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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,® 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'*!7 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,'* 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.®!>27!

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.®'>?°! 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;HsN) 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.®?**! 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 ™). 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 / 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 f with Z;. The rigid rotor Hamiltonian of a polar
asymmetric top molecule exposed to this field configuration is
given by

H =3 By, +J3, By, +J;, Bz, — EsucosOs

(1)
- ? (a?M X0 cos? 0 + oYM sin? Osin? ),

with By, , By, , and B being the rotational constants. The
molecule or body fixed frame (MFF) (X4, Yas,Z3s) is defined
so that the permanent electric dipole moment y is parallel to
the Zs-axis. The LFF and the MFF are related by the Euler
angles (¢, 0, 7).” 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 = oy — i ij = Xar,YanZuy. The angle
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between the static electric field and the molecular Z,,-axis is
0s with cosls = cosficosf + sin fisinfcos ¢. 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 C5 around the MFF i-axis, with
i = Xu, Yy and Z,. The Schréodinger 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
Zy-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 CZZM, any arbitrary rotation
around the Z;-axis and a reflection in any plane containing
Z;, 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, § = 90°,
the Hamiltonian (1) is invariant under CfM, a rotation of
n around the X;-axis, and the reflection oy, 7, (X7Z; is the
plane containing the fields); as a consequence there are
8 irreducible representations. For tilted fields with f # 90°,
two symmetries are left, o X,7, and szM, 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.>338

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 f, 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 k. 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 MlcosO|J/x 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,
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Fig. 1 (a) Energies and (b) expectation value (cosf) 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 Eg > 50 kV cm ™!, most of these populated states present
a significant orientation with (cos#) > 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 I is varied should be mandatory
for a correct description of the experimental results. To do so, we
use the following adiabatic passage criterion*

. aH’ .
n= <l ot l]>2 < 17 (2)
(Ei — Ey)

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.*!#>*°

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, Eg = 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)
(“M¥mcos?0 + o¥Ym¥msin?fsin®y). For the time profile
of the YAG pulse, we use I(f) = Iexp(—£3/(26%)) with
I=5x10"Wecem?and ¢ = 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
2020 and 2¢,1, and 4444 and 3,1, 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 4¢44 and 3,;1 occurring
at ] ~ 3.82 x 10'°W cm ™2, we obtain AE = 8.69 x 10 >cm™!
and # = 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 ¢cm™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 (c032 ) ((b) and (e)),
adiabatic passage criterion parameter (2) ((c) and (f)) for the levels 24,0
(dash-dotted line) and 2,1 (dashed line) states; and for the states 4p44
(dash-dotted line) and 3,;1 (dashed line) states as a function of the
YAG laser intensity, for Es = 286 V.ecm™' and f = 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 Schrddinger 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>6) is
plotted in Fig. 3 as a function of the laser intensity, for
Es = 286 Vem ™ !and B = 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®#) > 0.8 for all these states and
I > 4.1 x 10" W ecm™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 1
S
NVJ
§/ 0.5 g
0.25 1
f 810! 9101 1012
0 L L L
0 251011 510! 7.5101 1012
I[Wcm™?]

Fig. 3 Expectation value (cos2 0) and energies (inset panel) as a
function of the YAG pulse intensity of the populated rotational states
for benzonitrile, for Es = 286 V ecm™' and § = 90°. Only one
irreducible representation is presented.

An asymmetric top molecule in a certain state, characterized
by the wave function ¥,(0,,y), 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 6dfd¢. It is related to a spatial
distribution on the 2D screen by p,(y,z)dydz = p,(0(y,z2),
¢(»,2))|J|sin(0(y,z))dydz, with J being the Jacobian of the
transformation between the coordinates (0,¢) and (y,z).
Assuming that all the ions have the same velocity, v in the
absolute value, this transformation reads as

y = asin 0sin ¢
z = a(cosOsin f + sin Ocos pcos f), 3)

where a¢ = vtg, and ¢ 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 « being the angle between
probe laser polarization and the C~CN bond direction.*® Note
that this approximation for modeling the probe selectivity as
cos®o is in accord with the experimental observations. Thus,
the 2D screen spatial distribution is given by

PN

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
Afy,2) = 1 — y*|a* — 2*/a*, and in the z-direction 4,(y,7) = 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
A(y,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(r.za)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

pi(y,2) = Ai(y,2) 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 at a = 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, = Wk g »r 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

Pi(y,z Z W, Pi(x, ), (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” Oap),, Where 0op, = 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’ 0p), is computed from the
final 2D probability density in eqn (5), whereas (cos ), 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
Nyp/Nio, 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 = [Zo0 [z = 0Pr(p,2)dydz, (6)
and
Nt = [Z0 [Zop Pr(,2)dydz.

Note that due to the normalization we have that N = 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.*®
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.

However, our

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, x = 7.49 A3
13.01 A% and oy, = 18.64 A} 348

s Oy, v, T

4.1 Alignment results

The experimental fields geometry consists of a weak static electric
field perpendicular to the screen with strength Eg = 286 V.em™!
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™> 10" Wem™, 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" Wem™2,
while they are overlapping for lower intensities.

We quantify this alignment by the expectation values
{{c0s?0)), ((cos® Op))’, ((cos? Oop)), and ((cos” Orp))¢, which
are presented in Fig. 6 as a function of the YAG intensity 7 for
the whole molecular beam. The indexes /, p and c¢ 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) I = 5 x 10" W cm ™2, (b) 10'' W cm 2
and (¢) 7 x 10" Wem™2 Es = 286 Vem ™! and = 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?8)) = 1/3, ({cos®Brp)) = 0.5, ((cos® Bp))” = 3/4, and
((cos? B,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, Es = 286 V cm ™!, these field-free values
are only slightly perturbed ((cos®0)) & 0.34, ((cos”0,p))’ = 0.51,
({cos? 0>p))’ = 0.7496, and (({cos® Op))* = 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).'*2
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™2, we obtain ((cos’0)) = 0.946,
({cos? 0rp)) = 0.972, ((cos® Orp))” = 0.973, and ((cos” Orp))* =
0.974. The value obtained experimentally, 0.89, for ((cos fp))”*!
is somewhat lower which we ascribe to contaminant ions, like

Alignment cosine

0.3

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 O,p) ) (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, I, 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 Bop))",? in good agreement with the theoretical predictions.

For completeness, we have also considered a thermal
sample of BN at 1 K and 7 = 7 x 10'' W cm™2, obtaining
{(cos? 0,p))" = 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 Vem ™.
The orientation ratio Nu,/Nyo (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 Nup/Ny are
presented in Fig. 8 as a function of the tilt angle  and for
three intensities. The main feature of the Ny,/N 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 N,p/No would be independent of 7 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 7 = 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/Nior 18 reduced. For I = 5 x 10" and 7 x 10" W ecm ™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 Nyp/N;. is independent of the YAG
pulse intensity.”” For f = 90°, the molecular beam does not
show any orientation and it holds Nyp/Nic = 0.5. For a
certain YAG pulse intensity, N,,/No quickly increases as
p is increased from 90° and reaches a plateau-like behavior
for the rest of the field configurations. For f = 135° and
I=7x 10" W cem™?, we obtain Nyy/Nio = 0.636 which is
smaller than the experimental result of 0.71.%' Thus, our
theoretical model underestimates the orientation obtained in
the experiment.

An important discrepancy between theoretical and experi-
mental results is the variation of N,/N for B close to 90°.
For a molecular beam of IB,” it was experimentally shown
that Nyp/No: smoothly increases (decreases) as f8 is increased
(decreased) from 90°, reaching for f < 60° and § = 120° the
plateau. In contrast, the theoretical N,,/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 25000 times
larger than the one with the static field. We could perform a

004 $oBee— 96558952

0.62 _

L L L I L L L I

90 95 100 105 110 115 120 125 130 135
B

Fig. 8 The theoretical orientation ratio Ny,/Ny 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 ecm ™2 (triangles and dash-dotted line) and a static field with
Es = 286 Vem .

similar comparison and for BN, 7 = 7 x 10" W em~2,

Es = 286 Vcm ! and p = 95° the interaction of the YAG
pulse, 2nla?m¥m /¢, is 43600 times larger than the coupling
with the static field, uEgcos .

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 Escosf. 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
Eg = 286 cos135° Vem™ and I = 7 x 10" W ecm™2,
obtaining for the orientation the value Nyp/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
Nup/Nior as a function of the percentage of states included in
the ensemble for 7 = 7 x 10! W em™2and = 135°. The ratio
Nyp/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, 0go0, 1911 and 19; — 1, are
perfectly oriented: N,/Nyw = 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 Ny,/Nio: computed

05 L L L L
5.46 20 40 60 80 99

Population percentage

Fig. 9 The theoretical orientation ratio N,,/No as a function of the
population of the molecular beam of benzonitrile, for the field configu-
ration 7 = 7 x 10" W em™2, Es = 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).

18822 | Phys. Chem. Chem. Phys., 2011, 13,18815-18824

This journal is © the Owner Societies 2011


http://dx.doi.org/10.1039/c1cp21195a

Downloaded by Fritz Haber Institut der Max Planck Gesellschaft on 01 June 2012

Published on 29 June 2011 on http://pubs.rsc.org | doi:10.1039/C1CP21195A

View Online

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/Nwot = 0.53 which strongly underestimates the experi-
mental result. In addition we have observed that the adiabatic
orientation ratio Nup/Ny¢ 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"Wcem2and § = 135° that a thermal sample
of BN at 1 K shows a weak degree of orientation with
Nup/Nior = 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 Schrodinger 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,,/N, 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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