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Abstract

The gas phase is generally defined as a state of matter in which atoms or molecules are in constant,
rapid, random Brownian motion. However, a range of techniques exist for preparing distributions of
gas phase atoms and molecules whose motion is far from random, and whose orientation in space is
well defined. In this Perspective, we will explore the nature of atomic and molecular alignment and
orientation, the various techniques by which samples of spatially oriented species may be prepared
and characterised, and some of the ways in which oriented molecules are being exploited to further

our knowledge of molecular structure and dynamics.



1 Introduction

Any general definition of a gas will describe a substance that expands to fill any container, and which
at a microscopic level is made up of atoms or molecules with a broad distribution of velocities, each
undergoing completely random motion as a consequence of constant collisions with its neighbours.
For physical chemists, the gas phase is a favourite playground as it offers the opportunity to study
molecules which are essentially isolated in space, and whose behaviour is therefore not perturbed
by intermolecular interactions as would be the case in liquid or solid phases. Unfortunately, for a
gas in its ‘native’ state this comes at the cost of averaging over all molecular orientations and over a
broad velocity distribution. Not content with the limited amount of information such experiments
can provide, much effort has been directed towards controlling the behaviour of molecules in the gas
phase. Early on, the advent of molecular beams tamed the velocity distribution, allowing gas-phase
molecules to be prepared in a collision free environment with a well-defined velocity. More recently,
a variety of techniques have been developed which provide partial or complete control over molecular
orientation. In addition to paving the way for a wide range of experiments in which stereochemical
effects on chemical reactivity are probed at the single-collision level, such developments hint at
the tantalising prospect of future electron or X-ray diffraction studies on single molecules in the
gas phase. In the following pages, we will review the wide range of approaches to controlling the
motion and orientation of gas phase molecules, before exploring some of the applications of oriented

chemical species.

1.1 Controlling the translational motion of a gas: molecular beams

With a few exceptions, the first stage in creating a distribution of oriented atoms or molecules
is to synchronise their translational motion. This is readily achieved by preparing the sample in
a molecular beam via a supersonic jet expansion. A molecular beam is formed when gas from a
containment reservoir flows through an orifice into a vacuum. The flow characteristics of the beam
depend on the ratio of the mean free path of the gas inside the source, A, to the orifice diameter,

¢, a quantity known as the Knudsen number.



A supersonic expansion requires K, < 1, and yields a high intensity molecular beam with a
narrow velocity distribution. Because the nozzle diameter is greater than the mean free path
of the molecules inside the source, multiple collisions occur as the gas passes through the throat of
the nozzle. Successful collisions transfer momentum to the axial direction, giving a high velocity
along the axis and a small random velocity perpendicular to the axis. The collisions also convert
the internal energy and randomly directed translational energy of the molecules inside the source
into kinetic energy of translational motion along the beam axis, with the consequence that the
beam molecules are internally cold. A simple thermodynamic model, in which it is assumed that
the total enthalpy of the gas inside the source is converted into translational kinetic energy of the

beam, may be used to calculate the maximum or terminal velocity umax of the beam molecules [1].
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where Tj is the temperature inside the source, m is the atomic or molecular mass, and v = C,/Cy
is the ratio of the heat capacities at constant pressure and volume for the beam gas. The beam
velocity may be controlled by ‘seeding’ the species of interest into an inert carrier gas. The final
velocity of the beam is then determined by the average mass and heat capacity of the gases in the
mixture. Seeding a molecule of molecular mass m into a carrier gas with a molecular mass greater
than m results in a lower flow velocity than that for a pure beam, while seeding into a lighter gas
gives a higher velocity. The ratio of seed to carrier gas can be altered to give beam velocities which

span the range between the terminal velocities of the seed and carrier gas.

1.2 Defining atomic and molecular orientation and alignment

The preceding section explains how to prepare a sample of gas-phase atoms or molecules moving
in a well-defined direction with a well-defined velocity. In Section 2 we will explore ways in which
the atoms or molecules within a molecular beam may be oriented in space, but first we need to
consider in more detail what we mean by orientation in this context.

Most generally, a distribution of atoms or molecules which are not randomly oriented in space
is said to be polarised. Intuitively, we might think of an oriented molecule as a stationary entity in
which all of the constituent atoms are located at well-defined positions in space, as shown in Figure

1(a). As we shall see later, state-of-the-art laser-based techniques allow us to come very close to

2



achieving this level of orientation. However, many other methods for orienting molecules are not
able to freeze out rotational motion completely, and we therefore need to consider how to define
the polarisation of a distribution of rotating molecules. Often, the most straightforward way to do
this is simply to consider the polarisation of the angular momentum vector of the molecules, which
defines their axis of rotation. Figure 1 (b) shows a hypothetical distribution of rotating molecules

which are all identically oriented in space.
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Figure 1: (a) orientation of bond axes; (b) orientation of rotational angular momentum; (c) classical and

quantum mechanical descriptions of alignment and orientation.

While the total angular momentum of a closed-shell molecule arises purely from its rotational
motion, in an open-shell molecule there may also be a contribution from electronic angular momen-
tum. Defining spatial polarisation in terms of the total angular momentum vector also provides
a straightforward way to treat polarisation in atoms, in which the only contribution to the total
angular momentum is electronic, in the form of spin and electronic orbital angular momentum.

Polarisation of a distribution of vectors, in this case atomic or molecular angular momentum
vectors, is often subdivided into two categories: alignment and orientation [2]. In this context,
‘alignment’ and ‘orientation’ have very precise definitions. An aligned distribution of vectors is
one in which all of the vectors are aligned along a single axis (or sometimes in a plane) but with
no preferred direction i.e. in the aligned distribution in Figure 1(c), the arrows are preferentially
aligned along the vertical axis, but there are equal numbers of arrows pointing in the up and
down directions. An oriented distribution, on the other hand, is one in which the vectors have
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both a preferred axis and a preferred direction; in the oriented distribution in Figure 1(c), the
arrows again have a preferred axis, but now they are all pointing upwards. When dealing with
a quantum mechanical angular momentum vector J, whose direction is defined by the quantum
number M, alignment implies an anisotropic distribution of |M;|, while orientation implies an
anisotropic distribution of M ;. Example M ; distributions for the two cases are shown to the right
of Figure 1(c).

While it is often most straightforward to consider alignment or orientation of angular momen-
tum, we should note that if the angular momentum vector of a molecule is oriented in space, the
spatial distribution of one or more bonds will generally also show significant polarisation. For ex-
ample, if the rotational angular momentum vector of a diatomic molecule is aligned along the z axis,
the bond axis will lie preferentially in the xy plane, and not along z. Depending on the context,
in the following we shall refer to polarisation in terms of both angular momentum polarisation and

bond axis polarisation.

1.3 Quantifying atomic and molecular polarisation

Bringing together the various aspects of control we have considered thus far, to specify the polar-
isation of an individual atom or molecule completely, we must specify both its velocity vector v
and its total angular momentum vector J. The polarisation of an ensemble of atoms or molecules
is therefore described by a probability distribution involving these two vectors, P(v,J), or, equiv-
alently, P(0y,®y;07,¢7), where 0,, ¢,, 05, and ¢; are the polar angles describing the directions
of v and J, respectively. In some cases, such as the strong laser field alignment studies described
in Section 2.3, it is sufficient simply to describe the orientation and alignment in terms of the ex-
pectation values (cos @) or (cos?(f)), of the molecular axis about the field direction. In the field of
photodissociation stereodynamics, quantifying atomic or molecular alignment and orientation gen-
erally consists of expanding the double vector distribution described above in a basis set of suitable
functions. Quantifying the polarisation then reduces to determining the expansion coefficients i.e.
the expansion coefficients comprise a set of polarisation parameters that completely define the po-
larisation distribution of the ensemble. The polarisation parameters may also be used to calculate
the M populations that characterise the quantised orientation of J. Rather unfortunately, there

is no single set of agreed polarisation parameters; instead, a number of different formalisms have
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been developed in parallel, with each having a faithful band of supporters and detractors. Fortu-
nately, it is often relatively straightforward to transform from one set of polarisation parameters
to another in order to compare experimental results [10]. Descriptions in widespread use include
Dixon’s semiclassical bipolar moment expansion [3]; Rakitzis and Zare’s approach [4], in which
spherical harmonic expansions are used to describe contributions to the polarisation arising from
parallel, perpendicular, and mixed components of an optical transition; and the state multipole for-
malism adopted by Vasyutinksi and Suits[5]. The latter two of these formalisms have their origins
in the full quantum description provided in the mid 1990s by Siebbeles et al[6]. More recently, Aoiz
and Miranda have shed light on the relationship between classical and quantum mechanical de-
scriptions of angular momentum polarisation, presenting a unified treatment of the two approaches
[7, 8]. Finally, when studying orientation and alignment arising as a result of chemical reaction, the
most popular approach employs the polarisation-dependent differential cross section methodology
developed by Shafer-Ray et al. [9].

Many different data fitting and analysis schemes have been developed in order to extract po-
larisation parameters from experimental data, and we will make no attempt to summarise these
here, focusing instead on the various general approaches available for generating, characterising,

and exploiting spatially polarised molecules.

2 Generation of polarised atoms and molecules

For some molecules, we obtain a considerable degree of spatial alignment ‘for free’ during the
supersonic expansion used to prepare the molecules in a molecular beam. This phenomenon is
described in detail by Hershbach and coworkers [11], and by Aquilanti and coworkers [12, 13, 14],
amongst others [15, 16]. At a basic level the origin of the alignment is straightforward to understand,
arising as a consequence of the large number of collisions a molecule undergoes during the supersonic
expansion. Molecules in orientations and rotational states that present a large collision cross section
when viewed along the beam direction undergo a larger number of collisions than those presenting a
smaller cross section. Since collisions alter the molecular orientation, over the many collisions that
occur during the expansion the high-cross-section orientations are gradually converted into low-

cross-section orientations. As a result, linear molecules tend to fly ‘end on’ rather than ‘side on’,



while planar molecules, such as benzene, tend to fly ‘side on’ rather than ‘face on’. The phenomenon
is strongly velocity-dependent across the beam velocity distribution. The slowest molecules, which
have undergone fewest collisions during the expansion, show virtually no alignment, while the fastest
components of the beam, which have undergone the most collisions, show marked alignment. As an
example, the beam velocity distribution and degree of alignment for Os seeded in Helium is shown

in Figure 2.
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Figure 2: Velocity distribution (open circles) and steric factor (closed circles) for Oy seeded 2.5% in He.
The steric factor, P, is defined as P = (w1 — w)/(wy + wy), where w, and w are the weights for O
molecules with their rotational angular momentum aligned perpendicular to and parallel to the beam axis,

respectively. Adapted from reference [12]

In order to generate a more strongly polarised distribution of atoms or molecules from a ran-
domly oriented distribution, some vector property of the atom or molecule must be used as a
‘handle’ that can interact with an external force in order to induce alignment or orientation. If
a molecule has a suitably strong permanent dipole moment, we can exploit its interaction with
an external electric field to induce spatial polarisation. More generally, we can induce alignment
or orientation by exploiting the interaction of transition dipoles within the atom or molecule with
linearly or circularly polarised laser light. We explore these approaches, some of which have been

reviewed previously by Orr-Ewing [16], in more detail in the following.

2.1 ‘Brute force’ alignment

The simplest means of orienting a dipolar molecule is to place it in a uniform electric field E of

sufficient strength that the interaction energy —u - E between the dipole p and the electric field



greatly exceeds the rotational energy of the molecule i.e. % >> 1, where B is the rotational

constant of the molecule. When this condition is satisfied, the rotational states of the molecules
are transformed into so-called ‘pendular’ or librational states, essentially frustrated rotations in
which the dipole moment oscillates like a pendulum about the field direction. While ‘brute force’
orientation, as this technique was christened, is in principle almost entirely general and applicable to
any polar or polarisable molecule, achieving significant orientation in this way requires high electric
field strengths, on the order of ~100 kV cm ™!, and a molecule with a large dipole moment and small
rotational constant. In addition, since the rotational energy increases quadratically with rotational
quantum number J, the molecules must be rotationally extremely cold, which generally means they
must be prepared in a supersonic expansion. Brute force orientation was first demonstrated in 1990
by Loesch and Remscheid [17], and has since been applied to a range of molecules, including CH3I,

ICl, ICN, and pyradazine [17, 18, 19, 20].

2.2 Quadrupole and hexapole state selection and orientation

In contrast to the extremely strong homogeneous electric fields used in the brute force orienta-
tion method, quadrupole and hexapole state selectors exploit the trajectories of dipolar molecules
through a weaker inhomogeneous electric field to achieve spatial orientation of diatomic and sym-
metric top molecules, respectively. When a molecule with a permanent dipole is subjected to an
external field, its energy is lowered by the Stark effect if its dipole is aligned parallel to the field
(a lower Stark state), and raised if its dipole is aligned antiparallel to the field (an upper Stark
state). In an inhomogeneous electric field, lower Stark states can lower their energy by moving
to regions of higher field - and for this reason are sometimes known as ‘high-field-seeking states’ -
while upper Stark states can lower their energy by moving to regions of lower field, and are also
known as ‘low-field-seeking states’.

Quadrupole and hexapole state selectors consist of four or six rods mounted on an inscribed
radius g, with positive and negative high voltages applied to alternate rods. While the general
principles of state selection and orientation are very similar for diatomics in a quadrupole and
symmetric tops in a hexapole, they differ in the details. Quadrupole state selection and orientation
is limited to a small number of diatomic molecules with very large dipole moments, and is discussed

in detail by Toennies and coworkers [21]. Here we will focus on the hexapole state selector. This
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Figure 3: (a) Inhomogeneous electric field generated by a hexapole. The inscribed radius rg is shown.
(b) Principle of hexapole state selection and orientation: the hexapole selects upper Stark states from the
initially randomly oriented molecular beam. These then pass adiabatically into a region of uniform electric

field in order to achieve orientation in the lab frame.

has been used to prepare spatially oriented samples of a wide range of molecules, including the
methyl halides, NO, OH, and even, recently, the asymmetric top propylene oxide [22].

The rotational state of a symmetric top molecule is defined by three quantum numbers: the
total angular momentum, J; the projection K of J onto the molecular axis; and the projection
My of J onto a lab-frame axis, in this case the external field direction. The rotational motion
is precessional: the molecular axis precesses about the total angular momentum vector J, which
in turn precesses about the lab-frame axis. Solving the equations of motion for a symmetric top
molecule through a hexapole field (shown in Figure 3), yields simple harmonic oscillator solutions
for the radial coordinate. Molecules in lower Stark states follow exponential trajectories that
diverge from the hexapole axis, and are lost from the molecular beam. Conversely, upper Stark
states follow sinusoidal trajectories, r(t) o sin(wt), which focus back to the axis at a distance that
depends on the rotational state and the potential applied to the hexapole rods, as determined by

the oscillation frequency, w.

mrd J(J +1
Here Vy is the hexapole potential, m and p are the mass and dipole moment of the molecule,
and 7o is the inscribed radius of the hexapole rods. The dependence of w on both V[ and the
rotational state of the molecule means that the hexapole potential can be chosen to focus any
desired rotational state with KM = 0 onto the beam axis at the hexapole exit. Other non-focusing
rotational states may be eliminated from the beam if desired by using an iris or pinhole to allow
only the focused state of interest to exit the hexapole.

The upper Stark states transmitted through the hexapole are all aligned with their dipoles
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opposing the applied electric field, but are not yet oriented in space, since the hexapole field is
inhomogeneous. In order to spatially orient the beam it is allowed to pass adiabatically into a
region of weak homogeneous electric field maintained between a pair of parallel plates positioned
directly after the hexapole. As the beam leaves the hexapole the molecular dipoles rotate in space
to line up against the new homogeneous field and orientation is achieved. A homogeneous field of

L or more is required in order to ensure that the upper Stark states remain

only around 2 V cm™
well-defined and thereby to achieve some degree of molecular orientation [23]. However, as we shall
see in Section 2.6.1, considerably stronger fields are often required in order to overome coupling of
J to any non-zero nuclear spins in the molecule in order to achieve optimum orientation.

The degree of orientation is determined by the rotational states of the molecules in the beam.
In the strong-field case, where coupling of J to the electric field is much stronger than coupling to

any non-zero nuclear spins, the average angle between the electric field vector and the molecular

dipole (i.e. the precession angle) for a given |JK M) state is given by

KM;

(cosB) = T+ D

(4)

A detailed comparison between the hexapole technique and the Brute Force alignment method
described in the previous section has been carried out by Bulthuis et al.[24].

When using the hexapole technique in stereodynamics studies, the relatively weak orientation
field employed raises the concern that the anisotropic long range part of the intermolecular poten-
tial experienced as a collision partner is approached could potentially lead to reorientation of the
prepared molecules prior to collision, thereby blurring any steric effects. However, a number of
studies employing the hexapole orientation method have shown clear steric preferences for reaction

at one end of a symmetric-top molecule over the other [25, 26, 27].

2.3 Alignment using a strong laser field

The approaches described so far have used static electric fields to generate oriented distributions
of molecules. There are also a range of techniques that employ lasers to generate alignment and
orientation. In this section we will consider ways in which a non-resonant laser field may be used
to induce spatial polarisation (in the following Section we will explore the case in which the laser

frequency is resonant with an optical transition in the atom or molecule under study).
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Normand et al. [28] were the first to demonstrate that an intense non-resonant linearly-polarised
laser field could induce strong molecular alignment, in their case in an ensemble of CO molecules.
A full theory to explain their observations was developed by Friedrich and Herschbach [29], and
applies when the laser pulse is long compared with the rotational period of the molecule, the so
called ‘adiabatic alignment’ regime. The underlying mechanism is very similar to that of brute force
orientation, with the key difference being that because the electric field of the laser changes direction
throughout each optical cycle on a timescale much faster than a permanent molecular dipole can
align with the field, the interaction is instead with an induced dipole within the molecule. As
such, it depends on the molecular polarisability rather than on a permanent dipole moment, with
the molecules aligning so that the molecular axis possessing the highest polarisability lies along
the electric field vector of the laser. The alignment only lasts for the duration of the laser pulse:
molecules come into alignment as the laser intensity increases through the rising edge of the pulse,
the alignment reaches a maximum at the peak of the pulse, with the molecules occupying field-
induced pendular states similar to those generated in brute force alignment, and the alignment
then decreases and eventually disappears throughout the falling edge of the pulse. As in the case
of brute force alignment, the attainable alignment can be improved by state-selecting molecules
in their lowest rotational states prior to applying the alignment laser pulse. Using this technique,
Holmegaard et al. [30] have achieved one-dimensional alignments in iodobenzene of {cos? §) = 0.97,
where 0 is the angle between the molecular alignment axis and the laser polarisation. By performing
the experiments in the presence of a static electric field, it is also possible to induce orientation in
strongly polar molecules [30, 31, 32]. These experiments will be considered further in Section 3.1.

A linearly polarised laser pulse allows molecules to be aligned along a single axis, but, as
demonstrated by Stapelfeldt and coworkers [33], it is also possible to achieve alignment with respect
to two or even three axes using a circularly or elliptically polarised laser field. This is one of very
few techniques that effectively allow the rotational motion of the molecule to be eliminated in three
dimensions. The alignment scheme has the appeal of being straightforward to implement and, in
contrast to the orientation techniques described previously, is applicable to virtually any molecule.
However, in common with brute force orientation, it does not allow experiments to be carried out
on aligned molecules under field free conditions.

It has also been shown that laser pulses much shorter than the rotational period of the molecule
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can induce transient alignment [33]. This phenomenon is usually referred to as ‘dynamical’ or ‘non-
adiabatic’ alignment in order to distinguish it from the adiabatic alignment described above. The
ultrashort laser pulses required to achieve dynamical alignment have a broad frequency bandwidth,
and excite a coherent superposition, or ‘wavepacket’, of excited rotational states of the molecule
in its electronic and vibrational ground state. Once the laser pulse is turned off, the various
components of the wavepacket evolve in time, dephasing and coming back into phase with each
other periodically. On each ‘rotational revival’, when the components of the wavepacket are in
phase, the molecules are spatially aligned. Since the revivals occur at predictable times, this
provides a means of carrying out experiments on aligned molecules in a field free environment.

Dynamical alignment has been explained and modelled comprehensively by Seideman [34].

2.4 Alignment through polarised laser excitation

All of the methods we have considered so far rely on modifying the behaviour of every molecule
within the sample of interest. An alternative approach is simply to select molecules that have the
desired polarisation from a randomly oriented sample. This may be achieved readily with a high
degree of control through polarised laser excitation, as a consequence of the vector character of the
transition dipole linking two quantum states within a molecule.

When an atom or molecule absorbs or emits a photon and undergoes a transition from an initial
state i to a final state f, the associated redistribution of charge may be represented by an electric
dipole moment, or ‘transition dipole’, p;;. The transition dipole depends on the initial and final

state wavefunctions, and on the electric dipole operator d of the molecule.

Mip = (Wy|dl) (5)

For an electric dipole transition to occur, the transition dipole must interact with the electric vector

E of electromagnetic radiation of the appropriate frequency. The transition probability is then
Pis  |iy - B = p B cos? 0 (6)

where 6 is the angle between p,;; and E. The probability of a molecule absorbing a photon is
therefore strongly dependent on the angle between the transition dipole and the electric field vector
of the light. Now consider the case where linearly polarised light is incident on a randomly oriented
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sample of gas. The cos? @ dependence in Equation (6) means that atoms or molecules oriented
such that their transition dipoles are parallel to the electric vector have the highest probability of
absorbing a photon, while those oriented with their transition dipoles at right angles to the electric
vector have zero probability of absorbing a photon.

This behaviour may be exploited to prepare aligned distributions of either ground-state or
excited-state molecules. This is most easily demonstrated by considering a sample of diatomic
molecules. The most common types of transition in a diatomic are ¥ < ¥ transitions, for which
the transition dipole lies parallel to the bond, and X < II or II <+ X transitions, for which the
transition dipole lies perpendicular to the bond. Exciting a ¥ < ¥ transition with a linearly
polarised laser will yield an aligned distribution of excited states with a cos? § distribution of bond
axes about the laser polarisation direction. If the transition is saturated then the ground states
left behind will be aligned with a sin?@ distribution of bond axes about the laser polarisation
direction. The situation would be reversed if we chose to excite on a perpendicular transition:
the excited state would now exhibit a sin? @ distribution of bond axes, and the ground state a
cos? @ distribution. When dealing with mixed transitions in a diatomic molecule, which have both
parallel and perpendicular character, or when dealing with polyatomic molecules, the transition
dipole has a more complicated relationship to the molecular geometry than in the simple examples
given above. However, while the situation becomes more complex, the same principles still apply.

We should note that the alignment generated through polarised excitation will rapidly be de-
graded by molecular rotation, with higher rotational states randomising the distribution on a faster
timescale than lower rotational states. However, as we shall see in Section 4, the polarised excita-
tion approach is ideally suited for the fast timescale of laser pump-probe experiments, and has been
used in a number of experiments to prepare aligned distributions of vibrationally or electronically
excited molecules for a range of dynamical studies.

If the upper state is dissociative, then the alignment of the bond axes in the selected molecules
is transformed into a polarised velocity distribution in the photofragments. This is illustrated in
Figure 4, which shows the 3D velocity distribution of Cl atoms formed in the linearly polarised
photolysis of Cly via the C' state at 308 nm. Because the dissociation step involves a perpendicular
transition, molecules oriented with their bond axes perpendicular to the electric vector of the laser

beam are dissociated preferentially, leading to a sin? @ distribution of photofragments about the
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Figure 4: Velocity-map images of ground-state Cl atoms formed in the 308 nm photolysis of Cly. Disso-
ciation occurs via a pure perpendicular transition, and the images clearly show the resulting sin’ 6 velocity
distribution of the Cl atoms, with signal intensity peaking at right angles to the polarisation vector of the
photolysis light (shown in white in the centre of the images). The atoms are detected by (24+1)REMPI via

the 4p(4p3/2) — 2P3/2 transition.

laser polarisation vector.

As a small aside, it was quickly realised [35, 36] that such an approach provides a means for
generating strongly anisotropic velocity distributions within a bulk gas-phase sample, effectively
yielding a ‘molecular beam in a bulb’. This led to the development of an alternative technique to
crossed molecular beam scattering for carrying out reaction dynamics investigations. The Photoloc
technique, as this approach was christened, allows reaction product velocity (angular and speed)
distributions to be recorded without the need for high vacuum, and has yielded considerable insight

into the dynamics of a wide range of chemical reactions.

2.5 Alignment resulting from photofragmentation

Many chemical processes yield products in which the electronic angular momentum is strongly
polarised. As an example, atomic and molecular photofragments often exhibit strong polarisation
relative to the direction of the breaking bond. This should not come as a surprise: the electronic an-
gular momentum of an atomic or molecular fragment is determined by the distribution of unpaired
electron density, which is often highly anisotropic during the bond dissociation process. If the bond
axis of the dissociating parent molecule is polarised in the lab frame, for example by preparing
the dissociating state through polarised laser excitation, as described in the previous section, then
the photofragments will also be polarised in the lab frame. The velocity and bond-axis or angular
momentum polarisation of the photofragments will depend both on the dissociation process itself,

and on the polarisation of the photolysis laser.

13



Polarisation arising from photodissociation has been a lively field of study for a number of
years. The observed polarisation is often relatively modest, and rather than use the photodisso-
ciation process to generate polarised photofragments for further experiments, efforts have tended
to be directed at measuring photofragment angular momentum polarisation in order to probe the
dynamics of the dissociation process itself [37, 38]. However, a few photodissociation systems have
been discovered in which the degree of photofragment polarisation is extraordinarily strong, and
which show considerable promise as a source of polarised atoms or radicals for scattering stud-
ies. Perhaps the strongest atomic polarisation seen to date is that noted in a number of studies
[39, 44, 45, 46, 47] of O(! D) atoms produced in the photodissociation of molecular oxygen via the
B3Y, state. The transition from the ground state, X 32;, to the B state is the first fully allowed
spectroscopic transition in molecular oxygen, and is responsible for the Schumann-Runge bands
and continuum observed in the VUV absorption spectrum of the earth’s atmosphere. Regardless
of whether the B state is accessed by a one-photon transition or a two-photon transition, and
virtually independently of wavelength over the range from threshold at 175 nm all the way down to
120 nm, the O(1D) fragment is formed almost exclusively in its M; = 0 quantum state, i.e. with J
polarised in a direction perpendicular to the recoil velocity. The source of the polarisation in this
system is particularly simple to understand, at least to first order, and provides a good example in
the context of the present discussion.

We will assume the B state to be a pure X state with A = |Mp| = 0, where the bond axis
is the axis of quantisation. The state dissociates (transforming the bond axis of the parent Og
molecule onto the recoil axis of the atomic photofragments) to give an O(3P) and an O(! D) atom,
which must either have My (3P) = 0, M (D) = 0 or M (3P) = £1, My (*D) = F1. The major
contribution to the B state is from the former of these possibilities, and the O('D) therefore has
My = 0. By virtue of being a singlet state, it also has Mg = 0, and therefore M; = 0 i.e. J is
polarised perpendicular to the recoil axis, in accord with experiment.

While the experiments reveal a strong preference for O(*D) formation in M; = 0, there is also
a small amount of population in other M states, primarily M; = +1. More comprehensive models
of the dissociation dynamics which go some way towards explaining this observation are presented

by Wu et al. [39]
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2.6 Conditions for maintaining alignment and orientation

Many of the techniques by which aligned and oriented molecular distributions can be prepared
require the presence of an electric field of some description to define the polarisation axis. How-
ever, there are numerous instances when we might want to carry out experiments using a polarised
molecular distribution but under field free conditions. This is especially true for experiments in-
volving charged particles, such as photoelectron spectroscopy, electron diffraction, and studies of
ion-molecule or electron-molecule collisions. For this reason it is important to understand the de-
pendence of orientation or alignment on the strength of the orienting field, and also the mechanisms

by which molecules deorient once the field is switched off, and the timescale over which this occurs.

2.6.1 Orientation field

Brute force orientation, adiabatic strong laser field alignment, and hexapole-based techniques all
employ an electric field to achieve orientation. As we have already seen, brute force orientation,
and the related technique of strong laser field alignment, requires extremely high electric fields in
order to achieve orientation, on the order of 100 kV cm™!. In both of these methods, the field must
be strong enough to ‘lock’ the permanent or induced dipole moment of the molecule to an axis.
In contrast, once upper-Stark-state molecules have been state selected in a hexapole, orientation is
achieved as soon as the strength of the uniform orientation field is sufficient to define a new lab-
frame quantisation axis about which the molecules precess. A number of researchers have carried
out experiments to determine the required field strength to achieve this. One of the most common
techniques is to use a split hexapole with a region of uniform field in the centre, provided by a pair
of parallel plates. The fields provided by the first and second hexapoles are known as the A and
B fields, respectively, and the uniform field in the centre is known as the C field. After passing
through the A field the beam consists predominantly of upper Stark states. If the C field is non-zero
the molecules make adiabatic transitions from the A field to the C field, and from the C field to
the B field. They remain in the same rotational state throughout their trajectories through the
system and will nearly all be transmitted through the B field to the detector. Conversely, if the C
field is zero, the Stark energy levels become degenerate, the M quantum number is undefined, and

the molecules in the beam can rotate freely as they travel through the parallel plates. If complete
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orientational scrambling occurs in this region then the molecules will have random orientations as
they enter the B field, and the instantaneous orientation of any given molecule with respect to
the field direction in the hexapole will determine whether it becomes an upper Stark state, lower
Stark state, or KM = 0 state in the B field. Upper Stark states are transmitted to the detector,
but a significant fraction of the beam will be lost as non-focusing states, leading to a large drop in
the beam signal relative to the case when the C field is non-zero. By monitoring the signal at the
detector as the C field is increased, the field required to maintain orientation may be determined.
Experiments of this type were first carried out by Brooks et al in 1969 [40], and more recently by
Harland et al [23]. A representative set of data from the latter experiments is shown in Figure 5.
In both cases modest fields of only a few volts per centimetre were found to be sufficient to ensure
the required adiabatic transition from the hexapole field into the orienting field. This is consistent
with the results of experiments in which steric effects were measured in photodissociation, chemical

reactions, or photoelectron spectroscopy as a function of orientation field strength [41, 42, 43].
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Figure 5: Measurement of the minimum field required to achieve orientation following hexapole state
selection of symmetric top molecules. Molecules state-selected in a first hexapole will only focus in a second
hexapole if the field strength in the intervening uniform C field is sufficient to maintain the distribution of

Stark states.

It is clear that the upper Stark states selected by a hexapole may be oriented at very low
electric field strengths. However, this is not a complete description of the situation. While such
low fields are sufficient to maintain the integrity of upper Stark states, they are not sufficient to
achieve optimum orientation. This is due to an additional angular momentum coupling, which we
have not considered so far, namely hyperfine coupling between the rotational angular momentum

J and the nuclear spin angular momentum of the molecule, I. Under weak-field conditions, the
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coupling between J and I is much stronger than the coupling of J to the electric field i.e. the
Stark energy is much smaller than the hyperfine energy. The coupling between J and I splits
each |JK M > rotational state into a manifold of |FJKIMp >. J now precesses about F, and
F precesses about the electric field. This reduces the degree of orientation over that obtainable
for precession of a pure |JK My > state about the field, with the reduction in orientation varying
from molecule to molecule depending on its nuclear spin states. On moving to stronger fields, of
the order of hundreds of V em™!, the Stark energy now greatly exceeds the hyperfine energy, and
the precession of J around E is so fast that the nuclear orientation cannot respond on the same
timescale. I and J are now decoupled, and optimum alignment is achieved.

This explains the results obtained by Janssen and coworkers [48] and described in Section 3.1,
in which relatively high field strengths were required to achieve optimum orientation of CDsl, a
molecule with a large number of possible nuclear spin states. Similar results were observed in the

photoionization experiments of Ghandi and Bernstein [42, 43]

2.6.2 Deorientation

The above discussion leads us neatly on to the topic of deorientation of a spatially polarised
ensemble of atoms or molecules in the absence of an orienting field. Deorientation, also known as
‘depolarisation’ or ‘spatial scrambling’, occurs primarily through the hyperfine interaction. In any
molecule containing one or more nuclei with non-zero nuclear spin, coupling of J to a manifold of
nuclear spin states I rapidly leads to a random spatial distribution of J vectors. Since scrambling
is mediated by the hyperfine interaction, we might expect the lifetime over which orientation can
be maintained under field free conditions to be on the order of the hyperfine precessional period.
This is indeed found to be the case. For example, the hyperfine frequencies for the methyl halides,
of the order of 6 KHz, would lead us to predict orientation lifetimes of around 150 ps. This is in
line with a variety of measurements, made either in a split hexapole setup by switching the C field
to zero for increasing intervals, or by monitoring steric effects under field free conditions at varying

times after preparing the oriented distribution [23].
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3 Characterisation of aligned and oriented atoms and molecules

As noted in Section 1.2, we can consider atomic and molecular polarisation either in terms of
polarisation of one or more bond axes, or in terms of polarisation of the total angular momentum. It
should therefore come as no surprise that in order to characterise a spatially polarised distribution
we can choose to measure either the spatial distribution of bond axes or of angular momentum

vectors. Both approaches have been used, and will be explored in more detail in the following.

3.1 Measuring the bond axis distribution

The bond axis distribution in a sample of spatially oriented molecules is rather difficult to measure
directly, but may be measured indirectly by photodissociating the bond of interest and measuring
the recoil directions of the photofragments. The most common approach employs a laser pump-
probe scheme with velocity-map imaging detection. The pump laser performs the photodissociation,
the probe laser ionizes the fragment of interest, and the resulting ions are mapped onto a position-
sensitive detector by an electric field in order to measure their velocity distribution. This and
similar approaches have been used to characterise spatially oriented samples prepared both by
hexapole methods and by strong laser field alignment [48, 49]. Here we will consider two examples.

Our first example concerns work carried out by Stapelfeldt and coworkers [30] on the iodoben-
zene molecule. Iodobenzene has a large polarisability along the axis containing the C-I bond, and
in the presence of a linearly polarised Nd:YAG beam the molecules line up in pendular states with
the C-I bonds parallel to the electric field vector of the light. The resulting spatial distribution of
the molecules may be imaged by dissociating the C-I bond and recording the velocity distribution
of the scattered iodine atoms. Rather than using a two-step laser pump-probe scheme to achieve
this, Stapelfeldt and coworkers employed a single-step process in which an intense femtosecond laser
pulse was used to strip all of the valence electrons from the molecule. In the resulting ‘Coulomb
explosion’ the ionized atoms rapidly repel each other along the directions of the broken bonds,
and by gating the position-sensitive detector to match the arrival time of the ionised iodine atoms,
an image reflecting the spatial distribution of the C-I bonds is obtained. Detection via Coulomb
explosion has the advantage that all molecules are dissociated with essentially equal probability,

regardless of their orientation in space, so that the final image clearly reflects the distribution of
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orientations in the sample.

The effect of the alignment laser pulse is seen clearly in Figure 6. The two rings visible in
the images are a result of two-photon and three-photon Coulomb explosion processes in which
iodobenzene fragments to give I 4+ CgH; (innermost ring) and IT + CgH2' (outermost ring),
respectively. Panel (a) shows an image recorded with the alignment laser pulse turned off, and
we see that there is no preferred direction in which the iodine atoms fly following dissociation. In
contrast, panel (b) shows an image in which the Coulomb explosion was timed to match the peak
of the alignment laser pulse. The alignment pulse was polarised vertically, from top to bottom
in the image, and we see that iodine atoms are produced in a tight cone about this direction,
indicating that the C-I bonds in the iodobenzene molecules were exceptionally strongly polarised
along the laser polarisation axis. The alignment can be improved still further by selecting low
rotational states from the molecular beam prior to the laser alignment step. This was achieved
using an electrostatic deflector that deflected high-field-seeking states upwards, with the extent of
the deflection depending on the rotational state. Different rotational states could then be probed
by overlapping the alignment and probe laser beams in space with the desired state. Panels (c)
and (d) of Figure 6 show the alignment distributions arising from the lowest and highest rotational
states, respectively. If the polarisation of the alignment laser is moved out of the image plane, it is
found that the combined effect of the alignment laser field and the high voltage applied along the
time-of-flight axis to extract the ions to the detector results not only in molecular alignment, but
also orientation of the molecular dipole in the static electric field.

Our second example concerns the characterisation by Janssen and coworkers [48] of a distribu-
tion of oriented CD3l molecules. A hexapole was used to select molecules in the |[JKM) = |111)
state, which were then oriented in a uniform electric field. The oriented molecules were dissociated
by a 266 nm laser pulse, and atomic iodine fragments in the spin-orbit excited 2P, /2 state were
ionized by (24+1)REMPI at around 305 nm and velocity-map imaged. Images were recorded as a
function of the orienting field strength in order to investigate the field strength dependence of the
orientation achieved. Images at three different field strengths are shown in Figure 7.

The laser used to photolyse the CDsl molecules was polarised vertically relative to the im-
age. The transition dipole for the photolysis step lies along the C-I bond, and in the absence of

any molecular orientation we would therefore expect to see a cos® @ distribution of atomic iodine
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Figure 6: Laser alignment of iodobenzene molecules, detected through velocity-map imaging of I atoms
produced when the molecule is Coulomb exploded by a high intensity femtosecond probe pulse. In (a) the
alignment laser is turned off, and the distribution of I atoms is isotropic. In (b)-(d) the alignment laser is
turned on, and the iodobenzene is strongly aligned, more so for low rotational states (image (c)) than high
rotational states (image (d)). The alignment laser polarisation €,gn is indicated to the right of the images.

Adapted from reference [30].
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Figure 7: Velocity-map images recorded for I* fragments following 266 nm dissociation of hexapole state-
selected and oriented CDgl in its |[JK M) = |111) state. The direction of the orienting field and photolysis
laser polarisation are shown to the left of the images, and the images recorded from left to right illustrate
the effect of increasing the orienting field over the range from 0 to 1600 V ecm™!. Adapted from reference

[48].

photofragments (see Section 2.4). This is precisely what we do see in the image shown in Figure 7
(a), recorded with an orienting field of zero such that the CD3l molecules were state selected but
not oriented. In images (b) and (c) an orienting field is applied such that the molecules start to
align with the iodine end uppermost. As the orienting field is increased, we first see a slight increase
in the number of I atoms flying in the upwards direction relative to the downwards direction, and
then at higher field strengths, when orientation is complete, we see only intensity at the top of
the image, indicating that there are no molecules in the sample with the iodine atom pointing
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down. There are two points to note. Firstly, while the intensity distribution in the images depends
strongly on the orientation distribution of the molecules, there is also a cos? § weighting that reflects
the probability of photolysis as a function of the angle between the C-I bond and the polarisation
axis of the photolysis laser. Secondly, the degree of orientation observed is considerably less than
that seen in our previous example of iodobenzene oriented in a strong laser field. This reflects the
selected rotational state of the molecules. The average angle to the z axis for a state |JKM) is
given by Equation (4), which for the [111) state yields an angle of 60°. To achieve more tightly
oriented molecular distributions we would need to select states with higher values of J and M.
For example, the [222) and |333) rotational states have most probable angles of 48.2° and 41.4°,
respectively.

Interestingly, the field strengths required by Janssen and coworkers to achieve orientation of
CDsl are considerably higher than those found in similar hexapole state selection and orienta-
tion experiments performed by a number of other researchers. This issue will be explored more

thoroughly in Section 2.6.1.

3.2 Measuring the angular momentum polarisation

In Section 2.4 we noted that the transition probability for a spectroscopic transition depends on the
angle between the polarisation vector of the light and the molecular transition dipole (Equation (6)).
As a consequence, exciting a spectroscopic transition using a polarised laser can be used as a means
of selecting an aligned subset of molecules. We can exploit the same ideas to measure atomic or
molecular angular momentum polarisation, by noting that the transition dipole ;¢ for any chosen
detection transition is correlated with the total angular momentum vector, J. For example, a ‘Q
branch’ transition, for which AJ = 0, has p;; parallel to J, while a P or R branch transition,
with AJ = =+1, has p,;; perpendicular to J. If the angular momentum vectors, and therefore the
transition dipoles, are randomly oriented, then excitation with light of any polarisation will give rise
to an identical signal. However, if the angular momentum distribution (and therefore the spatial
distribution of transition dipoles) is polarised, then light of different polarisations will be absorbed
to a different extent, depending on the number of transition dipoles with which it interacts. Angular
momentum alignment may be detected via differential absorption of light linearly polarised along

two orthogonal axes, while angular momentum orientation leads to differential absorption of left
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and right circularly polarised light.

Polarised laser detection techniques of this type are usually used as the probe step of a laser
pump-probe sequence to characterise angular momentum polarisation in the products of a pho-
todissociation or bimolecular reaction process. As such, they need to be sensitive to the product
velocity as well as to its angular momentum polarisation. The two most widely used techniques are
Doppler-resolved laser-induced fluorescence (LIF'), and resonance-enhanced multiphoton ionization
(REMPI), combined either with core-extraction time-of-flight or velocity-map imaging detection.
A single Doppler-resolved LIF measurement yields a one-dimensional projection of the product
velocity distribution onto the laser propagation axis. Two or more projections are needed in order
to reconstruct the full 3D velocity distribution, which means making measurements in which the
probe laser propagates along different axes, and in each case employing the appropriate polari-
sations to measure the angular momentum polarisation. As an example, Figure 8 shows a series
of Doppler-resolved LIF profiles recorded for quantum-state-selected CO products formed in the
photolysis of glyoxal [50]. Two possible dissociation mechanisms for glyoxal are shown in Figure
8(a), one which leads to the rotational angular momentum J of the CO fragment becoming aligned
parallel to its velocity vector, and one which leads to the two vectors being mutually perpendic-
ular. These two mechanisms can be distinguished on the basis of the Doppler profiles. As shown
in Figure 8(b), CO products with a large velocity component along the laser propagation axis are
detected towards the wings of the Doppler profiles, while those travelling perpendicular to the laser
propagation direction are detected near the centre of the Doppler profiles. Taking the Q-branch
transition as an example, we see a dip in the centre of the Doppler profile, indicating that CO
molecules travelling perpendicular to the laser propagation axis (or, equivalently, parallel to the
laser polarisation vector) are detected less efficiently than those travelling parallel to the axis (per-
pendicular to the polarisation vector). These observations imply that the transition dipole u for the
probe step lies preferentially perpendicular to the product velocity vector. For products detected
on a Q-branch transition (u || J), it follows that J is also perpendicular to the velocity, and that the
CO fragment therefore undergoes a ‘frisbee-type’ motion as it departs from the interaction region.
Similar arguments applied to the P and R branch Doppler profiles lead to the same conclusion.

REMPI combined with core-extraction time-of-flight detection also provides a one-dimensional

projection of the velocity and polarisation distribution, and experiments are carried out in much
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Figure 8: (a)Proposed mechanisms for glyoxal dissociation leading to J || v (left) and J L v (right); (b)
Doppler profiles for CO fragments formed in (v = 0,J = 51). As explained in the text, the characteristic
peak shapes observed for the P, Q, and R transitions allow the two mechanisms to be distinguished. Adapted

from reference [50].

the same way as for Doppler-resolved LIF. These two techniques have been applied to the character-
isation of photofragment and reaction product polarisation in numerous chemical systems [51, 52],
but have now largely been superseded by imaging techniques.

Velocity-map imaging yields a two-dimensional projection of the product scattering distribution,
and as a result, fewer projections are generally needed in order to reconstruct the complete product
scattering distribution. In fact, a great deal of qualitative information on angular momentum
polarisation can often be obtained from visual inspection of a single image. We will demonstrate this
by continuing with our example of the VUV photolysis of Oy from Section 2.5, in which the O(! D)
photofragments are formed with J strongly polarised perpendicular to the recoil velocity. Figure
9 shows a series of velocity-map images of recoiling O('D) atoms, recorded using two different
experimental geometries defined by the photolysis and probe laser propagation and polarisation
axes. The pump and probe laser beams crossed at right angles in the image plane, and the
geometries are further described by H and V labels for the photolysis and probe laser beams,
denoting polarisation of the relevant laser in the plane of the image (H) or normal to the plane of
the image (V), respectively.

In all of the images, the photolysis laser is polarised in the vertical direction relative to the
images on the page. Since the transition to the B state is parallel in character, parent Os molecules
in the randomly oriented molecular beam whose bond axis has an appreciable component in this

direction will be preferentially dissociated, and we therefore expect maximum intensity at the top
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Figure 9: Velocity-map images of O(!D) from the photodissociation of Oy at 157 nm. As described in
the text, images were acquired on two REMPI transitions using two experimental geometries defined by the

pump and probe laser propagation and polarisation axes.

and bottom of the images. This is clearly seen to be the case in the HV geometry. As noted
previously, the photodissociation dynamics yield O(*D) atoms whose angular momentum (and
therefore transition dipole for the probe step) is strongly aligned in a direction perpendicular to
the photofragment velocity. We would therefore expect the detection efficiency with a laser of fixed
polarisation to depend on the scattering angle, and this is precisely what is observed. To illustrate
this, consider the crushed image recorded in the HH geometry via the ' P; state. For this probe
transition, detection sensitivity is highest when J is perpendicular to the polarisation vector of the
probe light; in the image this would correspond to fragments with J polarised vertically . The
extreme top and bottom of the image corresponds to products recoiling in the vertical direction
(perpendicular to the probe polarisation vector), and the almost complete lack of signal in these
regions of the image indicates that J is very strongly polarised at right angles to the velocity vector,

as we know to be the case.

4 Applications of aligned and oriented atoms and molecules

The original motivation for preparing aligned and oriented molecules came from within the reaction
dynamics community, stemming from the desire to study chemical reactions under single collision
conditions with full control over molecular orientation. The ability to prepare spatially aligned

and oriented distributions of molecules in the gas phase has opened the way to detailed investiga-
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tions into steric effects in many different chemical processes. Gas-phase neutral and ion-molecule
reactions, inelastic scattering, surface scattering, and a range of ionization processes have all been
studied as a function of molecular orientation. In the following we will not attempt to provide a
comprehensive overview of every experiment that has ever used spatially polarised species. Instead,
we will focus on a number of selected examples, with the aim being to provide the reader with an

appreciation of the possibilities.

4.1 Inelastic and reactive scattering

‘Steric effects’ are one of the most fundamental concepts in chemical kinetics and dynamics, yet there
are very few ways in which such effects may be studied directly. It is therefore not too surprising
that oriented-molecular-beam scattering techniques have been so enthusiastically adopted by the
reaction dynamics community. Crossed-molecular -beam experiments were first carried out in the
mid 1950s, and it was not until the 1960s that Dudley Herschbach and Yuan Lee began the work
that would lead to their 1986 Nobel Prize in Chemistry. It is therefore rather remarkable that the
first crossed beam reactive scattering measurements employing spatially oriented molecules were
reported as early as 1966, by Phil Brooks of Rice University [25]. Brooks studied the reaction
between atomic potassium and hexapole state-selected and oriented CH3l, showing unequivocably
that the iodine end of the molecule was more reactive than the methyl end. The steric factor,
defined as S = (S— — S4)/(S- +S4), with S; and S_ the KI product signals arising from reaction
at the positive and negative ends of the dipole, respectively, was found to be 0.64+0.3. When the
rather broad distribution of orientations within the molecular beam is taken into account, this
suggests that a direct collision with the iodine end of the molecule is necessary for reaction. Since
these early experiments, the hexapole technique has been and continues to be used with great
success to study the stereochemistry of a large number of reactive and inelastic scattering systems
involving symmetric top or pseudo-symmetric top molecules. For further examples, readers are
referred to a recent review article [53].

A high degree of control was also achieved relatively early on over the polarisation of atomic re-
actants. In 1981, Rettner and Zare [54] used polarised laser excitation to prepare a molecular beam

of calcium atoms in their electronically excited ! P, state, in order to study the chemiluminescent
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reaction

Ca(*Py) + HCl — CaCl(A%IL, B*S') + H. (7)

By switching the polarisation of the excitation laser beam, the Ca atoms could be prepared so
that their occupied p orbital pointed either along or perpendicular to the reactant relative velocity
vector. It was found that the first geometry preferentially formed CaCl in the B?X* state, while
the second preferentially formed the A?II state. This was interpreted in terms of the p atomic
orbital of the Ca atom evolving into either the po or pmr molecular orbital of the excited state CaCl
product.

Jumping to the present for our final scattering example, there has recently been a great deal of
interest in studying interactions of polarised molecules with surfaces [55]. The desire to understand
the dynamics of surface reactions in ever more detail is largely driven by their importance in a wide
range of industrial processes, ranging from heterogeneous catalysis to chemical vapour deposition.
A key model system for dynamics studies has been the interaction of CHy with a nickel surface.
Molecular beam experiments have demonstrated that dissociative chemisorption is an activated
process that is favoured both by translational [56] and vibrational [57, 58, 59, 60, 61] excitation
of the CHy. Recently, Beck and coworkers [62] have observed that adsorption is also strongly
dependent on the alignment of the vibrationally excited CH4. In their experiments, a randomly
oriented beam of CH4 was intercepted by a high power CW infrared laser tuned to excite one
quantum of the CH vj stretching vibration, before impinging on a clean Ni(100) surface. The laser
was linearly polarised either parallel to or perpendicular to the surface, and the sticking probability
was measured by detecting bound carbon atoms wvia Auger electron spectroscopy. CHy4 molecules
in their vibrational ground state did not give rise to a measurable signal, making the experiment
sensitive purely to reaction of the stretch-excited CH4. The reaction probability with the surface was
found to be up to 60% higher when the laser was polarised parallel to the surface than when it was
perpendicular, indicating a strong alignment effect. The difference in reactivity could in principle be
due to alignment either of the vibrational transition dipole, p; or the rotational angular momentum
J of the rovibrationally excited CHy. However, the largest alignment effect was seen when CHy
was excited via the R(0) line of the v vibrational band. This yields a rotationless state with a

spatially isotropic wavefunction, indicating that it is alignment of the stretching vibration (and not
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J) relative to the surface that controls the dissociation probability of CH4. The dependence of the
reaction rate on vibrational orientation could arise either from the dissociation probability itself
being alignment-dependent, or from the rate of vibrational energy transfer to the surface being

alignment dependent. Which of these mechanisms is the correct one is still an open question.

4.2 Electron impact ionization

Electron impact ionization is widely used as an ionization technique in mass spectrometry, and
is also an important process in plasmas and many other applications involving ionizing radiation,
including medical physics and materials science. An incoming electron with an energy higher than
the ionization threshold of the molecule is able to ionize the molecule, yielding a molecular ion
and two outgoing electrons. At sufficiently high incident electron energies the molecular ion may
fragment to form various daughter ionic and neutral species. Investigations into electron impact
ionization of oriented molecules has shown that the process is strongly orientation dependent.

Harland and coworkers have studied the orientation dependence of the electron impact process
for CH3Cl, along with several other symmetric top molecules [26, 27]. An oriented beam of CH3Cl
was prepared using the hexapole method and crossed at right angles with an electron beam. The
resulting ions were detected by a quadrupole mass spectrometer. The distribution of orientations
within the molecular beam was relatively broad, and for each polarity of the orienting field included
a substantial fraction of molecules that could best be described as ‘sideways oriented’. Nonetheless,
a very strong steric effect was observed. At an electron energy of 200 eV, production of the
molecular ion, CH3Cl", was found to be 2.6 times more likely when the electron was incident on
the positive (CH3) end of the molecular dipole than on the negative (Cl) end. The steric effect
has been reproduced by several theoretical models [27, 63, 64], and may be interpreted in terms
of the more attractive nature of the interaction potential between the electron and molecule when
the negatively charged electron interacts with the positively charged end of the molecular dipole.
Interestingly, at lower electron energies the steric effect is reduced. This has been interpreted as
arising from the increasing de Broglie wavelength of the electron at lower energies. Once the de
Broglie wavelength exceeds the dimensions of the molecule, the spatial resolution of the electron is
insufficient to discriminate between the two ends of the molecular dipole.

The primary ionic fragmentation product of CH3Cl following electron impact ionization is the
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CH;r ion, for which no steric effect was observed. Recalling that there will be roughly equal numbers
of ‘sideways oriented’ molecules in the molecular beam, regardless of the nominal polarity of the
orientation, this implies that fragmentation arises from ‘broadside’ collisions in which the electron

collides with the C-Cl bond.

4.3 Photoionization and photoelectron imaging

Photoelectron spectroscopy is widely used to probe the energy levels and electronic structure of
atoms, molecules, and surfaces. Photoelectron imaging, in which the angular distribution of the
photoelectrons is measured in tandem with their kinetic energies, provides further information on
the structure and evolution of atomic and molecular orbitals within the system under study, and is
an area of considerable current interest. Photoelectron imaging has been used as a detailed probe
of the ionization process itself [65, 66, 67, 68, 69], and also to study phenomena such as chirality
[70], rotational wavepacket dynamics [71] and coherent control [72].

Photoionization experiments generally use either laser or synchrotron light. The photoelectron
angular distribution (PAD) is the result of the ionized electron scattering from the ion core of the
ionized atom or molecule. The form of the PAD depends strongly on the interaction between vector
properties of the molecule under study (transition dipole moments, bond directions etc) and the
polarisation vector of the ionizing radiation. Molecular alignment and orientation can therefore
play an important role.

To understand the form of a PAD, we need to consider the wavefunction of the departing

photoelectron. The wavefunction can be expressed as an expansion in spherical harmonics [73].

e = Z Clmeiélyvlm(ev ¢) (8)

I,m

where the ¢, coefficients contain radial and angular information on the initial and final state
of the system, and §; is a scattering-induced phase shift. The spherical harmonics, or ‘partial
waves’ are defined by an orbital angular momentum quantum number [ and a lab-frame projection
quantum number m. The number of terms in the expansion depends on the system under study,
but is generally small due to the selection rules governing the photoionization process. For example,

ionization from an atomic orbital with angular momentum [ gives rise to only two partial waves,
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with angular momenta [ — 1 and [ + 1. In molecules, [ is no longer a good quantum number and
the situation becomes somewhat more complex, but the number of terms remains small.

The PAD is given by the coherent square of the wavefunction.

1(0,6) < ¥ihe = Y > lprcime DY (0, 6) Vi (6, 6) (9)

Im U'm’

which may be written in simplified form as

1(0,¢) = > BruYru(0,¢) (10)

LM

with |l —1'| << L << 141" and M = m+m/. The Bps coefficients contain all of the information on
the photoionization dynamics, and depend upon the orbital from which the electron is ejected, the
photoionization energy, the laser polarisations, and the distribution of vectors within the ionized
molecule. As we shall see in the following, the ability to carry out photoelectron imaging experi-
ments on oriented and aligned molecules greatly increases the amount of information available by
increasing the number of By s coefficients that may be extracted from the data.

When a single photon photoionization measurement is carried out on a randomly oriented
sample of molecules, the experiment averages over all possible relative orientations of the laser
polarisation vector and vectors within the molecule. The resulting PAD is cylindrically symmetric

about the polarisation vector, and takes the form !

I(0) x 1+ BaP>(cos0) (11)

In such an experiment we only obtain information on a single coefficient, By, characterising the
scattering distribution. In contrast, if we could carry out an experiment on a perfectly spatially

oriented molecule, the measured distribution would take the form

Lmax L

1(6,¢) < > > BuuYiu(9,9) (12)
L

L=0 M=—
where 6 and ¢ are measured relative to the molecular 2z axis, and the sum terminates at Ly, =

2lmax, With lax the highest orbital angular momentum quantum number of the generated partial

'Note that in the case of chiral molecules, the relevant expression is I(6) oc 1 4+ By Pi(cosf) 4+ B2 Ps(cos8).
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waves. We now have access to many more molecular frame By s parameters, each of which provide
insight into the electron-ion scattering potential.

An intermediate situation is that in which a randomly oriented sample is ionised by resonant
multiphoton ionization. In this case the resonant excitation step selects a subset of molecules whose
transition dipoles overlap with the laser polarisation vector (see Section 2.4), and it is this partially
aligned or oriented distribution that undergoes ionization by a further photon. In this case, for an
ionization involving n photons to reach the resonant step and m photons to ionize from this step

(i.e. an (n +m)REMPI process), the PAD takes the form

2n+2m L
1(0,¢) Z Z BryYrm (0, 9) (13)
L=0 M——L

with L even and terms with 2n + 2m > 2l,.x or M > 2n equal to zero. In this case the By
parameters depend on the molecular alignment prepared by the excitation beam, and in contrast to
the two cases considered above, the PAD will reflect the photoionization dynamics of the resonant
state rather than the ground state. Unlike in the case of a perfectly oriented molecule, information

on odd values of L is not available.
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Figure 10: Photoelectron distributions recorded from benzonitrile molecules that are: (a) randomly oriented,;
(b) oriented in one dimension; and (c) oriented in three dimensions. In the case of three dimensional
orientation the nodal plane of the molecular orbital in the plane of the molecule is revealed. Adapted from

reference [74].

A beautiful example of the effect of increasing molecular orientation on the form of the PADs
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obtained on photoionization has recently been provided by Holmegaard et al. [74]. Figure 10 shows
photoelectron angular distributions recorded from benzonitrile molecules that were: (a) randomly
oriented; (b) oriented in one dimension by a high intensity linearly polarised laser pulse; and (c) ori-
ented in three dimensions using a high intensity elliptically polarised laser pulse. Each incremental
increase in the extent of molecular polarisation leads to dramatic changes in the measured PADs.
The most striking feature is seen in the PAD from fully oriented molecules. The molecular plane of
the benzonitrile coincides with the nodal plane of the two highest occupied molecular orbitals (the
HOMO and HOMO-1). We would therefore expect electron emission to be strongly suppressed in
the plane of the molecule, and this is clearly visible in the photoelectron images as a reduction in
intensity in the ‘up’ and ‘down’ directions. As seen in the images from randomly oriented and one-
dimensionally oriented molecules, without the ability to orient the molecules completely in three
dimensions, this feature is ‘smeared out’ through averaging over the different molecular orientations
present in the sample.

Such experiments hint at the exciting possibility of future time-resolved experiments in which
it will become possible to map out the structure and evolution of valence molecular orbitals in real
time during a chemical reaction. Another area which is currently attracting considerable attention
is time-resolved photoelectron holography [75, 76]. This relies on recording interference patterns
between a ‘reference wave’, part of the photoelectron wavefunction which is emitted from the atom
or molecule without interacting with it, and a ‘signal wave’, the remainder of the wavefunction,
which scatters from the target and encodes its structure. In order to achieve sufficient signal
intensity, a large number of such ‘single molecule holograms’ must be superimposed, making a high
degree of molecular orientation essential. While currently at a relatively early stage of development,
such approaches have the potential to revolutionise chemical structure determination, essentially

providing a gas-phase analogue for X-ray crystal structure determination methods.

4.4 Larmor precession

For our final example, we move to a rather different application of atomic alignment. Larmor
precession of a quantum mechanical angular momentum vector about an applied magnetic field
forms the basis for a range of magnetic resonance techniques, including nuclear magnetic resonance

spectroscopy, electron spin resonance spectroscopy, magnetic resonance imaging, and quantum beat
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spectroscopy. Such techniques now represent the state of the art in medical imaging and in chemical
structure determination and quantification. While not contributing directly to these techniques,
the ability to prepare highly aligned distributions of atomic angular momenta has recently allowed
the Larmor precession to be imaged for the first time [44].

As noted in Section 2.5, photolysis of molecular oxygen at VUV wavelengths yields O(*Ds)
atoms formed almost exclusively with M; = 0. These strongly aligned O(!Dy) atoms turn out
to provide a uniquely clean and simple model system for exploring Larmor precession. They have
a long lifetime of around 110 s, since emission of a photon to return to the ground state is spin
forbidden. They have zero spin, so the angular momentum is purely orbital in character, i.e.
the total electronic angular momentum J is equal to the orbital angular momentum L, and also
M = M;j,. Finally, the overwhelmingly predominant 'O isotope of oxygen has no nuclear spin, so
there is no hyperfine depolarisation (see Section 2.6.2).

Larmor precession occurs when a magnetic moment associated with a quantum mechanical
angular momentum interacts with a magnetic field. For a spin-zero system such as O('Ds), the

magnetic moment g is related to the angular momentum J by

(&

_ 14
B= o (14)

where e and m, are the electronic charge and mass, respectively. When an external magnetic field
B is applied to the system, the magnetic moment experiences a torque, 7 = p X B, perpendicular
to the magnetic moment (and therefore perpendicular to J), which causes the magnetic moment
to precess about the field direction at the Larmor frequency vr,.

upB

vp = (15)

where up = eh/2m. is the electronic Bohr magneton.

In Section 3.2 and Figure 9 we characterised the angular momentum distribution of the O(!Dy)
atoms formed in the VUV photolysis of Os. If the same experiments are carried out in the presence
of a magnetic field, the O(! D) angular momentum distribution will precess about the field during
the time interval between the pump and probe lasers, and by recording images as a function

either of the pump-probe delay or the magnetic field strength, the precessional motion may be
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visualised. Experimentally, this was achieved by installing Helmholtz coils to produce magnetic
fields along the z, y, and z/TOF axes of the velocity-map imaging apparatus. A representative set
of images recorded as a function of magnetic field strength, with the magnetic field applied along
the time-of-flight axis, is shown in Figure 11. At non-zero field strengths, the angular momentum
distribution of the O(*D) atoms formed in the photolysis step precesses about the field axis at a
Larmor frequency determined by the magnetic field strength. Because the transition dipole moment
for the probe step is correlated with the total angular momentum vector, J, as the distribution
precesses, the detection sensitivity changes, causing the image to undergo apparent rotation with
increasing magnetic field strength. It should be stressed that though it may appear as if the
velocity distribution of the fragments is rotating, this is not the case. The velocity distribution
remains unchanged as a function of field strength, but the ionization probability in the probe step

for products scattered at different angles changes as the J distribution rotates.

8probe
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Figure 11: Sliced velocity-map images of O(!D) atoms formed in the 157 nm photolysis of Og, recorded
as a function of magnetic field strength. As indicated in the first image, the magnetic field is applied
perpendicular to the image plane, and both the pump and probe laser polarisations lie in the plane. Larmor
precession of the strongly aligned O(!D) angular momentum distribution is visible in the images due to the

alignment dependence of the REMPI detection step.

Using the experimental setup described above, the O(* D) angular momentum distribution, and
therefore its electron density distribution, may be made to rotate into any desired orientation in
the lab frame by applying the appropriate magnetic field for the appropriate length of time. This
opens up the intriguing possibility of using the technique to study chemical reactions involving

O(!D) as a function of atomic orbital orientation [77, 78, 79].
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5 Conclusions

As we have seen, the preparation and characterisation of aligned and oriented atoms and molecules
is now well established. The ability to overcome the random nature of the gas phase and to
prepare samples of aligned and/or oriented atomic and molecular species has led to a broad range
of innovative experiments in molecular and reaction dynamics. In the future, as the methodology
for preparing aligned and oriented molecules moves out of the specialised research labs in which
it was developed and into the mainstream, such approaches will become important in a variety
of fields, ranging from gas-phase structure determination [76] to high harmonic generation [80],

molecular spectroscopy [81, 82] and orbital tomography [83, 84, 85].
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Figure Captions

e Figure 1: (a) orientation of bond axes; (b) orientation of rotational angular momentum; (c)

classical and quantum mechanical descriptions of alignment and orientation.

e Figure 2: Velocity distribution (open circles) and steric factor (closed circles) for Og seeded
2.5% in He. The steric factor, P, is defined as P = (w; —wj)/(w1 +w)), where w, and wj are
the weights for Oy molecules with their rotational angular momentum aligned perpendicular

to and parallel to the beam axis, respectively. Adapted from reference [12]

e Figure 3: (a) Inhomogeneous electric field generated by a hexapole. The inscribed radius
ro is shown. (b) Principle of hexapole state selection and orientation: the hexapole selects
upper Stark states from the initially randomly oriented molecular beam. These then pass
adiabatically into a region of uniform electric field in order to achieve orientation in the lab

frame.

e Figure 4: Velocity-map images of ground-state Cl atoms formed in the 308 nm photolysis of
Cly. Dissociation occurs via a pure perpendicular transition, and the images clearly show the
resulting sin? @ velocity distribution of the Cl atoms, with signal intensity peaking at right
angles to the polarisation vector of the photolysis light (shown in white in the centre of the

images). The atoms are detected by (24+1)REMPI via the 4p(*Ps/5) < %Pj/5 transition.

e Figure 5: Laser alignment of iodobenzene molecules, detected through velocity-map imaging
of I atoms produced when the molecule is Coulomb exploded by a high intensity femtosecond
probe pulse. In (a) the alignment laser is turned off, and the distribution of I atoms is isotropic.
In (b)-(d) the alignment laser is turned on, and the iodobenzene is strongly aligned, more so
for low rotational states (image (c)) than high rotational states (image (d)). The alignment

laser polarisation €,jig, is indicated to the right of the images. Adapted from reference [30].

e Figure 6: Velocity-map images recorded for I* fragments following 266 nm dissociation of
hexapole state-selected and oriented CD3l in its |[JK M) = |111) state. The direction of the
orienting field and photolysis laser polarisation are shown to the left of the images, and the
images recorded from left to right illustrate the effect of increasing the orienting field over

the range from 0 to 1600 V cm~!. Adapted from reference [48].
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Figure 7: (a)Proposed mechanisms for glyoxal dissociation leading to J || v (left) and J L v
(right); (b) Doppler profiles for CO fragments formed in (v = 0, J = 51). As explained in the
text, the characteristic peak shapes observed for the P, Q, and R transitions allow the two

mechanisms to be distinguished. Adapted from reference [50].

Figure 8: Velocity-map images of O(! D) from the photodissociation of Oy at 157 nm. As
described in the text, images were acquired on two REMPI transitions using two experimental

geometries defined by the pump and probe laser propagation and polarisation axes.

Figure 9: Measurement of the minimum field required to achieve orientation following
hexapole state selection of symmetric top molecules. Molecules state-selected in a first
hexapole will only focus in a second hexapole if the field strength in the intervening uni-

form C field is sufficient to maintain the distribution of Stark states.

Figure 10: Photoelectron distributions recorded from benzonitrile molecules that are: (a)
randomly oriented; (b) oriented in one dimension; and (c) oriented in three dimensions. In
the case of three dimensional orientation the nodal plane of the molecular orbital in the plane

of the molecule is revealed. Adapted from reference [74].

Figure 11: Sliced velocity-map images of O('D) atoms formed in the 157 nm photolysis
of Og, recorded as a function of magnetic field strength. As indicated in the first image,
the magnetic field is applied perpendicular to the image plane, and both the pump and
probe laser polarisations lie in the plane. Larmor precession of the strongly aligned O(!D)
angular momentum distribution is visible in the images due to the alignment dependence of

the REMPI detection step.
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