)o is reduced
to (cosd) = 0.661. By increasing the dc field strength
to Eg = 600V /cm, the energy splitting of the pendular
doublets is increased, and a Gaussian pulse of 7 = 2 ns al-
ready gives rise to an adiabatic dynamics for |09 o0)¢. For
a short pulse of 500 ps, the ground state is still strongly
oriented with {cosf) = 0.747 and the contribution of the
adiabatic ground state at ¢ = 0 is |Cy, ,0(0)|* = 0.878.
For both dc fields and 500 ps, (cosf) shows an oscilla-

tory behaviour as I(t) is increased, which is due to the
coupling between the two adiabatic states involved in the
dynamics, i.e., the mixing term ;, (0o0 |cos 0] 1010) .

The lowest-lying state in the irreducible representa-
tions with M = 1, [1o.11)¢, is relatively well separated
of neighboring levels with the same symmetry. Thus, its
field-dressed dynamics shows analogous features as those
discussed above for the |09 00);, and the formation of the
pendular pair is the only effect provoking the loss of adi-
abaticity. Indeed, for E; = 300V /cm, a Gaussian pulse
with Iy = 7 x 10 W/em? and 7 = 5 ns gives rise to an
adiabatic dynamics for this state.
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FIG. 4. (Color online) For the state |30,33)¢, we present the
orientation cosine (cosf) as a function of I(t) for (a) Es =
300V/cm and (b) 600V/cm. A detail of the oscillations of
(cos 0) for 600 V/cm is shown in panel (c). The peak intensity
of the pulses is Iy = 7 x 10" W/cm?, and the FWHM are
7 = 10 ns (red solid line), 7 = 5 ns (dark blue long dashed
line), 7 = 2 ns (orange dotted line), 7 = 1 ns (dark olive green
dot-dashed line), 7 = 0.5 ns (light blue double-dot-dashed

line). The adiabatic results are also shown (black solid line).

For higher values of M, the avoided crossings leave
their fingerprints in the field-dressed dynamics of the cor-
responding ground state. As an example, we show in
Fig. 4 the orientation cosine of |3 33); for E; = 300 V/cm
and Eg = 600 V/cm, the adiabatic value of {cos#) is also
included. Comparing these results to those of the ab-
solute ground state |09 00); in Fig. 1, two main differ-
ences are encountered. First, (cosd) initially increases
as I(t) is increased, and once the pendular doublet is
formed (cosf) oscillates around a mean value. Second,
even the 10 ns Gaussian pulses do not to ensure an adia-
batic dynamics for both dc field strengths. For instance,
at ¢ = 0 we obtain (cos #) = 0.921 for Es = 600 V/cm and
7 = 10 ns, whereas the adiabatic value is (cos#) = 0.970.
As the FWHM is increased, the amplitude of the oscilla-
tions of (cos#) is reduced.

The oscillations in the evolution of (cos#) can be ex-
plained due to the coupling between the adiabatic states
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FIG. 5. (Color online) For the state |30,33)¢, we present the
squares of the projections of the time dependent wave function
onto the adiabatic states versus the laser intensity I(¢). The
Gaussian pulse has Iy = 7 x 10" W/cm? and (a) 7 = 5 ns
and (b) 7 = 2 ns, and the dc field strength is Es = 300 V/cm.

contributing to the dynamics. The presence of avoided
crossings in the spectrum provokes that adiabatic states
from different pendular doublets are populated during
the rotational dynamics of |3y 33);. In Fig. 5(a) and
Fig. 5(b), we plot the population of the pendular adi-
abatic states for Es = 300V/cm, Iy = 7 x 10! W /cm?
and 7 = 2 ns and 5 ns, respectively. We start an-
alyzing in detail the results for 7 = 2 ns. To ratio-
nalize the population redistribution taking place around
I(t) ~ 2 x 10 W/cm?, see Fig. 5(a), we present a detail
of the adiabatic level structure in Fig. 6(a). As the pen-
dular doublet between the adiabatic levels |3,33)  and
[40,43),, is formed, [4043)  suffers an avoided crossing
with [3223) . For the states [30,33) ~|40,43) in the pen-
dular doublet, the maximum value of adiabatic parame-
ter is  ~ 1.3. The maximum of 7 for the state [3223)
with [30,33), and [40,43), are ) ~ 0.44 and 0.46 respec-
tively. Thus, the two oriented states [3,33) , and [32,23) |
are also coupled, even if their energy separation is larger.
These values of 1 indicate that the dynamics in this re-
gion is not be adiabatic. Indeed, the population of these
two states [40,43)  and [32,23)  simultaneously increases
as the one of [30,33) , decreases. Once the pendular pair
between [30,33) , and [40,43)  is formed their populations
keep a constant behavior as I(t) is increased. We observe
the formation of the second pendular doublet in this ir-
reducible representation for I(¢) ~ 3 x 101 W/cm?: the
population of the adiabatic states [3223)  and [3213),
decreases and increases, respectively. By further increas-
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FIG. 6. (Color online) (a), (b) and (c¢) Adiabatic energy struc-
ture when the pendular doublets between the states |30,33>p
and |40743)p is formed for Eg = 300 V/cm, Es = 600V /cm and
Es = 2kV/cm, respectively. (d) Avoided crossing between the
adiabatic states |32,23>p7 \32713>p, |50,53)p and \42733>p.

ing I(¢) the states [32,23)  and [3213) suffer an avoided
crossing with those from the third pendular doublet
[50,53), and [42,33) , see Fig. 6(d). Through this avoided
crossing, there is a strong coupling between the oriented
sates |32,23) ) and [50,53)  with the adiabatic parameter
reaching the maximum value n ~ 1.93, and between the
antioriented ones [3,13)  and |4233)  with ~ 1.92. In
both cases the dynamics is not be adiabatic, and we ob-
serve in Fig. 5(a) how their populations are interchanged
around I(¢) ~ 2 x 1011 W/cm?. The oscillations in (cos 6)
are due to the coupling between all these adiabatic states
that are populated. As the laser intensity is increased,
these levels achieve the pendular regime and these crossed
matrix elements between states in the same pendular
pair, i.e., , (3033 |cosf)| 4043)p, p (3223 |cos 6] 3213)p and
p (5053 [cos 0] 4233) ,, approach zero. As t varies, the fre-
quency of the oscillation is different because different
pendular adiabatic states dominate the field-dressed dy-
namics, see Fig. 4(c). At t = 0, the field-dressed wave
function of the state |3¢,33)¢ has significant contributions
from 6 different adiabatic states, which gives rise to a
weak orientation (cosd) = 0.327. For 7 = 5 ns, the dy-
namics is more adiabatic. Thus, when the pendular dou-
blets are formed the interchange of population is smaller
than for a 7 = 2 ns pulse, see Fig. 5(b). The avoided
crossing are still crossed diabatically. Indeed, the popu-
lation of the states [3,13)  and |42,33)  is smaller than
0.001, and the field-dressed dynamics of |39 33); is dom-
inated by the adiabatic states |30,33>p, \40,43>p, |32’23)p
and \50,53>p. This explain that the oscillation of (cos#)
are reduced, and that at ¢ = 0 this state shows a signifi-
cant orientation with (cosf) = 0.547.

For other ground states, such as |2922): and [40.44)+,
we have encountered similar phenomena, and their rota-
tional dynamics is strongly dominated by avoided cross-
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FIG. 7. (Color online) For the ground states of several irre-
ducible representations, we plot the expectation value (cos )
at t = 0 as a function of the FWHM of the Gaussian pulse
for (a) Es = 300V /cm and (b) Es = 600V /cm. The peak
intensity is fixed to Iy = 7 x 10" W/cm?.

ings.

1. Influence of FWHM of the Gaussian pulse

We consider now the ground states of the irreducible
representations with M < 4, that is the states |09,00);,
|10,11>t7 ‘20722%, |30,33>t and ‘40,44>t~ In this section we
investigate the impact of the temporal width of the Gaus-
sian pulse in their rotational dynamics. Their orientation
at the peak intensity, i.e., at ¢t = 0, are plotted ver-
sus 7 in Fig. 7(a) and Fig. 7(b) for E; = 300 V/cm and
Es = 600V /cm, respectively. The peak intensity is fixed
to Iy = 7 x 101 W/cm?2.

In contrast to the mixed-field orientation of a lin-
ear molecules [26], a smaller field-free rotational energy
does not imply a larger orientation. For instance, using
Es = 300V/cm, the state |49.44)0 shows a larger orien-
tation than |29 22)o and |3¢,33)o for 7 2 2 ns and 3.5 ns,
respectively. For 7 2 6 ns, the state |29,22)¢ is the least
oriented. As indicated above, the non-adiabatic features
of field-dressed dynamics are due to the formation of the
pendular doublets and to the avoided crossings. By in-
creasing 7, we can ensure that less population is trans-
ferred from the oriented state to the antioriented one or
vice-versa as the pendular doublet is formed. However,
the characteristic time scale of the avoided crossings is
different, and significantly larger FWHM are needed to
pass them adiabatically. Each irreducible representation
is characterized by a certain field-dressed level structure,
and, therefore, by an amount of avoided crossings which
contribute to the complexity of the rotational dynamics.
The absence of avoided crossings close to the ground state
gives rise to a monotonic increase of (cos ) approaching
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FIG. 8. (Color online) For the ground states of several ir-
reducible representations, we present their expectation value
(cos 0) once the peak intensity is reached at ¢ = 0 as a function
of the dc field strength Eg for (a) 7 = 5 ns and (b) 7 = 10 ns.
The peak intensity is fixed to Ip = 7 x 10" W/cm?.

the adiabatic limit as 7 is increased, this behavior is ob-
served in the levels |0 00); and |1911);, In contrast, the
influence of an avoided crossing in the corresponding dy-
namics implies that significantly longer pulses are needed
to reach the adiabatic limit, e.g., the levels |24 22); and
130,33)¢. In particular, for 7 > 2 ns, the orientation (cos 6)
of |20,22)+ shows a smooth oscillatory behaviour as a func-
tion of 7.

2. Influence of electric-field strength

In this section, we consider the same set of ground
states and analyze their orientation at t = 0 as a function
of the dc field strength, see Fig. 8. For a given laser pulse,
the largest is the energy gap between the two levels in a
pendular pair, the less efficient is the population trans-
fer when the doublet is formed [26]. This statement also
holds for asymmetric top molecules. However, the impact
of the electric field on the avoided crossings will influence
the rotational dynamics. For both pulses, we encounter
that the states |2922)¢ and |39 33)0 present a smaller ori-
entation than |4944)9. The level |3933)¢ is more (less)
oriented than |2 22)¢ for the 7 = 10 ns (7 = 5 ns) pulses.
Our calculations show that for these ground states, the
adiabatic pendular limit could be reached using a strong
electric field and a 10 ns pulse, see Fig. 8 (b).

B. Field-dressed dynamics of excited states

In this section we analyze the mixed-field dynamics
of two excited rotational states from different irreducible
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FIG. 9. (Color online) For the state |40,43)¢, we present (cos )
versus 1(t) for (a) Es = 300 V/cm and (b) 600 V/cm. A detail
of the oscillations of (cosf) for 600 V/cm is shown in panel
(c). The peak intensity of the pulses is Ip = 7 x 10** W/cm?,
and the FWHM are 7 = 10 ns (red solid line), 5 ns (dark blue
long dashed line), 2 ns (orange dotted line), 1 ns (dark olive
green dot-dashed line), 0.5 ns (light blue double-dot-dashed
line). The adiabatic results is also plotted (black solid line).

representations. The field-dressed spectrum is character-
ized by a high density of adiabatic states and a large
number of avoided crossings between neighboring levels.
As a consequence, the rotational dynamics is more com-
plex, and it is harder to achieve the diabatic limit.

1. Dynamics of the state |40,43)+

As a first example, we investigate the dynamics of the
rotational state |49 43); which forms the pendular pair
with [3¢,33):. In Fig. 9(a) and Fig. 9(b) the orientation
of |40,43)+ is plotted versus I(t) for (a) Es = 300V /cm
and (b) Es = 600V/cm, respectively. In contrast to
the case of a linear molecule in parallel dc and ac fields,
this state does not show the same orientation but in op-
posite direction as its partner in the pendular doublet
the level |3¢,33)¢, except if the dynamics is adiabatic or
very close to it. This can be explained in terms of the
avoided crossings, which affect in different ways the ro-
tational dynamics of |30.33): and |4944);. We present
in Fig. 10(a) and Fig. 10(b) the contributions of adi-
abatic states to the rotational dynamics of |4 43): for
a 5 ns pulse with E; = 300V /cm and 600V /cm, re-
spectively. For both dc field strengths, we observe that
the population redistribution starts first to the adiabatic
states |32,23)p and |32713)p. Due to the rotational con-
stants of BN, the states [3223)  and [32,13) , are quasi-
degenerate in energy in the absence of the fields, and as
1(t) varies they posses a very close energy, see Fig. 6(a)
and Fig. 6(b). As a consequence, population is initially
transferred to both levels, but more to |3223) | which lies
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FIG. 10. (Color online) For the state |40,43)¢, we present the
squares of the projections of the time dependent wave function
onto several adiabatic states versus the laser intensity 1(t) for
dc field strengths (a) Es = 300 V/cm and (b) Es = 600V /cm.
The Gaussian pulse has Ip = 7 x 10! VV/cm2 and 7 = 5 ns.
The notation and label of the adiabatic states is the same as
in Fig. 5.

. For a stronger laser intensity, the pen-
dular pair [39,33) —[40,43) , starts to form and |C5053(1)]?
increases. The main difference between both dc field
strengths is that for E; = 300V/cm, [30,33), acquires
the largest population; whereas for Es = 600V /cm is
32,23) . Indeed, at the largest dc field the avoided cross-
ing is passed more diabatically, and more population is
transferred to the |32,23)p, because the coupling between
the states is larger. Whereas for E; = 600 V/cm, the pen-
dular pair [39,33) ~[40,43),, is formed more adiabatically
because the energy splitting in the doublets is larger, and
30,33),, is less populated than for Eg = 300V/cm. In
these plots, we also observe how the second pendular
doublet between |32723)p and |32713)p is formed around
I(t) ~ 2.3 x 101°W/cm?. For stronger laser intensities,
the next pendular pair [50,53)  and [42,33) ) is also popu-
lated due to the avoided crossing that these levels suffer
with those forming the second doublet, see Fig. 6(d). The
couplings between these six pendular states provoke the
oscillatory behavior of {cos#). Let us mention that the
first avoided crossing is not crossed adiabatically using
a 10 ns pulse, but the population of the state |32,23)p is
smaller than 0.03 at t = 0 for both field strengths. Only
these 10 ns pulses give rise to a significant antiorientation
with values close to the adiabatic predictions.

We investigate now the rotational dynamics of this
state as the dc field is increased. For four Gaussian

closer to |49,43)



Es (kV/cm)

FIG. 11. (Color online) For the state |49,43)0, we show the
orientation at ¢t = 0 versus the electric field strength Es, for a
laser pulse with Ip = 7 x 10t V\//cm2 and several FWHM.

pulses with Iy = 7 x 10'' W/ecm?2, the orientation of
|[40,43)0 at t = 0 is plotted versus Eg in Fig. 11. For
this state, the adiabatic prediction is {cos#) = —0.970,
which is independent of Eg. Our time-dependent calcu-
lations show that the orientation oscillates as Eg in in-
creased. This behavior can be explained in terms of the
avoided crossings, and their evolution as Eg varies. At
Eg =300V /cm, the pendular states [49,43) ) and [32,23)
suffer an avoided crossing for I(¢) ~ 1.53 x 10*° W/cm?,
before the pendular doublet [3¢,33) ~[40,43),, is formed,
see Fig. 6(a). By increasing Eg, this avoided crossing is
split into two, e.g., for E; = 2kV /cm, the first and sec-
ond one appear at I(t) =~ 7.8 x 10°W/cm? and I(t) ~
2.1 x 101 W /ecm?, respectively, and the minimal energy
between the two states in the pendular doublet is reached
at I(t) ~ 2.47 x 101 W/cm?, see Fig. 6(c). The rota-
tional dynamics through these avoided crossings as I(¢) is
varied strongly depends on the FWHM of the laser pulse.
For instance, using a 10 ns pulse and Eg = 2kV/cm,
these two avoided crossings are passed diabatically and
the pendular level |32?23>p is populated, and the forma-
tion of the two pendular doublets [3033) ~|40,43), and
|32,23) ,7132,13) , is also diabatic. Furthermore, the next
avoided crossing between the pendular states |32,13>p
and [50,53) , see Fig. 6(d), is also crossed diabatically.
Hence, the final orientation of |49 43)¢ strongly depends
on the rotational dynamics through these avoided cross-
ings. Indeed, as Eg is increased the population redis-
tribution through these avoided crossings is increased;
whereas less population is transferred when the pendu-
lar doublets are formed as occurs in linear molecules.
For this state, to reach an adiabatic dynamics through
the avoided crossings, longer laser pulses are needed, but
the dc field should be chosen properly. For instance, a
20 ns pulse ensures an adiabatic dynamics of this state
with 300 V/cm < Eg < 1kV/cm, whereas for stronger dc
fields, it is still diabatic.
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FIG. 12. (Color online) For the state |30,31)¢, we plot (cos )
versus I(t) for (a) Es = 300V/cm and (b) Es = 600V /cm.
The peak intensity of the pulses is Ip = 7 x 10 W/cm?, and
the FWHM are 7 = 10 ns (red solid line), 7 = 5 ns (dark blue
long dashed line), 7 = 2 ns (orange dotted line), 7 = 1 ns
(dark olive green dot-dashed line), 7 = 0.5 ns (light blue
double-dot-dashed line). The adiabatic results are also shown
(black solid line).

2. Dynamics of the state |30,31):

As a second example, we have chosen the state [30.31)¢,
which in the field-free spectrum is the third one with
M =1 and even symmetry in the reflection of the X Z-
plane. The orientation cosine of |3p31); is presented in
Fig. 12 for several Gaussian pulses. For Eg = 300V /cm,
doubling the FWHM from 5 ns to 10 ns does not pro-
voke an enhancement on the orientation. Analogously,
using Es = 600V /cm, the pulses with 7 = 2 ns, 5 ns
and 10 ns give rise a similar orientation at t = 0. The
dynamics of 3¢ 31); is strongly affected by the adiabatic
states |22,11) ) and [2291) . The adiabatic state |39,31)
undergoes an avoided crossing with |25 1 1)p7 see Fig. 13,
just before they form the second pendular pair in this ir-
reducible representation. The field-free states [22,11) and
|22,01) are quasi-degenerate in energy, and in the pres-
ence of the fields, their energies remain very close as I(t)
is varied if the electric field is weak. For Eg = 300V /cm,
when the pendular doublet between [3¢,31)  and [2211) )
is formed, |22701)p is energetically very close and the
levels |22,11)p and |22’01>p suffer an avoided crossing,
see Fig. 13. The population redistribution is illustrated
in Fig. 14 for the Gaussian pulse with 7 = 10 ns and
the two dc field strengths. Due to the avoided cross-
ing between [3931), and [22,11) , |C2,,1(t)|* achieves a
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FIG. 13. We show the adiabatic level structure when the
pendular doublet between the states \30,31>p and \22,11>p is
formed for (a) Es = 300V /cm and (b) Es = 600V /cm.

first maximum as a function of I(¢), and afterwards it
reaches a constant value once the pendular doublet is
formed. As I(t) is increased, the second avoided crossing
|22’11>p and |22,01>p is encountered, and the adiabatic
level [2201) acquires a similar population as [25,11)
and they get their population almost simultaneously for
Es = 300V/cm. The dynamics of [3g31); is dominated
by the adiabatic states [30,31) , [22,11), and [2301) .
Since the last two states have similar population and they
are oriented in opposite directions, the final orientation
at t = 0 of [39,31)o is significantly smaller than the adi-
abatic prediction. The oscillations of (cos#) are due to
the couplings between these three pendular states.

Finally, we investigate the rotational dynamics of this
state [39,31)¢ as the dc field strength is increased for sev-
eral FWHM and Iy = 7 x 101* W/cm?. The orienta-
tion cosine is presented in Fig. 15. For the four Gaus-
sian pulses, (cos@) monotonically increases as Eg is en-
hanced. However, even the field parameters 7 = 20 ns
and E; = 2kV/cm do not give rise to a fully adia-
batic dynamics; our time-dependent calculations provide
(cos @) = 0.956, which is smaller than the adiabatic limit
(cos®) = 0.973. Note that the adiabatic value is in-
dependent of Es. An important feature of this state
is that using weak dc fields, the dynamics is not adia-
batic even if the FWHM is increased up to 20 ns. This
lack of adiabaticity is again explained in terms of the
rotational dynamics through the avoided crossings. The
avoided crossing involving the adiabatic states [39,31)

and |2511)  is crossed diabatically even for 7 = 20 ns
and Eg < 2kV/cm. The second avoided crossing among
221 1)p and |22101>p is again passed diabatically for these
field configurations, and |22 ¢ 1>p acquires population. By
increasing the dc field strength, the population of the
state [22,01)  at t = 0 is also increased. For sufficiently
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FIG. 14. (Color online) For the state |39,31)¢, we show the
squares of the projections of the time dependent wave function
onto several adiabatic states versus the laser intensity I(¢) for
dc field strengths (a) Es = 300 V/cm and (b) Es = 600V /cm.
The Gaussian pulse has Iy = 7 x 10! VV/cm2 and 7 = 10 ns.
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FIG. 15. (Color online) For the state |30,31)0, we show the
orientation at ¢ = 0 versus the electric field strength Es, for a
laser pulse with Ip = 7 x 10! VV/cm2 and several FWHM.

strong dc field, the dynamics of |30 31); is dominated by
the adiabatic states |30,31)  and [22,01) , and the popula-
tion of [2511) | is reduced. Since [3031), and [221)  are
right-way oriented in the pendular regime, (cos ) shows
an smooth increasing behaviour as a function of Es. For
this state, the adiabatic dynamics is reached only if long
enough Gaussian pulses are used, and increasing the dc
field strengths will facilitate to reach of this adiabatic
limit.



IV. CONCLUSIONS

In this work, we have investigated the impact of par-
allel dc fields and non-resonant laser pulses in an asym-
metric top molecule. For several rotational levels, we
have explored in detail their rotational dynamics as the
intensity of the laser pulse is increased till its peak value.
Such a study has allowed us to identify the sources of
non-adiabatic effects and the regime when they appear.
In addition, we have analyzed the degree of orientation
as the FWHM of the Gaussian pulse and the electric field
strength are varied.

‘We have encountered only a few rotational states, such
as |00,00)¢ and |1g,11)s, for which the field-dressed dy-
namics is dominated by the formation of the pendular
pairs. For other states, the dynamics is more compli-
cated because the time evolution of their wave function
is strongly affected by the avoided crossings. At the ac
field regime where the pendular doublets are formed, the
presence of additional avoided crossings provokes the in-
teraction between three or even more adiabatic levels. In
such a region, the complexity of these avoided crossings
prevent us from using the Landau-Zener criteria or a two
state model to analyze the rotational dynamics through
them. The avoided crossings give rise to a highly non-
adiabatic dynamics, and the final degree of orientation
could be reduced. We have shown that dc fields with
strengths up to 2kV/cm do not ensure an adiabatic dy-
namics for low-lying rotational states. Thus, the path
to the adiabaticity necessitates laser pulses with longer
temporal widths. Due to the different time scales as-
sociated to both phenomena, the pendular doublet for-
mation and avoided crossings, the field configuration re-
quired to achieve an adiabatic dynamics simultaneously
for many rotational states becomes harder to produce
experimentally. A laser pulse could be designed with a
small slope of the intensity in the field regime where most
of the avoided crossings appear and pendular doublet are
formed, trying to minimize the population redistribution
at that region. So that, the degree of adiabaticity could
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be significantly enhanced.

In this work, we have analyzed the field-dressed dy-
namics of benzonitrile, but the above-observed physical
phenomena are expected to occur in other polar asym-
metric top molecules. Due to the complex structure of
these systems, a similar theoretical study should be per-
formed for each specific molecule. The field regime under
which the adiabatic dynamics would be achieved strongly
depends on the rotational constant, the polarizabilty ten-
sor and the permanent dipole moment.

A natural extension to this work would consist on con-
sidering an asymmetric top molecule in a nonparallel field
configuration, as those used in the mixed-field orientation
experiments [21, 27]. For tilted fields, the complexity of
the field-dressed level structure is enhanced due to the
presence of avoided crossings between states having dif-
ferent field-free magnetic quantum numbers. Due to this
new source of non-adiabatic effects, the degree of orien-
tation in non-parallel dc and ac fields could be reduced.
In this work, we have shown that for parallel fields, the
avoided crossing among states with the same symmetry
are passed, in general, diabatically for many field config-
urations. Thus, a time-dependent description will allow
us to revise our prediction that in titled fields the avoided
crossings among states with the same (different) field-free
value of M are crossed adiabatically (diabatically) [24].
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Abstract. We present a theoretical study of the impact of an electrostatic field combined
with nonresonant linearly polarized laser pulses on the rotational dynamics of a thermal
ensemble of linear molecules. We solve the time-dependent Schrédinger equation within the
rigid rotor approximation for several rotational states. Using the carbonyl sulfide (OCS)
molecule as a prototype, the mixed-field orientation of a thermal sample is analyzed in detail
for experimentally accessible static field strengths and laser pulses. We demonstrate that
for a characteristic field configuration used in current mixed-field orientation experiments, a
significant orientation is obtained for rotational temperatures below 0.7 K as well as using
stronger dc fields.

1. Introduction

The mixed-field orientation of polar molecules via the interaction with an electric field and a
nonresonant laser field is a widespread technique to produce samples of oriented molecules. This
method was proposed by Friedrich and Herschbach [1, 2], and is based on the dc-field induced
coupling between the nearly degenerate pair of states with opposite parity forming the tunneling
doublets in the strong laser field regime. A recent experimental and theoretical study has proven
that under ns laser pulses the weak dc field orientation is not, in general, adiabatic, and that
a time-dependent description of the mixed-field orientation process is required to explain the
experimental results [3, 4]. Thus, depending on the field configuration, the orientation of a
rotational state could be significantly smaller than the adiabatic prediction. In addition, not all
the states present a right-way orientation, and some of them are antioriented.

In a thermal ensemble of molecules, the combination of these right- and wrong-way oriented
states gives rise to a weakly oriented molecular beam [5, 6]. An enhancement of the orientation
could be achieved by employing either lower rotational temperatures or quantum-state selected
molecular beams. By using inhomogeneous electric fields, the amount of populated states is
significantly reduced creating a quantum-state selected molecular beam, and achieving with this
beam an unprecedented degree of orientation [7, 8, 9]. Cold molecular beams, with typical
temperatures of the order of 1 K, are created in supersonic expansions of molecules seeded in
an inert atomic carrier gas [10]. Depending on the rotational constant, the molecules could
still be distributed over a large number of rotational states in these thermal ensembles. In the
present work, we investigate the mixed-field orientation of a thermal sample of polar molecules
as the rotational temperature is varied. Our aim is to find the temperature at which the thermal
ensemble shows a similar orientation as the quantum-state selected molecular beam.



Herein, we consider a polar linear molecule exposed to an electric field combined with a
nonresonant laser pulse, and provide a detailed theoretical analysis of the mixed-field orientation
of a thermal sample of this molecule. To do so, we solve the time-dependent Schrodinger equation
within the rigid rotor approximation for a large set of rotational states. Taking as prototype
example the OCS molecule, we explore the mixed-field orientation as a function of the rotational
temperature of the thermal sample for several experimental field configurations. We show that
to achieve a significant orientation, rotational temperatures around 0.6 K and 1 K are required
if either a weak or strong dc fields are applied, respectively. We also present the orientation
of individual states and, for some of them, analyze the projections of the time-dependent wave
functions on the corresponding adiabatic basis.

The paper is organized as follows: In Sec. 2 we describe the Hamiltonian of the system and
the orientation of a molecular thermal ensemble. The mixed-field orientation of the thermal
ensemble as a function of the rotational temperature is analyzed in Sec. 3. The conclusions are
given in Sec. 4.

2. The Hamiltonian and the orientation of a thermal ensemble

We consider a polar linear molecule exposed to a homogeneous static electric field and a
nonresonant linearly polarized laser pulse. In the framework of the rigid rotor approximation,
the Hamiltonian of this system reads

H(t) = H, + Hy(t) + HL(t), (1)
where H, is the field-free Hamiltonian
H, = BJ?, (2)

with J being the total angular momentum operator and B the rotational constant. The
interactions with the electric and laser fields are Hg(t) and Hy,(t), respectively.

The dc field E¢(¢) forms an angle 5 with the Z-axis and is contained in the X Z-plane of the
laboratory fixed frame (LFF) (X,Y, Z). The dipole coupling with this field reads

Hy(t) = —p - Eg(t) = —uEg(t) cos b (3)

with Eg(t) = Eq(t)(sin X + cos 8Z), and Eq(t) being the electric field strength. The angle
between the dipole moment p and Eg(t) is 65, and cosfs = cos/3cosf + sin 5 sin 6 cos ¢.
The angles Q = (0, ¢) are the Euler angles, which relate the laboratory and molecular fixed
frames. The molecule fixed frame (MFF) (Xas, Yar, Zar) is defined so that the molecular
permanent dipole moment p is parallel to the Zj;-axis. Based on the mixed-field orientation
experiments [8, 9, 3|, the dc field is switched on first increasing its strength linearly with time.
We ensure that this turning-on process is adiabatic, and once the maximum strength Eg is
achieved, it is kept constant.

The polarization of the nonresonant laser field is taken parallel to the Z-axis. Thus, the
interaction of the nonresonant laser field with the molecule can be written as [11]

Hy(t) = —&Aa cos? 6, (4)

CceQ
where A« is the polarizability anisotropy, I(¢) is the intensity of the laser, ¢ is the speed of
light and ¢ is the dielectric constant. Note that in Eq. (4) the term —a1(t)/2ceg has been

neglected because it represents only a shift in the energy. The laser is a Gaussian pulse with
intensity I(¢) = Ipexp (—t2 / 202), Iy is the peak intensity, and o is related with the full width



half maximum (FWHM) 7 = 2v/2In20. When the nonresonant laser field is turned on the
interaction due to this field is much weaker than the coupling with the dc field.

The time-dependent Schrodinger equation associated to the Hamiltonian (1) is solved by
means of a second-order split-operator technique [12], combined with the discrete-variable
and finite-basis representation methods for the angular coordinates [13, 14, 15, 16]. The
basis is formed by the spherical harmonics Y;3,(€2), which are the eigenstates of the field-free
Hamiltonian (2). J and M are the rotational and magnetic quantum numbers, respectively. At
time ¢, the time-dependent states will be labelled as |J, M, l>5 + with [ = e and o indicating even
or odd parity with respect to the X Z-plane, respectively. The labels J, M and [ refer to the
field-free quantum numbers to which they are adiabatically connected and they depend on the
way the fields are turned on [17].

We consider a thermal sample of molecules and investigate its mixed-field orientation at ¢t = 0
once the peak intensity Iy has been achieved. For a rotational temperature T, the orientation
of a thermal distribution is given by

((cos b)) T—Z Z W¥{cosb),
J=0M=

where the orientation of the field-dressed state |J, M, )% is (cos 0) jan = of (J, M, |cos 8|J, M, )"
The thermal weight of the field-free state |J, M, 1) is

6%72})3 © —J(J+1)B
J=0

with kp being the Boltzman constant.

In many mixed-field orientation experiments, the degree of orientation is measured by the
ion imaging method [8, 9]. The up/down symmetry of the 2D-images of the ionic fragments is
experimentally quantified by the ratio Ny, /Niot, with Ny, being the amount of ions in the upper
part of the screen plane, and Ny the total number of detected ions. In order to compare with
the experimental results [3], we also compute the orientation ratio Nyp/Niet, of this thermal
sample on a 2D screen perpendicular to the electric field axis. This is defined as

NJM
wTt
Ntot Z Z:J JNE]O]L/[
where
Ni;])w:/ / Pru(y, z) dydz,
y2+22<1 J2>0
and
N = Pru(y, z) dydz
y2+22§1

with Pjas(y, z) being the projection on a 2D screen perpendicular to the electric field axis of
the probability density associated to the state |J, M, l>’6 o0 [18], which includes the alignment
selectivity of the probe laser. y and z are the abscissa and ordinate of a 2D coordinate system
centered on the screen, due to their relation with the Euler angles (6, ¢) their values are restricted
to y? + 22 < 1 [18].
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To rationalize the mixed-field orientation results and illustrate the adiabaticity of this process,
the time-dependent wave function is projected on the field-dressed adiabatic states

T, M, 1)) :Z Z Cjom,r(£) }j,mj,wﬁ (6)

J=0m;=—j

with Cjp0 (t) = B (Gymy, U JMl>tB. This adiabatic basis is formed by the eigenstates |j, m;, l)g
of the adiabatic Hamiltonian, i.e., the Hamiltonian (1) with constant electrostatic field Es and
constant laser intensity I = I(¢). For each time ¢, the time-independent Schrédinger equation
is solved by expanding the wave function in a basis formed by linear combinations of spherical
harmonics that respects the symmetries of the system. Note that for |J, M, Z>B 0, the closer
|C JMZ\Q to one the more adiabatic is the mixed-field orientation process.

3. Results

In this work, we use the OCS molecule as prototype. The rotational constant of OCS is
B = 0.20286 cm ™!, the permanent dipole moment ;2 = 0.71 D and the polarizability anisotropy
Aa = 4.04 A% In Fig. 1, we present the thermal weights of several rotational manifolds
(2J + 1)W;, see Eq. (5). Due to the large rotational constant of OCS, the field-free energy
splittings are large, and then, the thermal samples with 7' < 1 K are dominated by the J = 0
and J = 1 manifolds. Indeed, the relative weights of the states with J = 0 and J = 1 are
Wo =47.8% and W1 = 44.7% at T = 0.5 K, and Wy = 99.1% and W; = 0.9% at T = 0.1 K. In
our calculations, the thermal sample includes rotational states with J < 9, and we have ensured
that the contribution of higher excitations can be neglected.

We first consider the OCS molecules exposed to an electric field and linearly polarized laser
pulse, with both fields parallel to the LFF Z-axis. For several field configurations, we present
in Fig. 2 the orientation cosine of the thermal ensemble as a function of the temperature for
Es = 300 V/cm. Note the different scales used in each panel.

For this weak dc field, a significant orientation is only achieved if the rotational temperature is
below 0.5 K, and the Gaussian pulse has 7 = 10 ns, e. g., for the peak intensities Iy = 102 W /cm?
and 5 x 10! W/cm? we obtain ((cos#))r > 0.5. Using 1 ns Gaussian pulse, the orientation of
the thermal sample is very small because the rotational states are weakly oriented, for instance,
they satisfy [(cosf)yn| < 0.13 for Iy = 102 W/cm? and Iy = 5 x 101! W/em?; whereas for
Ip = 10 W/cm?, we obtain (cos)gpe = 0.24 for the ground state. For these three FWHM,
we encounter that a pulse with peak intensity I = 5 x 10! W/cm? gives rise to a larger
orientation than one with Iy = 10'2 W/cm?, this is counterintuitive to what is expected in
the adiabatic limit. This phenomenon can be explain by the non-adiabaticity of the mixed-field
orientation process [3, 4], and can be rationalized in terms of the orientation of the individual
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Figure 2. Orientation of a OCS thermal sample ((cos 6))r as a function of the temperature for
Gaussian pulses with 7 = 10 ns, 7 = 5 ns, and 7 = 1 ns and peak intensities Iy = 10'2 W /cm?
(thick solid line), Iy = 5 x 10" W/cm? (dashed line) and Iy = 10* W/cm? (dotted line). The
field configuration is Eg = 300 V/cm and § = 0°.

levels. In Fig. 3, we present the orientation cosine of the field-dressed states |J, |M],e)’y at
t = 0 for two 10 ns Gaussian pulses with Iy = 102 W/cm? and Iy = 5 x 101 W/cm?. In these
plots, we observe that the levels |J, M, e>007|J +1,M, e>00, which form a pendular doublet,
are oriented and antioriented, respectively. The 5 x 10'' W/cm? pulse is not strong enough
to affect the rotational dynamics in the excited rotational states with J > 5. The pulse with
the strongest intensity Iy = 102 W/cm? provokes a large orientation on highly excited states
with J < 7. However, for the levels with J < 3, i.e., those that are important on the cold
regime, the 5 x 10! W/cm? pulse gives rise to a larger orientation compared to the 1012 W /cm?
one. In the parallel field configuration, the population transfer between the two levels forming
the doublets in the pendular regime is the only source of nonadiabatic effects in the field-
dressed dynamics [3, 4]. For these levels, the population transfer to the neighboring state as
the pendular pair is formed is the largest for the strongest laser. For the ground state, at t = 0
we obtain that the population of the adiabatic state |0,0, e)g is |Cooe|?> = 0.87 and 0.91 with
Ip = 102 W/cm? and Ip = 5 x 10" W/cm?, respectively. As a consequence, the orientation
is smallest for Iy = 10'2W/cm?, and, therefore, the thermal ensemble is less oriented. By
increasing the temperature, the contribution of excited rotational states becomes important,
and the thermal ensemble in a Iy = 102 W /cm? pulse shows the largest orientation.
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Figure 3. Orientation cosines (cos ) sz at t = 0 of the states |.J, | M|, €)% versus the field-free
rotational quantum number J. The Gaussian pulses have 7 = 10 ns, and peak intensities (a)
Ip = 5 x 10" W/em? and (b) Iy = 1012 W/cm?. The field configuration is Es = 300 V/cm and
B =0°.

Now, we consider that the electric field is tilted an angle 8 = 30° with respect to the
polarization axis of the laser pulse, that is the LFF Z-axis. For several field configurations, we
present in Fig. 4 the orientation cosine of the thermal ensemble as a function of the temperature
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Figure 4. Same as Fig. 2 but for g = 30°.

for Es = 300 V/cm. Compared to the parallel field case, the orientation is reduced. For tilted
fields, there are two main sources of nonadiabatic effects in the field-dressed dynamics: i) the
transfer of population taking place when the quasidegenerate pendular doublets are formed as
the laser intensity is increased; ii) at weak laser intensities, there is also population transfer due
to the splitting of the states within a J-manifold now having the same symmetry. In addition,
avoided crossings might be encountered as I(t) is enhanced. The diabatic or adiabatic character
of these avoided crossings depends on the field configuration and on the state. Hence, for a
certain field configuration, the orientation of the individual states is smaller for g = 30° than
for f = 0°. This reduction of the orientation is illustrated for the rotational states |.J, M, e>00
in Fig. 5 for two 10 ns Gaussian pulses. For Iy = 5 x 10" W/cm?, only the states |0,0, e)oo
and |3,1,e)’y present a strong orientation with |(cos 8) sas| > 0.6, whereas for Iy = 10'2 W /cm?
only the ground state is strongly oriented. The other levels present a moderate or even small
orientation. Due to the population redistribution within a J-manifold at weak intensities, the
two levels forming a pendular doublet do not possess the same orientation |{cos#) ;| but in
opposite directions as occurs in the parallel field configuration.
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Figure 5. For the states |J, | M|, e)*", orientation cosines (cos ) sa at t = 0 versus the field-
free rotational quantum number J. The Gaussian pulses have 7 = 10 ns and peak intensities
(a) Ip = 5 x 10" W/em? and (b) Iy = 102 W/cm?. The field configuration is Eg = 300 V/cm
and 8 = 30°.

For the state |2,0, e>30t, we illustrate its rotational dynamics by presenting the projections
of the time-dependent wave function in terms of the adiabatic states in Fig. 6(a) for a 10 ns
pulse with Iy = 10'2W/cm?. The switching on of the electric field has been adiabatic and
the level |2,0,e>§0 is the only one populated when the laser pulse is turned on. At weak
laser intensities, the three states with the same symmetry in the J = 2 manifold, that is
12,0, e)f)o, |2,1,e>20 and |2,2,e>§0, are driven apart: |Caoe(t)|? decreases as I(t) is increased,
whereas |Ca1e(t)|? and |Cage(t)|? increase. For a wide range of laser intensities, these three
coefficients keep their values constant. Around I(t) ~ 2.84 x 10'® W/cm?, the states |2, 1, e>§’)0
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Figure 6. For the state |2,O,e>30t, we present the squares of the projections of the time
dependent wave function onto the adiabatic pendular states versus the laser intensity I(¢), for
dc field strengths (a) E¢ = 300V /cm and (b) Es = 2kV/cm. The Gaussian pulse has 7 = 10 ns
and peak intensity Iy = 102 W /cm?, and the fields are tilted an angle 8 = 30°.

and |2, 2, e)io suffer an avoided crossings, which is crossed diabatically and the population of
these two adiabatic levels is interchanged. Another diabatic avoided crossing is encountered
around I(t) ~ 1.09 x 10" W/cm?, and the involved states |2, 0, e)f)o and |3, 3, e}io interchanged
their population. Upon further increasing I(¢), the pendular doublets start to form, the coupling
between the two involved states increases, and there is a new population redistribution. In this
figure, it is appreciated how the different pendular doublets are formed sequentially according
to their energy. The first one involves the states |1,0, e>20 and |2,2, e>io, the next one |2, 1, e>§’)0
and |2, 0, e)io, and the third one in this figure |3, 3, e>§0 and |3, 2, e>f)0. At t = 0, the contribution
of the adiabatic states to the field-dressed wave function is [C9¢(0)]? = 0.11, |Ca2¢(0)|? = 0.45,
|C216(0)[? = 0.31, |Ca0.(0)|? = 0.08, |C33¢(0)|> = 0.04 and (L032e(0)y2 = 0.01. As a consequence
of this population redistribution, at t = 0 the state |2, 0, e>3 o is weakly antioriented (cos 6)90e =
—0.089, whereas in the adiabatic prediction present a strong anti-orientation (cos #)29. = —0.886.
Analogously, other features of the system such as the energy, alignment, and hybridization of
the angular motion are also affected by this population redistribution and do not resemble the
adiabatic results.

For 8 = 30°, the orientation ratio Ny, /Niet is presented in Fig. 7. To compute Nyp/Niot we
have used a probe laser linearly polarized along the vertical axis of the screen detector as in the
experiments [3]. In these results, we have neglected the volume effect [18], we should mention
that by including it the value of Ny, /Niot will be reduced.

In recent experiments [3], for a state selected molecular beam of OCS, 92% in |0,0, e)%, 4%
in [1,1, e>00 and 4% in |1,1, 0>00, an orientation ratio of Ny, /Nt = 0.73 was achieved using a
8 ns YAG laser with Iy = 9.1 x 101! W/em?, Eg = 286 V/cm and 8 = 30°. Using a 10 ns pulse,
similar results for the orientation ratio of the thermal ensemble are reached if the rotational
temperature is sufficiently low. For instance, Nyp/Niot 2 0.73 for 7' < 0.65 K and 0.46 K with
peak intensities Iy = 5 x 1011 W/ecm? and Iy = 102 W/cm?, respectively. At T = 0.65 K, the
field-free thermal ensemble is formed by 38.56% OCS in its ground state, 47.19% in J = 1
and 13% in J = 2; whereas for T = 0.46 K, 51.08% have J = 0, 43.07% J = 1, and 5.7%
J = 2. For 7 = 5 ns, only when more than 95% of OCS molecules are in the ground state and
Ip = 5 x 101! W/cm? we obtain a similar orientation ratio as in the experiment. By reducing
the FWHM to 1 ns, the orientation ratio is significantly reduced.

An important ingredient to obtain realistic screen images and orientation ratios is the
alignment selectivity of the probe laser, which depends on its polarization [18]. Here, we consider
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Figure 7. For the OCS thermal sample, we present the orientation ratio Ny, /Nio as a function
of the temperature for Gaussian pulses with FWHM 7 = 10 ns, 7 = 5 ns, and 7 = 1 ns and
peak intensities Iy = 102 W/cm? (thick solid line), Iy = 5 x 101 W/cm? (dashed line) and
Ip = 10" W/cm? (doted line). The field configuration is Es = 300 V/cm and 8 = 30°.

a thermal sample in a laser pulse with 7 = 10 ns and Iy = 102 W/cm?, and electric field
Es =300V/cm and 8 = 30°. In Fig. 8, we present its orientation ratio using the probe pulse
with three possible polarizations. For a probe pulse linearly polarized parallel to the vertical axis
of the screen, Ny, /Niot is the largest because such a pulse favors the Coulomb explosion of the
oriented molecules. In contrast, if the probe pulse is linearly polarized perpendicular to screen,
the probability of the Coulomb explosion for the oriented molecules is reduced, and, therefore,
Nup/Niot presents the smallest values. The circularly polarized probe laser ensures that any
molecule is ionized and detected with the same probability independently of the angle 3, and
provides the intermediate values of Ny, /Ny, for any temperature. For a given state, there is no
analytical relation between its orientation ((cos 6))7 and the orientation ratio Ny, /Nyt of the 2D
projection of its wave function, although the approximation Ny /Nyt = (14 ((cos8))7)/2 could
be used to obtain an estimation. For instance, a 0.29 K thermal sample presents an orientation
of ((cos #))r = 0.506, and orientation ratios Ny, /Nt = 0.757 and 0.774 for a probe laser linearly
polarized perpendicular and parallel to the screen detector, respectively, and Nyp/Nyot = 0.761
for a circularly polarized one. These results should be compared with the value 0.753 given by
this approach, which provides a lower bound for the Ny, /Ny of these three polarizations.
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and 8 = 30°.

For parallel fields, if the electric field strength is increased, the energy splitting in a pendular
doublet is increased, and as a consequence, the degree of adiabaticity in the molecular mixed-
field orientation is also enhanced. However, this statement only holds for the ground state of the
two irreducible representations if the fields are tilted. For an excited rotational state, a strong
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Figure 9. For a OCS thermal sample, we present (a) ((cos#))r and (b) Nyp/Niot as a function
of the temperature for a 10 ns Gaussian pulse with peak intensities Iy = 102 W /cm? (thick
solid line), Iy = 5 x 101! W/cm? (dashed line) and Iy = 10! W/cm?(doted line). The field
configuration is Eg = 2kV/cm and g = 30°.

dc field does not ensure a large orientation because the coupling between levels with different
field-free M values becomes important, and this affects the molecular dynamics. In contrast,
for a weak dc field, the mixing between these states is so small that M can be considered as
conserved.

In Fig. 9, we plot ((cos#))r and Nyp/Niot for a thermal sample exposed to a 10 ns pulse
combined with a dc field of Eg = 2kV/cm tilted an angle 8 = 30°. For cold samples
with T < 0.74 K and T < 0.69 K, we obtain ({cosf))7 > 0.5 with Iy = 102 W/cm?
and 5 x 10" W/ecm?, respectively. For Iy = 5 x 10" W/ecm? and 102 W/cm?, we obtain
Nup/Niot 2 0.73 if the rotational temperature is 7" S 1.1 K. Thus, using this strong dc field the
orientation of a thermal ensemble becomes comparable to the experimental value for a quantum-
state selected molecular beam in a very weak electric field. For this strong electric field, the
orientation of the quantum-state selected beam is Nyp/Niot = 0.99 using a probe pulse linearly
polarized along the vertical axis of the detector.

In Fig. 10, we present the expectation value (cos®) sy at t = 0 for several rotational states
in 10 ns Gaussian pulses with Iy = 5 x 101 W/em? and 102 W/cm?, E; = 2kV/cm and
B = 30°. For both field configurations, the |0, 0, e)SO and |3, 1, e>30 states are strongly oriented
and antioriented, respectively. The remaining states show a moderate or weak orientation. The
effect of doubling the peak intensity is not noticeable for the levels with field-free rotational
quantum number J < 3, and, in addition, for a certain peak intensity, we encounter similar
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Figure 10. For the states |J, M, e)” o, we present the orientation cosines (cos®)p; at

t = 0 versus the field-free rotational quantum number. The FWHM of the Gaussian pulses
is 7 = 10 ns and the peak intensities (a) Iy = 5 x 101 W/cm? and (b) Iy = 10'2 W/cm?. The
field configuration is Eg = 2kV/cm and 8 = 30°.



orientation using a Gaussian pulse of 10 ns or 5 ns. The rotational dynamics of the ground state
is adiabatic for both pulses; whereas for the excited state, this phenomenon can be explained by
the non adiabatic effects taking place at weak laser intensities. When the levels in a certain J
manifold are driven apart by the laser field, the process is nonadiabatic and there is a population
transfer between them, already at weak laser intensities. Thus, the wave function of any excited
level has contributions from adiabatic states which correspond to different pendular doublets.
By further increasing the laser intensity, the molecular dynamics is affected by the avoided
crossings with adjacent levels having different field-free magnetic quantum numbers M and by
the formation of these pendular doublets. The rotational dynamics in most of these crossings
will be nonadiabatic and has to be analyzed for each specific state. When the electric field is
strong, the energy splitting within the states in the pendular pair is sufficiently large, and, as a
consequence, the population transfer when the doublets are formed is not significant.

For completeness, in Fig. 6(b) we present the field-dressed rotational dynamics of the state
12,0,€)%°, in a 10 ns pulse with Iy = 1012 W/cm? and a strong dc field of Eq = 2kV/cm. After
an adiabatic switching on of the electric field, the states in the J = 2 manifold are driven apart,
|Co0e(t)|? decreases as 1(t) is increased, whereas |C1¢()|? and |Cagc(t)]? increase. Compared
to the weak dc field case in Fig. 6(a), this J-manifold splitting takes place at a stronger laser
intensity, because the energy gap between the adiabatic states |2, 2, e)f)o, 12,1, e)go and |2,0, e>go
is larger for Eq = 2kV /cm than for Eg = 300 V/cm. Let us mention that if Eg is increased, the
energy splitting within this J-manifold is increased, and, therefore, the population redistribution
will be reduced [4]. The avoided crossing between the states |2, 1, e)io and |2,2, e>go occurs at
I(t) =~ 2.96 x 10'° W /cm?, whereas the one involving the levels |2,0, e}io and |3, 3, e)f’)o around
I(t) ~ 1.09 x 10" W/cm?. Again, both of them are crossed diabatically, and the population of
the adiabatic states is interchanged. By further increasing I(t), the pendular doublets start to
form. In this case, the dc field is stronger and the energy gap is larger but the coupling due to
the ac field is the same, then the population transfer is reduced. Indeed, the adiabatic states
11,0, e)io, 12,0, e)iﬂ and |3,2,e>§0, the partners in the pendular doublets of ’2,2,€>i0, |12, 1,e>i0
and |3, 3, e>§0, respectively, show a small population, which is below 0.01 once the peak intensity

at t = 0 is achieved. Thus, the population at ¢ = 0 for the field-dressed state |2,0, e)go is
|C226(0)[? = 0.56, |Ca1.(0)[? = 0.39, and |C33.(0)|? = 0.05. These results are similar for the four
pulses formed by combining 7 = 5 ns and 10 ns with Iy = 5 x 101! W/em? and 102 W /cm?.

4. Conclusions

In this work, we investigate the mixed-field orientation dynamics of a thermal sample of
linear molecules. We solve the time-dependent Schrodinger equation within the rigid rotor
approximation for a large set of rotational states. As prototype example, we use the OCS
molecule. However, we stress that the above results could be used to describe the mixed-field
orientation of a thermal ensemble of other polar linear molecules by rescaling the Hamiltonian
(1) in terms of the rotational constant.

By considering prototypical field configurations with weak dc fields, as in current mixed-
field orientation experiments, we have proven that the rotational temperature of the molecular
beam should be smaller than 0.7 K to achieve a significant orientation. Using a weak electric
field, if the aim is a strongly oriented molecular ensemble, this should be as pure as possible
in the ground state. Thus, it is required a quantum-state-selected molecular beam, unless the
rotational temperature could be efficiently reduced below 1 K. It is found that a significant
orientation is achieved for 1 K molecular samples when the electric field strength is increased.
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Chapter 7
Conclusions and outlook

Let us finish by summing up our findings and providing a short outlook on the future research
in the field of control of molecules by means of external fields.

In this thesis, we have investigated the impact of external fields on polar linear and asym-
metric top molecules. We have worked within the Born-Oppenheimer approximation and
assumed that the impact of the fields on the vibrational and electronic dynamics is small and
could be described by first-order perturbation theory. Furthermore, we neglect relativistic
effects, fine, and hyperfine interactions as well as couplings of different electronic states. We
have worked with off-resonance conditions for the laser, and assumed that its frequency is
larger than the inverse of both the pulse duration and the rotational period. This allows us to
apply a two-photon rotating-wave approximation averaging over the rapid oscillations of the
nonresonant field, so that only the interaction of this field with the molecular polarizability
is taken into account. In addition, we have considered the weak or moderate dc-field regime,
and neglected the coupling of this field with the polarizability and higher order terms.

Asymmetric top molecules

In the framework of the rigid rotor approximation, we have investigated the impact of com-
bined nonresonant laser and a homogenous static electric fields on asymmetric top molecules.
We have carried out a complete analysis of the symmetry features of the rigid rotor Hamil-
tonian, and numerically each irreducible representation has been treated independently, so
that in the field-dressed spectrum the real crossings could be distinguished from the avoided
ones. Within the adiabatic approximation, we have investigated the energy shifts, alignment,
orientation and hybridization of the angular motion as the field parameters are varied. This
study has pointed out the high complexity of the field-dressed level structure of these sys-
tems. We have explored not only the strong laser and weak electric field regimes, but the
intermediate field regime, where the Stark and ac-field interactions compete or cooperate to
orient and align the molecule. For instance, we have proposed the use of a strong static field
perpendicular to the polarization of a laser field to achieve 3D orientation.

Based on our knowledge of asymmetric top molecules in external fields, we have performed
a theoretical description of the mixed-field experiments on alignment and orientation of ben-
zonitrile. We have carried out a time-independent study using the widely accepted idea of
the adiabaticity of these processes. Our calculations have reproduced the measurements of
the alignment, but predicted no orientation for the molecular beam, which did not agree with
the experimental results. The field-dressed spectrum is characterized by the large amount
of avoided crossings between neighboring levels, and using a diabatic criterion we could not
ensure that all of them were passed adiabatically. As a consequence, the adiabatic approx-
imation could not be used to describe this process. Hence, we have proposed a diabatic
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model to classify the avoided crossing for the tilted-field configuration according to the field-
free magnetic quantum number M of the involved states. The avoided crossings are passed
adiabatically or diabatically if the two states have the same or different field-free M, respec-
tively. Using such a model we found a better agreement with the experimental degree of
orientation. However, there are two important features of the experimental results that our
adiabatic model could not reproduce. The first one is the smooth dependence of the exper-
imental orientation ratio on the angle between the electric field and the polarization of the
alignment laser. The second one is that the orientation ratio increases as the dc field strength
is increased.

As well, we have performed a time-dependent description of the impact of combined dc and
ac fields on an asymmetric top molecule. Although our computational approach is prepared
to investigate any field configuration, due to the complexity of the rotational dynamics, we
have only analyzed the parallel field case. Let us mention, that the orientation (antiorien-
tation) in parallel fields provides an upper (lower) bound to the results in the tilted case,
which is important for the experiments. We have investigated in detail the rotational dynam-
ics of benzonitrile for several experimentally accessible field configurations. We have found
that the field-dressed dynamics is driven by the formation of pendular doublets and by the
presence of numerous avoided crossings in the adiabatic spectrum. Since both phenomena
are characterized by different time scales, the seek of an adiabatic dynamics becomes a more
difficult task. For the ground states of several irreducible representations, we encounter that
sufficiently long laser pulses ensure an adiabatic process. For excited states, the avoided cross-
ings dominate and even under a 20 ns pulse the dynamics is not adiabatic and the degree of
orientation strongly depends on the field parameters. In contrast to the linear molecules, we
have shown that the electric field strength could not be used to manipulate the adiabaticity
of this process.

Finally, we have studied the CPC molecule in external fields under the adiabatic approxi-
mation. Its most interesting feature is that the permanent dipole moment is not parallel to
any axis of the polarizability or inertia. In the presence of an electric field, we have showed
that the brute force orientation depends strongly not only on the components of the dipole
moment, but also on the rotational constants and, therefore, on the level structure and the
Stark interaction couplings. Our calculations have showed that an elliptically polarized laser
field combined with a weak static field are able to fix the molecular plane to the polarization
one, and at the same time to orient the two components of the dipole moment along the
two polarization axes of the laser. In addition, we have found that the 3D orientation of
this molecule could be achieved by using a strong dc field tilted an angle 0° < 8 < 90° with
respect to a linearly polarized laser.

Linear molecules

We have performed the first time-dependent description of the mixed-field orientation of a
linear molecule by taking into account the temporal profile of the electric field and laser pulse.
Our numerical results show a good agreement with the experimental ones. In particular, they
were able to explain the smooth dependence of the orientation ratio with the angle between
both fields, and its variation with the dc field strength. Furthermore, we have found that
under ns laser pulses the weak dc field orientation is not, in general, adiabatic, and that a
time-dependent description of the mixed-field orientation process is required to explain the
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experimental results. We have performed an extensive study of the field-dressed dynamics
of OCS in several field configuration, which has allowed us to identify the field-induced cou-
plings among the adiabatic states that cause the loss of adiabaticity. For parallel fields, we
have shown that the coupling of the levels forming quasidegenerate pendular doublets as the
laser intensity is increased gives rise to a transfer of population between them. When the
fields are tilted, an additional nonadiabatic effect appears at weak laser fields: The strongly
coupled states from a J manifold are driven apart as the laser intensity is increased and
as a consequence, there is a population redistribution among them. Furthermore, we have
seen that the time evolution of excited states is influenced by avoided crossings among the
adiabatic levels, which enhances the difficulties to reach the adiabatic limit. Our theoretical
study has found that the electric field strength and the temporal width of the laser pulse are
the control knobs that could be exploited to tailor the interactions seeking for the adiabatic
limit. Finally, we have considered a thermal ensemble of polar molecules, and investigated
the mixed field orientation as a function of the temperature. We have shown that using weak
electric fields, the thermal sample is significantly oriented if the rotational temperature is
reduced to T = 0.65 K. For T' = 1 K, a similar degree of orientation could be reached by
increasing dc field strength to a few kV/cm.

Outlook

A rather natural continuation of our work is the study of the rotational dynamics of asym-
metric tops in tilted dc fields and laser pulses. A time-dependent description of this system
will allow us to revise our diabatic model about the avoided crossings, and confirm that those
involving states with different field-free values of M are diabatic. In this thesis, we have found
that the avoided crossings for parallel fields are, in general, passed diabatically. Note that
these avoided crossings are equivalent to those between levels with the same <J%> in tilted
fields. For benzonitrile, we want to perform the time propagation of the quantum states of the
molecular beam under the experimental field configurations. Such an exhaustive study will
allow us to understand an interpret the mixed-field orientation experiments for asymmetric
top molecules [20,51]. The computational code needed for this study has been developed
during this thesis and the calculation are being performed.

Our description of the impact of external fields on the CPC molecule is done under the
adiabatic approximation. However, the results obtained during this thesis have pointed out
that this approach is correct only under very specific field configurations, but unfortunately
not for most of the configurations used in current experiments. A time-dependent description
of these systems is highly demanding from a computational point of view; the large size of the
Hamiltonian matrices implies an enhancement of the CPU time required for the propagation
of a wave function. In particular, for elliptically polarized lasers, the number of symmetries
are drastically reduced and new coupling terms appear in the Hamiltonian.

From a theoretical point of view, there is a lack of studies about the mixed-field orientation
of fully unsymmetric molecules. For these systems, the relevant molecular-frame coordinate
associated to inertial frame, dipole moment and polarizability do not coincide. Thus, a
description within the rigid rotor approximation implies a large degree of complexity due to
the non-diagonal coupling from the polarizability tensor. The theoretical study performed for
asymmetric tops in this thesis provides an ideal platform to start the investigation of these
more complicated molecules.
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In a recent work [78], we have analyzed the impact of electric and magnetic fields on
open shell molecules in their electronic ground state 2II. We have found that a combination
of magnetic and electric fields leads to aligned and orientated states under the adiabatic
approach. We have also explored the influence of the A-doubling on the coupling of states
and their orientation. It would be interesting to perform a time-dependent description of this
system. To do so, the time-variation of the field strengths should be modeled to reproduce the
experimental setup. This time-dependent study will determine the validity of the adiabatic
approximation, and the field regimes where it could be applied.



Chapter 8
Conclusiones y perspectivas futuras

Terminamos resumiendo las conclusiones de esta tesis doctoral y exponiendo brevemente las
posibles lineas futuras de investigacion en el control de moléculas mediante campos externos.

En esta tesis hemos investigado el impacto de campos externos en moléculas lineales y
asimétricas. Este trabajo se ha llevado a cabo dentro de la aproximacién de Born-Oppenheimer
y asumiendo que la influencia de los campos externos en la dindmica vibracional y electrénica
es pequena y puede ser descrita por medio de teoria de perturbaciones de primer orden. Mas
aun, hemos despreciado los efectos relativistas y la estructura fina e hiperfina, asi como los
acoplamientos entre diferentes estados electrénicos. Hemos trabajado fuera de resonancia
para el laser, asumiendo que su frecuencia es mayor que el inverso tanto de la duracion del
pulso como del periodo rotacional. Esto nos ha permitido aplicar una aproximacién de onda
rotatoria a dos fotones (two-photon rotating-wave), y promediar sobre las répidas oscilaciones
del campo no resonante; de este modo, sélo contribuye la interaccién del laser con la polar-
izabilidad molecular. Ademads, hemos considerado el régimen de campos eléctricos débiles y
moderados, despreciando el acoplamiento de este campo con la polarizabildad de la molécula
y érdenes superiores.

Moléculas asimétricas

En el marco de la aproximacién de sélido rigido, hemos investigado el impacto de un campo
laser no resonante y uno eléctrico estatico y homogéneo en una molécula asimétrica. Hemos
llevado a cabo un andlisis completo de las simetrias del Hamiltoniano del sélido rigido.
Numéricamente, cada representacion irreducible ha sido tratada de independientemente, de
forma que los cruces reales pueden ser distinguidos de los evitados en el espectro en campos
externos. Dentro de la aproximacién adiabatica, hemos investigado la variacién de la energia,
alineacién, orientacion e hibridacién del movimiento angular al modificar los paramétros de
la configuracion de campos. Este estudio ha puesto de manifiesto la gran complejidad de
la estructura de niveles de estos sistemas en presencia del campo. Hemos explorado no sélo
el régimen de campo laser intenso y eléctrico débil, sino también intensidades a las que las
interacciones Stark y del ldser compiten o cooperan para orientar y alinear la molécula. Por
ejemplo, hemos propuesto el uso de un campo estatico intenso perpendicular a la polarizacion
de un laser para alcanzar orientaciéon 3D.

Basado en este estudio sobre las moléculas asimétricas en campos externos, hemos realizado
una descripcién tedrica de los experimentos de alineacion y orientacién del benzonitrilo [20,51].
Hemos llevado a cabo un estudio independiente del tiempo, valiéndonos de la idea cominmente
aceptada de la adiabaticidad de estos procesos. Nuestros calculos han reproducido las medidas
de la alineacién, pero predicen que el haz molecular no estaria orientado, lo que contradice
las observaciones experimentales. El espectro en presencia de campos esta caracterizado por
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una gran cantidad de cruces evitados entre niveles vecinos. Nuestros calculos muestran que
un criterio adiabatico no puede asegurar que todos ellos fuesen cruzados adiabaticamente.
Esto implica que la aproximacién adiabéatica no describirfa adecuadamente este proceso. Asi,
hemos propuesto un modelo adiabatico para clasificar los cruces evitados para la configuracion
de campos inclinados de acuerdo al niimero cudntico magnético en ausencia de campo M de
los estados involucrados. Los cruces evitados se cruzan adiabatica o diabaticamente si los
dos estados tienen el mismo o diferente valor de M en ausencia de campo, respectivamente.
Usando este modelo, se ha logrado un mejor acuerdo entre los resultados experimentales
y tedricos del grado de orientacion. Sin embargo, este modelo diabdtico no es capaz de
reproducir dos caracteristicas importantes de las observaciones experimentales. La primera es
la dependencia suave de la orientacion con el &ngulo entre el campo eléctrico y la polarizaciéon
del léser de alineacién. La segunda es que la orientacion crece al aumentar la intensidad del
campo eléctrico.

En uno de los 1ltimos proyectos de esta tesis, hemos realizado un analisis dependiente del
tiempo del impacto de un campo estatico y uno laser en las moléculas asimétricas. Nuestra
descripcién y el cédigo computacional estan preparados para estudiar cualquier configuracién
de los campos externos, pero debido a la complejidad de la dindmica rotacional, en esta
tesis nos hemos centrado en el caso de campos paralelos. Nétese que la orientacién (antior-
ientacién) en campos paralelos proporciona una cota superior (inferior) de los resultados en
campos inclinados. De modo que este primer estudio tiene una enorme relevancia para estos
experimentos. Hemos analizado en detalle la dindmica rotacional del benzonitrilo para varias
configuraciones experimentalmente accesibles. Hemos encontrado que la formacion de los
dobletes pendulares y los numerosos cruces evitados en el espectro adiabatico contribuyen a
la no-adiabaticidad de la dindmica en presencia de campos. Ambos fenémenos estan caracter-
izados por diferentes escalas temporales; por tanto, la busqueda de una dindmica adiabatica se
torna una tarea ma&s complicada que para moléculas lineales. Para los estados fundamentales
de varias representaciones irreducibles, hemos encontrado que pulsos ldser suficientemente
largos asegurarian una propagaciéon adiabdtica. Para estados excitados, los cruces evitados
dominan la dindmica e incluso bajo un pulso de 20 ns no se alcanza la adiabaticidad y el
grado de orientacion depende fuertemente de los pardmetros del campo. En contraposicion
con las moléculas lineales, hemos mostrado que incrementar el campo eléctrico no permite
aumentar de forma inmediata el grado de adiabaticidad de este proceso debido a los cruces
evitados.

Finalmente, hemos estudiado la molécula de CPC en campos externos bajo la aproximacion
adiabatica, cuyo momento dipolar permanente no es paralelo a ningin eje de polarizabilidad o
inercia. En presencia de sélo un campo eléctrico, hemos mostrado que la orientacién depende
fuertemente no sélo de las componentes del momento dipolar sino también de las constantes
rotacionales y, mas ain, del espectro y los acoplamientos debidos a esta interaccién. Nuestros
calculos han mostrado que un campo laser elipticamente polarizado junto con uno eléctrico
débil son capaces de fijar el plano molecular al de polarizacién del laser, y al mismo tiempo
orientar las dos componentes del momento dipolar a lo largo de los dos ejes de polarizacién.
Ademss, hemos encontrado que la orientacion 3D de esta molécula podria alcanzarse por
medio de un campo estatico intenso inclinado un dngulo 0° < 8 < 90° con respecto a un laser
linealmente polarizado.
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Moléculas lineales

Hemos llevado a cabo la primera descripcion dependiente del tiempo de la orientacion de una
molécula lineal en una combinacién de campos teniendo en cuenta el perfil temporal del campo
eléctrico y el pulso laser. Nuestros resultados numéricos muestran un buen acuerdo con los
experimentales. En concreto, hemos sido capaces de explicar la dependencia de la orientacion
con el angulo formado por los campos, y su variacién con la intensidad del campo eléctrico.
Ma4s atn, hemos mostrado que bajo pulsos laser de nanosegundos la orientacién con campos
estaticos débiles no es, en general, adiabatica, y que se requiere una descripcion dependiente
del tiempo de este proceso para explicar e interpretar las observaciones experimentales. Se
ha realizado un extenso estudio de la dindmica en presencia de campos externos para la
molecula de OCS en varias configuraciones. Este andlisis nos ha permitido identificar los
acoplamientos inducidos por los campos entre estados adiab&ticos que causan la pérdida de
adiabaticidad. Para campos paralelos, hemos encontrado que el acoplamiento entre los dos
niveles que forman un doblete pendular al aumentar la intensidad del laser da lugar a una
transferencia de poblacion entre ellos. Para campos inclinados, un fenémeno no adiabatico
adicional aparece a intensidades bajas del laser: los estados con el mismo ntmero cudntico
rotacional J en ausencia de campos ahora estan fuertemente acoplados; a medida que la
intensidad se incrementa se van separando energéticamente y como consecuencia se produce
una redistribucién de poblacién entre ellos. Ademds, hemos visto que los cruces evitados
tienen un gran impacto en la dindamica rotacional de estados excitados, y esto dificulta las
condiciones necesarias para alcanzar el limite adiabatico. Nuestro estudio teérico ha puesto
claramente de manifiesto que la intensidad del campo eléctrico y la anchura temporal del
pulso ldser son los interruptores que permiten manipular las interacciones buscando el limite
adiabatico. Finalmente, hemos considerado una colectividad térmica de moléculas polares, e
investigado la orientaciéon en una combinacién de campos al variar la temperatura. Hemos
enconctrado que con campos eléctricos débiles, la muestra térmica estd muy orientada si la
temperatura rotacional se reduce a 7' = 0.65 K. Para 7' = 1 K, un grado similar de orientacion
podria alcanzarse con campos estéticos de varios kV /cm.

Perspectivas futuras

Una continuacién natural de este trabajo es el estudio de la dindmica rotacional de moléculas
asimétricas en campos eléctricos y pulsos laser inclinados. Una descripciéon dependiente del
tiempo de este sistema nos permitird comprobar nuesto modelo diabatico sobre los cruces
evitados, y confirmar si aquellos entre estados con diferentes valores de M en ausencia de
campos son diabaticos. En esta tesis hemos puesto de manifiesto que los cruces evitados en
campos paralelos son, en general, cruzados diabaticamente. Nétese que estos cruces evitados
son equivalentes a aquellos entre niveles con un valor similar de <J%> en campos inclinados.
Para el benzonitrilo, queremos realizar la propagacion temporal de los estados cudnticos
que forman haz molecular del experimento que ya hemos descrito de forma adiabética [20,
51]. Es plausible que estos cédlculos nos permitan comprender e interpretar los resultados
experimentales de orientacién en una combinacién de campos para moléculas asimétricas [20,
51]. El cédigo computacional necesario para este estudio ha sido desarrollado durante esta
tesis, y en la actualidad se estédn llevando a cabo los correspondientes calculos.

Nuestra descripcion del impacto de los campos externos en la molécula de CPC se hace
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bajo la aproximacién adiabatica. Sin embargo, los resultados obtenidos en esta tesis ponen fe-
hacientemente de manifiesto que esta hipétesis es correcta sélo bajo configuraciones de campo
muy especificas, pero, desgraciadamente, no para la mayoria de las configuraciones usadas
en los experimentos actuales. Una descripcion dependiente del tiempo de estos sistemas es
muy exigente desde un punto de vista computacional, debido al gran tamafo de las matrices
del Hamiltoniano que conlleva un aumento significativo del tiempo de CPU necesario para
la propagacion de la funcién de onda. En concreto, para laseres elipticamente polarizados el
nimero de simetrias es menor y nuevos términos de acoplamiento aparecen en el Hamiltoni-
ano.

Desde un punto de vista tedrico, no se han llevado a cabo estudios sobre el impacto de
campos externos en moléculas totalmente asimétricas. Para estas moléculas los sistemas de
referencia moleculares asociados a los ejes de inercia, el momento dipolar, y la polarizabilidad
no coinciden. Por consiguiente, una descripciéon dentro de la aproximacién de sélido rigido
implica un alto grado de complejidad computacional debido a los acoplamientos no diagonales
del tensor de polarizabilidad. El estudio tedrico realizado para moléculas asimétricas en esta
tesis constituye una base sélida para la investigacién de estas moléculas méas complicadas.

En un reciente estudio [78], hemos analizado el impacto de campos eléctricos y magnéticos
en moléculas de capa abierta en su estado electrénico fundamental 2II. Hemos encontrado que
una combinacién de campos magnéticos y eléctricos conduce a estados alineados y orientados
bajo la aproximacién adiabatica. Hemos explorado también la influencia del desdoblamiento
A en el acoplamiento de estados y su orientacion. Seria interesante realizar una descripcion
dependiente del tiempo para este sistema. Para ello, la dependencia temporal de las inten-
sidades de estos campos deberia ser modelada segin los datos experimentales. Este estudio
dependiente del tiempo nos permitird determinar la validez de la aproximacion adiabatica asi
como sus condiciones de aplicabilidad.
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Appendix A

The Molecular and the Laboratory Fixed Frames: the
Euler Angles

In our approach, we investigate the rotational degree of freedom of the molecules, our ap-
proximation is to treat them as rigid rotors. Physically, the rigid rotor is an object that
has no deformation, that is, the distance between any two point of the rigid solid is always
constant. An asymmetric top molecule can be modeled as a rigid frame, that we call the
Molecular Fixed Frame (MFF) with the axes (x,y, z). Any property of the molecule such as
permanent dipole moment or polarizability, are referred to this frame. Then, the description
of the dynamics of the molecule to know the relative position of the MFF with respect to
a frame fixed in the free space, that is, the Laboratory Fixed Frame (LFF) with the axes
(X,Y,Z). Since we work in the center of mass, this two frames are related by a rotation,
which is described by the Euler angles (¢, 6, x) [59,79]. To derive the MFF from the FWW,
we perform the following finite rotations

e Counterclockwise rotation of ¢ around the Z axis, Rz(¢). As a result the Y axis
becomes the node line N

cos ¢ sin ¢ 0
Rz(¢)=| —sing cos¢ O (A.1)
0 0 1

e Counterclockwise rotation of # around the line N, Ry(#). This transform Z to the z

axis
cosf 0 —sind
Rn(0) = 0 1 0 (A.2)
sin 0 0 cosf

e Counterclockwise rotation of y around z, then the line NV becomes y

cos Y sin y 0
R.,(x)=|—sinf cosf 0. (A.3)
0 0 1
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Figure A.1: Euler angles

Then, the relation of the MFF and the LFF is given by the rotation R(¢, 0, x)

T X
y| = R:()Rn(O)Rz(9) | Y
z A
X
= R(p,0,x)|Y |. (A4)
Z

The rotation R(¢, 6, x) reads as

cos x4 cos Oy, cos Oz,
R(¢,0,x) = [ cosfx,  cosBy, cosfyz, |, (A.5)
cosOx, cos Oy, cosOz,

where 0p, is the angle formed by the axis P of the LFF and the axis ¢ of the MFF. These
angles are related to the Euler angles as follows

cosfx, = cos¢coshcosy — sin@siny,
cosfy, = sin¢cosfcosy + cospsiny,
cosfz, = —sinfcosy,

cosfly, = —cos¢coslsiny —singcosy,
costly, = —sin¢cosfsiny + cos¢cosy,
cosflz, = sinfsiny,

cosflx, = cos¢psind,

cosbly, = singsind,

cosblz, = coséb.
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In our system, the molecular state is represented by a wavefunction. To rotate a wavefunc-
tion, we use the rotation operator R(¢, 6, ¢)

R($.0,x) = exp(—ixJ - 7y ) exp(—if - J - ig) exp(—igJ - M)
= exp(—ixJ,)exp(—ifJy)exp(—idJz), (A.6)

where 77; are unitary vectors defining the rotation axes, J the angular momentum operator
and J; its projection along the ¢ axis. Rewriting (A.6) as [59]

R(9,0,x) = exp(—i¢Jz) exp(—ifJy ) exp(—ixJz) (A7)

where we have used that

exp(—ifJy) = exp(—ipJyz)exp(—ifJy)exp(ipJz), (A.8)
exp(—ixJ,) = exp(—ifJy)exp(—ixJz)exp(ifJn), (A.9)
exp(—ixJz) = exp(—ipJy)exp(—ixJyz)exp(idJyz). (A.10)

By substituting (A.9)-(A.10) in expression (A.6). Applying the operator on the eigenstate of
J% Jz, |JM), we get

R($,0,x)|JM) = Z Dipar(,0,%) [TM') (A.11)
M'=—J
where the expansion coefficients are the Wigner matrix elements [59],

Dy (6,0,x) = (JM'|R(6,6,x)| JM) . (A.12)

The main properties of the Wigner matrix elements are collected in Appendix B.






Appendix B

Wigner matrix elements

The Wigner matrix elements show many and useful properties which have been helpful

throughout this thesis. Below we list some of them [59].

e Complex conjugate

Diirsc(,0,)" = (=1)" 5 DLy (6,6, )-
e The reduced Wigner matrix elements, dj/[,, v (0), are defined as

D;&’,M(gﬁ? 97 X) = €7i¢M/d]{4’M(6)eiiXM7

o dj(ﬂ 1 (0) is expressed as the series

dipy = V(T +MNJT = M)(J+M)(J— M)

(=1~
ZV: (J =M =) (J + M =)y + M — M)W

0 2J+M—M'—2v . 0 M’ —M'+2v
COS 5 Sin 5

e Main properties of the reduce Wigner matrix elements of d’, ()

&, 0) = (=) (6),
d‘ZrL’ m(e) = dj—m’ —m(e)’
&, 0 = & (-0).

e Relevant values of dil,7m(0):
&, (0) = Sotms
dgn’,m(ﬂ-) = (_1)j+m/6m/,*m7

where 0, is the Kronecker delta.

(B.1)

(B.2)
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e Completeness

> D (O Dy 1 (Q) = D [ e (O] iy 1, (6) = Sin,

m/

> Dy (V' D}) 1 (2) = D [y o ()] s 1 (6) = S

m m

e Orthogonality

2w ™ 2w «
[ ao [Csinoan [ ax [0 (0,00 Do, =

{72
2J +1

oM MOK! K07 -
e Three Wigner matrix elements integrals

[ 40D (018003, 11, (660D, 11, (6.6 =

2
= (MK
2J +1

g (N B TN(A R
- My, My —M)\K, Ky —K)°

J Jo J
where < Ky K K> are the 3J Symbols

(J1 My Js Mo | TM) (J Ky Jo K| JK) =

(B.8)

(B.9)
(B.10)

(B.11)

(B.12)

e They are related with the spherical harmonics and with the Legendre polynomials

4
D}, o(¢,0,0) = \/EY/”(H,QS).

Dé,O(O, 6,0) = P(cosb).

(B.13)

(B.14)
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Hamiltonian matrix elements

As we have seen in Chapter 3, the interaction terms in the Hamiltonian are given in terms of
linear combinations of Wigner matrix elements, D, (Q) [48,59,80]. This fact allows us to
write the Hamiltonian matrix elements in the basis of eigenstates of the symmetric rotor, see
expression (3.6), as a finite expression in terms of the 3J Symbols. Below we list the matrix
elements which appear in each interaction term of the Hamiltonian:

Electric field interaction term

KM cosBs. | JKM) = (—1)MK /BT T 1)@ 1)
sin 3 J 1 J J 1 J
Ul dar )+ ()]
J 1 J J 17
toeosBl 0 K 0 K' )

(JJK'M'|cos0s,| JKM) = (=DM K /2] +1)(2J" +1)

cos 3 J 17 J 1J J 1
V2 -K 0 K') \ -K 0 K -M 0 M
¥

Laser field interaction term

1
(JJK'M'|cos? 07,| JKM) = 300001 krOnar + (—D)M=E\ /(2] +1)(2J" +1)

J 2 J J 2 J
-K 0 K -M 0 M )’
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3\ -K 0 K’

(A D))

J 2 J 1
X ( M0 M ) }+ §5J,J/5K,K’5M,M’a

(J'K' M| cos” 0| JK M) = (—1>MK\/(2J+1><2J'+1>{ [1( o Jl)

<J'K’M’|COS2QXZ\JKM> — (_1)MK\/(2J+1)(2J/+1)< J 2 J’)

-K 0 K
J 2 J n J 2
-M 2 M -M -2 M

J 2 J 1
( Moo M ) }+ §5J,J'5K,K'5M,Mu

<J/K/M,‘C0829Xy‘JKM> = §5J,J’6K,K’5M,M’+(_1

J 2
-K -2 K’ ’

where these cosines are given in terms of the inclination angle 8 and the Euler angles ¢, 0, x
as

cosfg, = cosfcosf + sinfBcos@psinb,

cosflg, = —cossinfcosy + sin 3(cos ¢ cosf cos x — sin ¢ sin ),
cos’ly, = cos? 0,
cos? 6 Zy = sin? 0 cos? x,
cos’fx, = cos®psin®6,

cos? Oxy = (sin¢cosy + cos¢cosbsin X)Q.
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J J2 S

Let us note that the 3J Symbols satisfy that < My, M, Ms

and My + My + M3z = 0.

)#Oif0§|J1—J2’§J3
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