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Today we are witnessing the electric—dipole revolution in chiral measurements. Here we reflect on its
lessons and outcomes, such as the perspective on chiral measurements using the complementary prin-
ciples of “chiral reagent” and “chiral observer”, the hierarchy of scalar, vectorial and tensorial enantio-
sensitive observables, the new properties of the chiro-optical response in the ultrafast and non-linear
domains, and the geometrical magnetism associated with the chiral response in photoionization. The
electric—dipole revolution is a landmark event. It has opened routes to extremely efficient enantio-
discrimination with a family of new methods. These methods are governed by the same principles but
work in vastly different regimes — from microwaves to optical light; they address all molecular degrees
of freedom - electronic, vibrational and rotational, and use flexible detection schemes, i.e. detecting
photons or electrons, making them applicable to different chiral phases, from gases to liquids to amor-
phous solids. The electric—dipole revolution has also enabled enantio-sensitive manipulation of chiral

Received 1st March 2022, molecules with light. This manipulation includes exciting and controlling ultrafast helical currents in

Accepted 20th July 2022 vibronic states of chiral molecules, enantio-sensitive control of populations in electronic, vibronic and
DOI: 10.1039/d2cp01009g rotational molecular states, and opens the way to efficient enantio-separation and enantio-sensitive
trapping of chiral molecules. The word “perspective” has two meanings: an “outlook” and a “point of

rsc.li/pccp view". In this perspective article, we have tried to cover both meanings.
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1 Introduction

Chirality is a fundamental concept of geometrical origin ubi-
quitous in nature, from elementary particles to molecules to
macroscopic objects. Chiral molecules are characterised by the
spatial arrangement of their nuclei, which makes them non-
superimposable on their mirror image. The two mirror-
reflected versions of a chiral molecule are called enantiomers.
Two opposite enantiomers of the same molecule interact
differently with other chiral objects, such as chiral light or
another chiral molecule.f This property underlies their impor-
tant function in chemistry and biology: chiral structure facil-
itates recognition at the molecular level, which is a key
component of metabolic reactions in biological organisms.
Most biologically relevant molecules are chiral, and many
appear in nature only in one of their two possible forms."
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Whereas the amino acids found in living beings are essentially
left-handed, sugars are right-handed. While the origin of bio-
logical homochirality, i.e. the single-handedness of key bio-
molecules, is still debated,”** its importance could be related
to the fact that this geometrically protected quantity — handed-
ness - carries a single bit of information'® - left or right, i.e.
“true” or “false”. Then, to enable such information processing
in biological systems, the balance between left and right
must be broken. The measure of such imbalance, the enantio-
meric excess, is maximized in homochiral systems, making
them ideal for chirality-based information processing in living
organisms.

Since handedness is a key element in molecular recognition,
it is both fundamentally interesting and important to learn how
it is encoded in interactions between chiral molecules
and light.

Many applications use chirality for characterizing mole-
cular structures via linear light-matter interaction. For example,
absorption circular dichroism (CD)i measurements are

f The CD quantifies the difference in intensity of absorbed left and right
circularly polarized light by a chiral medium; CD is usually given in relative
units, such that the enantio-sensitive difference is normalized to the non-enantio-
sensitive signal, CD = 2(I, — Ig)/(I,, + Iz), where I, and I are the light intensities
absorbed from the left- and right-handed fields, respectively.
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routinely used to characterize the helical structures of DNA,
RNA, and some proteins. The results are typically interpreted
on a phenomenological basis, e.g. by comparing to benchmark
structures. The physical understanding of chirality at the
molecular level, i.e. at the level of the relevant properties of
electronic structure and dynamics, is challenging. Indeed, little
is known about the dynamics of chirality in terms of concepts
such as electronic ring currents'*™* and the fields they may
generate inside molecules,'®"” ultrafast charge migration'®>’
or nonlinear electronic response.”® Yet, the dynamical response
provides a different and independent access to the physical
mechanisms underlying the chiral function.

While understanding chiral interactions and time-resolving
chiral electronic or vibronic dynamics are much desired, most
of the existing ultrafast methods are restricted to weak inter-
actions with the magnetic component of the light field (e.g. ref.
29-38). In the IR-VUV range, such restriction severely limits
their efficiency for medium-size molecules or chiral moieties,
with useful time-resolved signals often just above the noise. A
recent experiment®® graphically demonstrates the challenges:
the time-resolved CD signal is only a few percent of the static
CD and is on the order of the baseline stability of the setup.
While standard CD signal relying on interaction with the
magnetic field can be improved e.g. by using broadband ultra-
fast circular dichroism spectroscopy in the deep ultraviolet in
combination with transient absorption measurements,*® or
using short-wavelength light,>'**%*" developing ultrafast
and highly enantio-sensitive approaches, which track electro-
nic/vibronic dynamics without relying on magnetic interac-
tions, is an important challenge. This challenge has been
taken on by the electric-dipole revolution in chiral measure-
ments. It began decades ago,**™** but is steadily picking up the
pace now, just as we are writing these words. It involves several
extremely efficient enantio-sensitive methods that rely on
purely electric-dipole interactions and address electronic,*>™**
vibrational®””>#%8* and rotational®*° degrees of freedom in
molecules. Importantly, the analysis of the already existing
methods allows one to identify the key common principles
underlying all these schemes and formulate general require-
ments for experimental setups,®® which should help one to
create new efficient enantio-sensitive approaches, tailored to
the needs, tasks and means of a given laboratory.

Here we formulate the key principles underlying efficient
and ultrafast chiral measurements operating in the electric—
dipole approximation. We also describe where we see future
challenges and frontiers in developing such methods. Through-
out the paper we discuss several enantio-sensitive phenomena.
We introduce several rules characterizing the interaction of
chiral molecules with light, and present new fundamental
concepts relevant for enantio-sensitive optical measures.

Our perspectives include not only an outlook for the future,
but also a general view on the basic principles underlying
various chiral measurements and on how these principles
can be used to develop new measurement approaches and
increase their efficiency. We begin our analysis with a
tutorial-style introduction into the basic principles underlying
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chiral measurements. This analysis is presented in Section 2
and focuses on the interaction of chiral molecules with light (or
electromagnetic, EM, fields). We introduce the concepts of
chiral reagent and chiral observer as two fundamental princi-
ples that allow one to construct and analyse chiral measure-
ments and establish a generalized perspective on chiral
measurements common to different observation regimes.

These two principles offer complementary approaches. The
principle of chiral reagent involves enantio-sensitive interac-
tions of electromagnetic fields with molecules, whereas the
chiral observer, does not. We show how both approaches can be
upgraded in their efficiency, ie. realized within the electric—
dipole approximation (Sections 3 and 4), enabling extremely
efficient enantio-sensitive signals from gas-phase molecules
and creating new opportunities for efficient probes of chiral
liquids. Section 2 includes a generalized vision of the structure
of generic chiral observables, and of how they map onto the
ultrafast response of molecules to light. We shall see that
there exists a hierarchy of chiral observables encompassing
scalar, vectorial and tensorial quantities. That is, there are
infinitely many of them, allowing for significant flexibility in
constructing chiral measurements, an important asset for
future experiments.

In Section 3, we show that we do not need to rely on light’s
chirality to probe the chirality of matter. It can be substituted
by the chirality of an experimental setup. The flexibility in
designing chiral experimental setups offers additional flexibil-
ity for efficient enantio-discrimination. We shall see that there
is a chirality measure for experimental setups, which serves as a
guideline for optimizing their enantio-sensitivity.

In Section 4, we show how light can be chiral already in the
electric-dipole approximation.’®®'°> We shall see that the
chirality measures for matter, light, or experimental setups
have an identical structure, and that there are arrays of these
measures with an identical hierarchy, from scalars to vectors to
tensors of various ranks. We also describe how, in the outcome
of an experiment, the chirality measure of matter couples to the
chirality measure of light, or to the chirality measure of the
experimental setup, to produce enantio-sensitive observables.

Section 5 describes how the handedness of light can be
structured in space, and how such chirality-structured light can
be used for efficient enantio-discrimination. Section 6 outlines
our perspectives on efficient control and manipulation of chiral
molecules with light, and charts the roads for new and highly
enantio-sensitive approaches. In Section 7, we discuss how we
can imprint the chirality of light onto objects which are initially
achiral, such as atoms, driving achiral-to-chiral transitions in
matter.

Section 8 discusses a geometric perspective on enantio-
sensitive observables in photoionization of chiral molecules,
and on how geometry affects the physical mechanism of a
chiral response. In condensed matter physics it has been
recently realized that the manner in which geometric properties
of nuclear configurations in solids map onto the geometrical
properties of the Hilbert space is very important. This mapping
leads to the concepts of Berry phase'®® and Berry curvature,
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topological phases,"®*'% and the general concept of geometri-
cal magnetism in solids, providing a novel framework for
understanding electronic response.’®® About 20% of all materi-
als known today have electronic properties dictated by the
topology of their electronic wave functions,'®” and quantified
by the Berry curvature. Therefore, we expect that geometry
and topology should also play a prominent role in the electro-
nic response of chiral molecules and should lead to new
enantio-sensitive phenomena,'®®'% especially in the non-
linear response.

Our expectations are based on our recent finding of the
parallels between the Berry curvature in solids and a geometric
‘propensity’ field generated by electronic dynamics in chiral
molecules.'®® This field maps the geometric properties of
nuclear arrangements sensed by chiral electron currents onto
chiral observables in photoionization. In particular, it controls
the strength of the enantio-sensitive photoionization current'*°
orthogonal to the polarization plane of the circularly polarized
driving laser field, known as the photoelectron circular dichro-
ism (PECD) in one photon ionization.*>*3*377 This control is
formally similar'®® to how the Berry curvature controls, e.g. the
current in circular photogalvanic effect in 3D materials lacking
inversion symmetry, or the anomalous current in 2D two-band
topological materials. We expect that PECD is but a tip of the
iceberg: the geometric propensity field (Section 8.6) provides a
guiding principle for uncovering new enantio-sensitive obser-
vables in photoionization."*®

Section 9 provides a unified perspective on the hierarchy of
chiral measures. We review how the chirality of matter couples
to the chirality of light or the chirality of an experimental setup
to produce enantio-sensitive observables. Section 10 concludes
the paper.

2 Probing chirality: introducing the
concepts of chiral observer and chiral
reagent

How do we find out if an object is chiral or not, and how do we
probe its handedness? In the macro-world, we can compare the
object with its mirror image. This detection principle uses the
concept of “chiral observer”; the rigorous definition will follow.

Probing chirality can also involve interaction between two
chiral objects. One example is a proper handshake, which
requires the two enantiomers - the two hands - to have the
same handedness. This detection principle uses a ‘“chiral
reagent”, which interacts differently with left- and right-
handed objects.

In the micro-world, a chiral reagent can simply be another
chiral molecule. The basic reason for the different outcome of a
chemical reaction involving chiral molecules is the key differ-
ence in their shape.

Light can also act as a chiral reagent. It is well known that
the electric-field vector of a circularly polarized wave draws a
basic chiral structure in space: a helix (Fig. 1). Thus, circularly
polarized light is a chiral photonic reagent, which interacts
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Challenge for ultrafast chiral spectroscopy
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Fig. 1 Two challenges for ultrafast chiral spectroscopy: spatial and tem-
poral scales of electron dynamics in molecules. (Left) The electric field
vector of circularly polarized light makes a helix in space. The pitch of the
optical helix (light wavelength) is orders of magnitude larger than the size
of small chiral molecules, chiral moieties, or local chiral centers such as
asymmetric carbons. This usually leads to extremely weak enantio-
sensitive signals in such systems. (Right) The optical cycle is orders of
magnitude longer than the characteristic time scale of electron motion in
molecules (10-100 as).

T~3fs

Optical cycle

differently with left- and right-handed molecules. The most
prominent example being that left- and right-handed molecules
absorb different amounts of circularly polarized light of a given
handedness, a phenomenon known as photo-absorption circu-
lar dichroism (CD).

Absorption CD is still the method of choice (e.g. ref. 34, 35
and 111) among all-optical methods. Unfortunately, the CD
signal is very weak (three to five orders of magnitude smaller
than light absorption at the same frequency), as it scales with
the ratio of the molecular size to the light's wavelength (i.e.
pitch of the helix). Optical rotation is a complementary
approach based on detecting the rotation of the polarization
of a linearly polarized pulse propagating through a chiral
medium. It has the same unfavourable scaling,***® especially
in the IR-UV range and for small and medium-size molecules.
This makes time-resolved measurements very challenging,
especially in optically thin media, unless one uses X-ray light
to match the pitch of the helix to the molecular size?®*12113
or very intense fields**''*'® to generate and record high
harmonic spectra. Both routes can enhance the chiral dichro-
ism from 0.01% to a few percent level. There are also new
measurement regimes, such as e.g. broadband ultrafast circular
dichroism spectroscopy in the deep ultraviolet in combination
with transient absorption measurements,*® or ingenious field
configurations that rely on suppression of the electric-dipole
interaction (e.g. ref. 119-122) to maximise the contribution of
“traditional” magnetic-dipole terms, emerging due to the light
helix. Further improvements require one to abandon weak
magnetic interactions and rely exclusively on electric-dipole
transitions.

There are two roads that one can take (Fig. 2). The first
option is to develop new approaches that do not rely on the
chiral properties of light. Along this road we will meet a
chiral observer. The second option is to replace the inefficient
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Efficient chiral reagent

Efficient chiral observer
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x 10,000
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Fig.2 Two roads to efficient enantio-discrimination: chiral reagent
(approaches that substitute the inefficient (non-local) light helix in space
by an efficient (local) light helix in time) and chiral observer (approaches
that do not rely on the chiral properties of light).

(non-local) chiral reagent - the helix drawn by the light’s
polarization vector in space — with an efficient (local) chiral
reagent - a helix, or any other chiral structure, drawn by light’s
electric vector in time. We shall see that these two roads will
take us to fundamentally different observables. But let us first
recall how one can characterize the handedness of a chiral
object.

2.1 Chiral observables

Let us consider left-chewing and right-chewing cows'>*'** as

prototypical carriers of chiral dynamics,§ and define a number
that characterizes its handedness. While the jaws of a cow
make a rotating motion, the food moves in the direction
orthogonal to the plane of this rotation, see Fig. 3. The chiral
dynamics emerging in this process is associated with two
directions. The first is the direction in which food goes, which
is a vector J. The second is the pseudo-vector of the angular
momentum L associated with the rotation of the jaw. An
example of a chiral observable, %, is a number incorporating
these two key directions: the scalar product of J and L,

=JL. (1)

As L is a pseudo-vector and J is a vector, % is a pseudoscalar.
Note that a pseudovector can be generated by taking the vector
product of two vectors, e.g. L = [ x p], and thus the chiral
observable can also be given by a triple product of three vectors.

§ We gratefully acknowledge Prof. D. Herschbach, who brought to our attention
the idea of chiral cows and its graphical illustration by E. Heller during one of his
visits to Fritz-Haber Institute.
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Rotation of the jaw:
angular momentum L,

Direction of food:

current J,
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Fig. 3 Left- and right-chewing (chiral) cows convert in-plane rotation of
the jaw, characterized by the pseudo-vector L, into out-of-plane food
motion, characterized by the vector J.

T

Pseudo-scalars change sign upon mirror reflection and are,
therefore, ideally suited to distinguish opposite enantiomers.

An important conclusion from the above example is that a
chiral system can convert in-plane rotation into linear motion
orthogonal to this plane. We shall see that this can lead to
helical electron currents excited in molecules by circularly
polarized electric fields. It is this coupling that “merges” the
pseudovector L with the vector J into a chiral molecular pseu-
doscalar k. Often the pseudovector component L is responsible
for encoding the in-plane rotation induced, e.g. by a circularly
polarized electric field, while the vectorial component J can be
used to read out the enantio-sensitive signal, provided that a
chiral reference frame (chiral observer) is defined by the
experimental set-up.

2.2 Hierarchy of scalar, vectorial and tensorial observables

Experiments always measure “clicks”, which are scalars. Then,
how are pseudoscalars encoded in experimental observables?
Let us consider the two oldest and most common optical
techniques of chiral discrimination, photo-absorption circular
dichroism and optical rotation, from this perspective.

2.2.1 Scalar observables: absorption circular dichroism.
Circularly polarized light can serve as a chiral reagent
(Fig. 4a). The reaction involves absorption of light, and it can

a b c
S
CPL CPL (dipole approximation) Two-colour field

- Achiral structure

- It defines an unoriented plane

- Enantio-sensitive tensorial
observables

- Achiral structure

- It defines an oriented plane

- Enantio-sensitive vectorial
observables

- Chiral structure (helix)
- Enantio-sensitive scalar
observables

Fig. 4 (a) Circularly polarized light (CPL) defines a (chiral) helix in space
and thus it can lead to enantio-sensitive scalar observables. (b) In the
electric—dipole approximation, where the helical structure of CPL is
neglected, the in-plane rotation of the electric-field vector defines a
pseudo-vector, which can couple to molecular pseudoscalars and lead
to enantio-sensitive vectorial observables. (c) The Lissajous figure of a
two-colour field with orthogonally polarized w and 2w frequency compo-
nents does not define an oriented plane, and therefore it does not provide
a pseudo-vector. It can lead to enantio-sensitive tensorial observables.
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be different in the two mirror-reflected versions of a chiral
molecule. Note that the differential intensity of absorption is a
scalar. However, this scalar is, in fact, a product of two pseudos-
calars: one associated with the molecule and another associated
with the light field. Light’s pseudoscalar is given by the optical
chirality,"*® which is proportional to light’s helicity in the case of
circularly polarized fields. The molecular pseudoscalar is given by
the scalar product of the electric-dipole and magnetic-dipole
vectors. Thus, we need a chiral reagent, in this case the chiral
light, to imprint the molecular pseudo-scalar, which char-
acterizes the medium’s handedness, into a scalar which can be
measured in an experiment. The interaction of chiral light and
chiral molecules couples the light pseudoscalar and molecular
pseudoscalar, it is their product - the scalar - that can be
detected in the experiment. This is why chiral reagents allow us
to measure enantio-sensitive scalar observables.

How does the situation change if we have a setup that allows
us to measure vectorial observables, such as the polarization
of light transmitted through a medium of randomly
oriented chiral molecules? The canonical example of such a
setup is the detection of chirality via optical rotation. Optical
rotation, observed by Biot in 1815, was the first experiment that
revealed molecular chirality, but its deep lessons have become
especially pertinent now in the light of the electric-dipole
revolution. Namely, optical rotation does not use chiral light:
it uses linearly polarized light and detects the rotation of its
polarization.

2.2.2 Vectorial observables: optical rotation. When a plane
wave of linearly polarized light passes through a chiral med-
ium, its plane of polarization is rotated by an angle that has the
same magnitude but opposite signs in opposite enantiomers.
Clearly, the characterization of this effect requires (i) specifying
light’s propagation direction & and (ii) the ability to distinguish
positive from negative rotations around the polar vector k.
Since rotations are characterized by pseudovectors, this ability
requires the definition of a unitary rotation pseudovector 0
such that -k # 0. A polarizer rotating in the plane orthogonal
to the light propagation vector defines such a pseudovector,
because the direction of polarizer rotation defines an
oriented plane.

When taken together, the vector k associated with light and
the pseudovector 0 associated with the rotation of the polarizer
in the laboratory reference frame form a chiral setup. The
handedness of this setup is given by a pseudoscalar 0-k.

This handedness of the setup emerges naturally within a
formal description of the phenomenon. Indeed, such a descrip-

tion yields an angle of rotation 6 = ok, where o

> (J;,.b . nﬁ;,,a> / (wp — @?) is a molecular pseudoscalar with
b

opposite signs for opposite enantiomers, a and b denote the
ground and excited states, respectively, the sum is taken over all

excited states, Zia‘b and ;. are the transition matrix elements
for the electric- and magnetic-dipole operators d and m, respec-
tively, w is the light frequency and w,, = wp — w,. In writing 5
vectorially, we have explicitly indicated that the rotation of the
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plane of polarization (measured by the polarizer 0) is defined
with respect to k.

As for any vectorial measurement, what the experiment
reveals are its components with respect to some reference
frame. In our case, the relevant unitary (pseudo) vector in our
reference frame is 6 so that the measurement yields the scalar
quantity g =0-0 « 5(0-k). That is, the rotation angle &,
measured in the chosen reference frame is the product of two
pseudoscalars, one associated with the molecule (§) and the

other associated with the setup (0-). If either the handedness
of the molecules or of the setup is reversed, J, changes sign.

Neither the linearly polarized light, nor the polarizer are
chiral on their own. Separately, they are not suited to detect
chirality, but together they form the chiral setup, or the chiral
reference frame of the observer. Thus, vectorial observables
allow one to substitute a chiral reagent by a chiral observer, i.e.
a chiral setup formed by any chiral combination of achiral
fields and achiral detectors.

2.2.3 Vectorial and tensorial observables in photo-
ionization. One does not have to stop at vectorial observables.
A chiral observer can also detect tensorial observables of rank
higher than one. The hierarchy continues ad infinitum as the
tensor rank increases. Let us consider an example of a chiral
setup, which allows one to measure vectorial chiral observables
using circularly polarized light, already in the electric-dipole
approximation, and then discuss the modifications of the
experimental setup, which allows one to measure tensorial
observables.

Importantly, circularly polarized light in the electric-dipole
approximation is not chiral: the spatial helix drawn by the
rotating electric-field vector as the light propagates in space
(Fig. 4a) is lost in the electric-dipole approximation. Geome-
trically, in this approximation, the rotation of the electric-field
vector only defines an oriented plane (Fig. 4b). The light
supplies a pseudovector, which defines the plane’s orientation
and is the vector product of the two orthogonal components of
the light’s polarization. To compose a chiral observer, one
needs to complement this pseudovector with a vector orthogo-
nal to the polarization plane. This vector can be supplied by the
detector axis.

When the light field can provide a pseudovector, such as the
vector product of its two orthogonal polarization components,
the enantio-sensitive and dichroic signal will be a vector
collinear with the light pseudovector. But what if the light field
does not define an oriented plane, and therefore it cannot
provide a pseudovector?

A two-color field with orthogonal @ and 2w polarizations is
one example of such a field (Fig. 4c). Its Lissajous figure
changes the direction of rotation twice per laser period. Such
a field does not define an oriented plane and therefore it does
not provide a pseudovector. Yet, it can still be employed for
enantio-discrimination”®”® using a chiral observer. In this
case, the chiral observer has to supply not one, but two detector
axes. The first one should be along the direction orthogonal to
the polarization plane; the second one should break the
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symmetry between the two counter-rotating parts of the figure
eight (see Fig. 4c), i.e. should be directed along the polarization
of the fundamental field E,. Thus, the chiral observer can
employ two axes defined by the detector. These two axes define
a quadrupolar detector, which allows one to correlate measure-
ments in two detection directions. The quadrupolar detector
identifies positive or negative correlations between the obser-
vables measured along two orthogonal axes. Such a correlation
of different detection directions results in tensorial chiral
observables.'*”

The concept of chiral observer embodies a powerful princi-
ple of detecting chirality. It allows one to detect chirality using a
collection of two (or more) non-chiral objects, which are able to
collectively form a single chiral object — a chiral reference
frame, which is used to detect a vectorial (or tensorial) obser-
vable. Of course, none of these objects interacts with a chiral
molecule in an enantio-sensitive way, as a chiral reagent does.

The power of the chiral observer comes from the freedom to
compose this observer from any vectors available in the experi-
ment, and the general framework for designing such measure-
ments. The measurement no longer has to rely on light’s
magnetic field to probe chiral molecules, eschewing the need
to focus on weak non-electric-dipole effects and taking max-
imum advantage of available tools and experimental specifics.

2.3 Two electric-dipole revolutions in chiral measurements

Revolutions often come in sequence. The first electric-dipole
revolution (Fig. 5) in chiral measurements has “revolutionized”
the observer: non-chiral light, interacting with matter in the
electric-dipole approximation, in combination with the detec-
tion system, has become a very efficient tool for chiral
discrimination.**®” Since the concept of chiral observer
is completely general, it can be applied in a variety of
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detect
126,127

experiments.  Such
electrons,*>***”7° or molecular fragments, or photons,
such as optical light,***° microwave emission,*>®” etc. Below
we shall briefly outline several ‘“chiral observer” methods
developed so far, from photoionization to microwave detection
to non-linear optics.

Yet, there is one thing that a chiral observer cannot do: it
cannot detect enantio-sensitive scalar observables. This is
where the second electric dipole revolution comes into play
(Fig. 5). It aims to revolutionize the chiral reagent, i.e. to create
and use light'*>"* "¢ or a combination of electric
fields®»9%9>9919L102 that is chiral already in the electric-
dipole approximation. This means that the electric-field vector
of such light, at any given point in space, should draw a chiral
Lissajous figure during its oscillation period. We shall refer to it
as “synthetic chiral light”'°® to distinguish it from standard
chiral light, i.e. standard light helix in space.

Since synthetic chiral light (or chiral combination of electric
fields including static or microwave electric fields) possesses its
own pseudoscalar, it can provide access to scalar observables
such as enantio-sensitive populations of molecular electronic,
vibronic and rotational states.’®®>°® Enantio-sensitive control
of populations opens a way to extremely efficient manipulation
of chiral molecules such as e.g. enantio-separation, enantio-
sensitive trapping, and possibly even to enantio-sensitive cool-
ing if (or when) the huge challenges in cooling large molecules
are resolved.

The pseudoscalar of synthetic chiral light does not include
its magnetic-field component: it is constructed from at least
three non-coplanar electric-field components. Thus, the
electric-field vector of such light needs to be 3D, a property
that may arise in non-collinear configurations,!10%128-131
in tightly focused laser beams®*'** or inside nano-photonic

experiments  can photo-

e N\ [
Standard chiroptical methods

% ,4;;7_’5
N

x 10,000

Inefficient chiral reagent:
Chiral “light trajectory” in
space
\ J

-

First electric dipole revolution

q Second electric dipole revolution

7(:0_19 ==

Efficient chiral observer:
chiral reference frame fixed by a combination of
[>\ achiral fields and detectors
Observables: vectors, not scalars
(photoelectron current J, induced polarization P)

Efficient chiral reagent:
Chiral “light trajectory” in time,
Light chiral in the electric dipole approximation

Observables: scalars
(Total signal intensity )

J

Fig. 5 Two electric dipole revolutions in chiral measurements. Left box: Traditional chiroptical methods rely on the spatial helix of light. Right box: The
first electric dipole revolution introduces efficient methods which can detect enantio-sensitive vectorial and tensorial observables without relying on the
spatial helix of light. These methods rely on the principle of a chiral observer — a chiral set-up formed by combinations of achiral fields and detectors. The
second electric dipole revolution introduces an efficient chiral reagent — it substitutes the inefficient (non-local) light helix in space by an efficient (local)

chiral light trajectory in time.
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structures,”” thanks to the emergence of longitudinal
components.138 What’s more, it has to be multi-color, since
the three electric-field vectors have to be distinguishable. It also
means that such light can sense the chirality of matter only via
non-linear interactions, as it has to encode the three field
components into the light-induced transition.

Importantly, the pseudoscalar - the chirality measure # of
synthetic chiral light - is local, because it is defined in the
electric-dipole approximation. To control total enantio-
sensitive absorption in the entire sample, synthetic chiral light
should maintain its handedness globally, across the whole
interaction region. That is, its pseudoscalar should maintain
its sign from one spatial point to another, or at the very least be
non-zero on average in space. This can be achieved in different
ways, one of them is discussed in Section 4.

If the light field is not globally chiral, i.e. its pseudoscalar z =
h(r) is zero on average, [h(F)dF = 0, higher multipoles of light’s
handedness will start to play a key role. For example, we shall
see that the presence of the chirality dipole [7h(F)dF#0, which
characterizes the spatial distribution of local handedness in a
locally chiral field with [4(F)dF =0, would lead to enantio-
sensitive emission direction of light generated from the mole-
cular sample via non-linear processes such as even harmonic
generation."®

Looking broadly, sculpting multi-color light beams in three
dimensions and applying them to chiral molecules appears as a
natural next step for the rapidly developing field of generating
and using vector beams. This step is compelled by the rich
opportunities arising from the interaction of such synthetic
chiral light with chiral matter.

3 The first electric—dipole revolution
in chiral measurements: efficient chiral
observer

The “chiral observer” is a concept of chiral measurement in
which the detection relies not on the interaction of two chiral
objects, but rather on the interaction of a chiral object with two
or more achiral objects arranged in such a way that together
they form a chiral experimental setup, i.e. the experimental
setup becomes a chiral object. A chiral observer can detect
enantio-sensitive vectorial®® and tensorial'*® observables. In
the simplest case of vectorial observables, the chiral setup
provides a reference frame, right or left, defined by three
non-coplanar vectors. The chiral measurement has to be
resolved in this reference frame. Tensorial chiral observables
couple to chiral tensorial detectors, correlating two or more
detection directions in an enantio-sensitive way. Enantio-
sensitive scalar observables, such as the total intensity of a
signal, cannot be produced or measured in such a setup, since
the interaction of two chiral objects is not involved.

A chiral observer does not require chiral light, and therefore
the chiral optical enantio-sensitive response can be induced via
strong electric-dipole interactions, leading to highly efficient
enantio-sensitive signals. This is the essence of the first
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electric-dipole revolution: strong enantio-sensitive response
without chiral light. It has brought a family of new methods
benefiting from highly-efficient enentio-sensitive signals based
on detecting electrons or photons: PECD in one-photon®****57
and multi-photon regimes,”®*”' PXECD and PXCD,”” three

80,84,139-141  and  enantio-sensitive microwave

wave mixing
spectroscopy.®*®” The relevant vectorial observables are the
induced polarization or photoelectron current. Tensorial obser-
vables related to multipolar bound polarizations'** or multi-
polar photoelectron currents have been predicted in the two-
photon regime’®’” and measured in the multiphoton regime.”®

The concept of chiral observer provides a set of rules to find
new vectorial or tensorial enantio-sensitive observables, and to
design the experimental setup required for their observation.
These rules may also allow us to adapt the setup to the specifics
of the experimental tools available in each laboratory. Let us
formulate these simple rules.

Rule 1. The enantio-sensitive vectorial signal excited by
the light field in a randomly oriented ensemble of chiral
molecules and detected by a chiral observer has the following
general form:

(v) = gL, (2)

where g is a molecular pseudoscalar and L is a field
pseudovector.

The lowest-order field pseudovector that can be constructed
without the help of the magnetic component of the light field is
the vector product of the two orthogonal, phase-delayed
electric-field components. Such a vector product arises natu-
rally in elliptically polarized fields, maximizing in circularly
polarized fields. The respective molecular pseudoscalar is a
triple product of three vectors: the first two are the non-
collinear dipole moments responsible for the coupling with
each of the two field components present in the light pseudos-
calar. The third is a vector v representing the desired vectorial
observable.

The two types of vectorial observables outlined so far require
observation of light generated due to the induced dipole Ellf, V=
gl,]c (e.g. PXCD, see below), or ejected photoelectrons with
momentum &, ¥ = k (e.g. PECD, see below). Thus, the molecular
pseudoscalar g includes the triple product of dipoles [Zlik X Fiki]-
;iif for detecting light and a similar construct in the case of
detecting photoelectrons [;iik X sz,]ic The two pseudoscalars
differ by a single vector — the one characterizing the type of
observation.

To illustrate Rule 1, consider the phenomenon that heralded
the electric-dipole revolution, photoelectron circular dichroism
(PECD) in one-photon ionization by circularly polarized light.

3.1 Photoelectron circular dichroism (PECD)

PECD was predicted by Ritchie,** Cherepkov'*® and Powis*?
and first detected by Béwering et al®® It has now been
extended to the multiphoton®*®® and strong-field ionization
regimes,”""** to liquid targets,'** is being adopted for indus-
trial applications™*® and proposed as a key mechanism in a
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photophysical astrophysical scenario for the origin of life’s
homochirality."?
In PECD, the circularly polarized field

E(t) = E,e ™ + c.c. (3)

ionizes an isotropic sample of randomly oriented chiral mole-
cules. The resulting photoelectron angular distribution (aver-
aged over all molecular orientations) is found to be asymmetric
with respect to the polarization plane of the light. This so-called
forward-backward asymmetry amounts to the generation of a
net photoelectron current perpendicular to the polarization
plane, which displays both enantio-sensitivity and circular
dichroism.
The PECD current can be written as®®

J =L, (4)

where

ki

g= é‘ko <a_’%l X d- ) ~7£, (5)

fko indicates integration over all directions of the photoelec-

tron momentum £, ;i;,i = <7c|;i |7) is the transition dipole matrix
element between the ground state |i) and the continuum state
|k), and

[=F xE, ©)

Using the expression linking photoionization dipoles for left
right

and right enantiomers J/J?ft =—d"™ one can show that g

i ki
has opposite values for opposite enantiomers,®® i.e. it is respon-
sible for the enantio-sensitivity of ] Using the standard
expression for the amplitude of an elliptically polarized field
E, = Ey(X +i07)/v/2, we can obtain the respective light’s
pseudovector: L = i|E,|d%. It is proportional to the photon spin
(spin angular momentum of light) ¢Z, therefore it vanishes for
linearly polarized fields (¢ = 0) and points in opposite direc-
tions for opposite circular polarizations (¢ = +1). Thus, L is
responsible for the circular dichroism ofj. Moreover, since the

observable] is perpendicular to the polarization plane, the
corresponding detector must be able to distinguish between
the two opposite directions perpendicular to the polarization
plane, i.e. it must define a reference vector (e.g. Z), on which the
vector of photoelectron current]’ can be projected. Otherwise,
the detector will not have the capacity of recording the circular

dichroism or the enantio-sensitivity encoded in]’. Indeed, one
can show that the coefficient b, o usually measured in PECD

satisfies by o oc é] = g§, which is a product of the molecular
handedness encoded in g and the handedness of the chiral
setup encoded in § = 2-L.*® Due to the purely electric-dipole
nature of PECD, the enantio-sensitive and dichroic signal
recorded in b, o oc j, reaches several tens of percent of the total
photoionization signal.***%*>773

Importantly, the vector product of the two photoionization
dipoles is equal to zero for the “flat” (plane wave) continuum:
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the formation of an enantio-sensitive electron current in the
continuum upon photoionization from a stationary state
requires electron scattering from the molecular potential. This
scattering imparts angular momentum on the electron, which,
together with its linear momentum k, characterizes chirality of
the electron dynamics in the continuum, i.e. the chirality of the
photoelectron current. Eqn (5) points to the physical origin of
PECD and its connection to the concept of geometric fields (see
Section 8.6).

Rule 2. A chiral observer can detect enantio-sensitive signals
in the electric-dipole approximation due to even-order non-
linear optical processes, such as those described by even-order
electric susceptibilities® #2147 52 (&)

It is easy to understand this rule. Here we deal with excita-
tion or detection of induced polarization P. From Rule 1, we
already know that any vectorial enantio-sensitive signal, such as
P, must be proportional to a pseudovector coming from the
electromagnetic field. Let us look at all available pseudovectors.

In the first order with respect to the field, there is only one
pseudovector H, - the magnetic component of EM wave. In the
second order, we have the first opportunity to construct the
field pseudovector from the vector product of the electric fields,

[ﬁwl X Ej)z}. In the third order, to construct a field pseudovec-
e.g.
1-7(,)] (Emz E ) Here we have used the pseudovector flwl and

[OF}

tor, we have to use the magnetic field again,

multiplied it by a scalar E,, - b:[*u}. In the fourth order, we can
use the field pseudovector in the electric-dipole approximation

-

[Em X E’{fh] and combine it with the scalar E},,z -E*

g+ The restis
clear: in even orders, the pseudovector can be constructed from
electric field vectors, but in odd orders there is no such an
opportunity and we have to use the magnetic field instead.
Thus, non-linear optical processes of even order can be enantio-
sensitive in the electric-dipole approximation, while the
enantio-sensitivity of odd-order processes relies on magnetic
interactions. The same conclusion can be obtained using
symmetry arguments,!!*8

To illustrate Rules 1 and 2, we shall consider several
phenomena which arise in different fields of research, but have
identical mechanisms of enantio-sensitive response.

3.2 Photo-excitation circular dichroism: helical currents in
bound molecular states

Consider first the phenomenon of photo-excitation circular
dichroism (PXCD), introduced recently by Beaulieu et al.”” It
shows that chiral photoelectron currents, which underlie the
photoionization circular dichroism (PECD) discussed above,
can also be excited in bound states (Fig. 6).

In PXCD”*%® a short pulse

E(r) = deéwe—fwf )

interacts with an isotropic sample of chiral molecules and
coherently excites a pair of vibrational or electronic states |1)
and |2) via one-photon transitions. Coherent excitation of a
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Fig. 6 Photoelectron circular dichroism (left) vs. photoexitation circular
dichroism (right). In PECD circularly polarized light induces a chiral current
in the continuum, while in PXCD, it induces a chiral current in the bound
states.

pair of states by a circularly polarized pulse should lead to
dynamics. What kind of dynamics? Recall that chiral media can
convert in-plane rotation (excited by the circularly polarized
field) into linear motion orthogonal to the plane. Thus, one
would expect that, after the pulse, the tip of the vector describ-
ing the induced polarization in the randomly oriented mole-
cular ensemble traces a helical trajectory in time (Fig. 7a). In
contrast to continuum states, in bound states this motion will
get reflected from the outer turning point of the bound trajec-
tory, reversing the direction of the motion orthogonal to the
polarization plane of the exciting pump pulse. Formally, one
can indeed show that, upon averaging over random molecular
orientations (denoted as (...)), the dynamics in the excited
states does lead to oscillations of the expectation value of the
induced dipole (El} in the direction perpendicular to the polar-
ization plane.”® In the frequency domain, this dipole is:

(d)(@2,1) = gL, (8)

1.0 a b 1.4
—=Mo0.8 1.2
3“' = 1.0
g 0.6 <l los
0| |04 £l o6
£ F o4
= 0.2

0.0 0.0

Fig. 7 Chiral electronic currents in molecules: trajectories traced by the
tip of the induced dipole in randomly oriented chiral molecules. (a) Helical
attosecond electron current in PXCD”? for a model chiral molecule. Time
is in units of the period set by the energy difference between the
excited states. (b) Time-dependent polarization driven in randomly
oriented propylene oxide by an elliptically polarized field with intensity 5 x
10" W cm™2, wavelength 1770 nm and 5% of ellipticity (see ref. 82 for
details of the calculations). The polarization of the driving field is depicted
by the dashed red ellipse. The ultrafast polarization response is 3D, chiral,
and enantio-sensitive: the in-plane (achiral) polarization components are
identical in left- and right-handed molecules, whereas the (chiral) out-of
plane component is out of phase in opposite enantiomers.
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where
1 - o o
g= g(dl,() X dhy) - da1 9)

and

L = EX(w1,0) X E(wy,). (10)

That is, we observe oscillations at the difference frequency
Wy = Wy — , in the direction determined by L. The excited
dipole is indeed a result of the conversion of the initial in-plane
rotation, excited in the electronic or vibrational degrees of
freedom by the circularly polarized pump field, into motion
orthogonal to this plane. The phase of these oscillations is
determined not only by L but also by the sign of the molecular
pseudoscalar g. Thus, oscillations excited in opposite enantio-
mers will have opposite phases. Observing an enantio-sensitive
response requires detecting the phase of the oscillating signal,
or equivalently the direction of the respective vectorial
observable.

While PXCD is similar to PECD, the conversion of in-plane
rotation into motion orthogonal to the plane happens in bound
states and requires at least two excited states (instead of one
continuum state in PECD). Therefore, we are now dealing with
the Fourier components of the field at two different frequen-
cies. This aspect opens more options for the pump pulse
polarizations which lead to a non-zero L. For example, one
can use an elliptically polarized broadband pulse, e.g.

E, = &, (% +iop)/V/2, which yields L =i&* &

w10 w002, O two

linearly polarized pulses at an angle with respect to each other,
eg E, =&, %andE, =6, ¥ whichyieldsL=¢

s
w10

Ewnole

The PXCD signal is an attractive new enantio-senstive mole-
cular observable. It depends on molecular properties (dipoles)
and hence it is molecule specific. It relies on coherence
between the states and, hence, it tracks coherence, electronic
or vibronic. For example, in the experiment’> such vibronic
coherence, excited in Rydberg states of fenchone and camphor
by a circularly polarized femtosecond pulse, gave rise to chiral
vibronic currents lasting for 1.2 ps. Its evolution reflected
significant variations of molecular chirality when probed via
photoionization (see PXECD below). Finally, since the emission
associated with the PXCD dynamics is a parametric process,
signals from all molecules in the ensemble will add coherently
to form a macroscopic dipole. This opens an opportunity to
control the enantio-sensitive response not only on a single-
molecule level, but also at the macroscopic level. We will
consider such macroscopic control of chiral emitters later,
developing the concept of light with structured chirality in
Section 5.

3.3 Enantio-sensitive microwave spectroscopy

A phenomenon analogous to PXCD exists in the microwave
domain. Known as enantio-sensitive microwave spectroscopy
(EMWS), it occurs in the case of purely rotational transitions,
was discovered by Patterson et al.®®> and recently further devel-
oped in ref. 89 and 91, 94. Indeed, as shown in ref. 88, the
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rotational problem can be formulated in a way mathematically
similar to PXCD in electronic or vibrational states, with the only
difference that the expression for the molecular pseudoscalar
includes a sum over all magnetic quantum numbers M; of the
asymmetric rotor states in each energy level i = 0, 1, 2:

Z (6?11&41401\40 X J2M2,0M0> '62’2M271M1- (11)

Moy,M, M,

N —

This difference stems only from the different nature of aver-
aging over molecular orientations in PXCD and EMWS.*® In
averaging over molecular orientations, the coherence of differ-
ent rotational states is not important in PXCD, because it does
not require coherent excitation of rotational states. One can
view different molecular orientations as different molecules (of
the same kind) and perform classical averaging over molecular
orientations.®® In the case of EMWS, coherent excitation of
rotational states is directly involved and the analysis requires
quantum averaging.®® It has been recently brought to our
attention that interesting opportunities for efficient enantio-
discrimination (although not directly related to electric-dipole
approximation methods) arise from the possibility of applying
magneto-electric probing fields to near-field microwave
spectroscopy.*°

3.4 Enantio-sensitive non-linear wave-mixing

PXCD and EMWS are not the only two relatives in the family of
enantio-sensitive phenomena which occur in the electric-
dipole approximation and follow Rule 1. Although PXCD and
EMWS are resonant processes, and oscillations take place in
the absence of the driving field, the pseudoscalar g can loosely
be interpreted as a second order susceptibility 7. Indeed,
PXCD and EMWS are closely related to the original predictions
of Giordmaine** for sum- and difference-frequency generation
in chiral liquids. The expression for the second-order induced
polarization at, e.g. the difference frequency can be rewritten in
the form dictated by our Rule 1:

P w,,) = 1)L, (12)

The non-linear susceptibility s is a sum over states |) and | /)
involving terms of the form (Ziiyo X Zi.i,o)';lj,i; L is given by
eqn (10).

Fig. 8a shows non-linear optics-type diagrams for PXCD,
EMWS, and difference frequency generation (DFG), which unify
all three processes. The arrows directed up describe amplitudes
of photon absorption, while the arrows directed down describe
conjugated amplitudes corresponding to photon emission.
These amplitudes are excited by the respective (conjugated or
not) components of the incident field: the conjugated field is
associated with the arrow directed down. Further advances in
enantio-sensitive perturbative non-linear optics are described
in the review by Fisher et al.®

Similarly, in the context of highly non-linear interactions,
symmetry arguments®"®>'*® show that the interaction between
a periodic (but not necessarily monochromatic) electric field
and an isotropic chiral medium can lead to enantio-sensitive
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Fig. 8 Diagrams for various nonlinear enantio-sensitive or chiral-sensitive
processes. Different colors mark different directions of light polarization
(e.g. green — x, red — y, blue — z). Straight up and down arrows indicate
photon absorption and photon emission, wavy arrows indicate induced
polarization. (a) Diagrams for photo-excitation circular dichroism (PXCD),
enantio-sensitive microwave spectroscopy (EMWS), and difference-
frequency generation (DFG); (b) sum-frequency generation (SFG). For
SFG, the field pseudovector is given by [ = E(wy) x E (w2)**1*° and thus
it vanishes when wy = w», i.e. second harmonic generation requires more
than two photons. (c) Second harmonic generation (SHG) is indeed
possible for higher-order processes because these are associated with
field pseudovectors such as L = [E (w1)-E (wy)][E *(w1) x E ()], which are
non-zero for elliptically polarized light and record its rotation direction.

polarization at even multiples of the fundamental frequency o
of the field. That is, while B*"*") is identical for both enantio-
mers, P> has opposite signs for the opposite enantiomers.
Analogously to the perturbative case, this means that there are
electric-field configurations for which even-order high harmo-
nics are possible only if the medium is chiral.®"** Interestingly,
while second harmonic generation is symmetry-forbidden in
the lowest-order perturbative regime (sum-frequency genera-
tion, Fig. 8b, vanishes for w; = w,), it becomes symmetry-
allowed in the strong-field regime, as the medium can effi-
ciently absorb additional photons from the intense laser field.
Fig. 8c shows that chiral second harmonic generation in the
non-perturbative regime involves additional up-down arrows
corresponding to virtual emission/absorption of photons.

In all of these methods, the ability to distinguish between
opposite enantiomers requires access to the phase of the
induced polarization. Thus, intensity measurements of the
even order polarizations can distinguish chiral media from
achiral media or different chiral media from each other, but
cannot distinguish between opposite enantiomers.

In the next section, we shall see how enantio-sensitive
information can be mapped on the polarization ellipse of the
nonlinear optical response.

3.5 Chiral high harmonic generation in the electric-dipole
approximation (cHHGd)

High harmonic generation (HHG) is an extremely nonlinear
process that converts intense radiation, usually in the IR
domain, into high-energy photons with frequencies that are
high-integer multiples of the incident field frequency."*° It can
be understood semi-classically as a sequence of three steps,
starting with strong-field ionization."®" In the second step, the
laser electric field takes the liberated electron away from the
core, driving its oscillations in the continuum. Note that the
laser field can also interact with the ionic core, driving rich
multi-electron dynamics.'>* The third step is the electron-core
recombination, resulting in the emission of the harmonic light.
A typical HHG spectrum contains information about both the
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structure of the atomic/molecular system and of the ultrafast
dynamics between ionization and recombination.

The third step of HHG, radiative electron-core recombina-
tion, is the inverse of photoionization. Therefore, just like in
the photoionization current in PECD, the recombination dipole
responsible for HHG driven by an elliptically polarized field in
isotropic chiral media can develop a component which is
orthogonal to the polarization of the driving field, i.e. along
the direction of light propagation, as show in Fig. 7b. This
component oscillates out of phase in media of opposite hand-
edness. However, unlike the photoelectron current in PECD,
this chiral dipole component escapes direct observation in
standard HHG measurements: the dipole component oscillat-
ing along the light propagation direction radiates orthogonal to
it. This means that the chiral component of the induced
polarization cannot be observed in the macroscopic HHG
signal. Indeed, the macroscopic HHG signal requires coherent
addition of the light emitted from different positions in the
chiral medium, which is only possible if the harmonic light co-
propagates with the driver. For this reason, in the first chiral
HHG experiments®® and subsequent setups''*™'®''® this
enantio-sensitive dipole component could not be observed,
and the enantio-sensitive response relied on the interaction
of chiral molecules with the magnetic component of the
laser field.

The fact that the electric-field vector of the intense laser field
driving HHG is orthogonal to its propagation direction stops us
from imprinting the strong chiral response shown in Fig. 7b
into the macroscopic HHG signal, severely limiting the
potential of HHG spectroscopy. This problem can be overcome
by creating light with “forward” ellipticity, or transverse spin**®
(spin angular momentum of light), and using it to drive
chiral HHG.

Consider two laser beams that propagate non-collinearly at a
small angle, both carrying the same fundamental frequency
and linearly polarized in the propagation plane. In the overlap
region, the total electric field becomes elliptically polarized in
the plane of propagation (x, y), with the minor ellipticity
component in the propagation direction (y-axis), see Fig. 9a.
Now the chiral dipole component has adequate orientation to
generate harmonic light that co-propagates with the driving
field. Thus, it can be mapped onto the macroscopic HHG
signal.®*

Non-collinear optical setups are not the only way of creating
electric-field vector components along the propagation direc-
tion which lead to forward ellipticity. Such longitudinal com-
ponents naturally arise when light is confined in space, as it
happens in a tightly focused laser beam, see Fig. 9b.

The HHG signal driven by light with forward ellipticity
has two orthogonally polarized components: the (standard)
component in the propagation plane, which is not sensitive
to chirality, and the enantio-sensitive component orthogonal to
it, Fig. 9b, which is out of phase in media of opposite handed-
ness. One might think that the harmonic light would be
elliptically polarized, but this is not necessarily the case. Indeed,
Rule 2 dictates that the enantio-sensitive and non-enantio-sensitive
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Fig. 9 Chiral HHG driven using light with “forward” ellipticity. (a) Sche-
matic representation of a non-collinear setup for creating a fleld with
“forward” ellipticity; (b) a Gaussian beam acquires a strong longitudinal
component upon tight focusing, also leading to “forward ellipticity”, which
has opposite signs on opposite sides of the laser beam axis. (c) Achiral
response corresponds to odd harmonics, chiral response corresponds to
even harmonics and is out of phase in opposite enantiomers. (d) Spectral
overlap of odd-order and even-order nonlinear-optical response in a few
cycle pulse leads to opposite rotation of the polarization ellipse in opposite
enantiomers.

components of the induced polarization carry different harmo-
nic frequencies: the non-enantio-sensitive component carries
odd harmonics, the enantio-sensitive component carries even
harmonics, Fig. 9c. Hence, for relatively long pulses, the non-
collinear setup in Fig. 9 generates non-overlapping even and
odd harmonics, polarized orthogonal to each other. Only the
phase of the even harmonics records the medium’s
handedness® as it follows from Rules 1 and 2. But, what if
the driving pulse is only a few cycles long, and therefore has a
broad spectrum?

3.6 Ultrafast nonlinear optical rotation

In chiral HHG driven by a few-cycle laser pulse which has
forward ellipticity, the chiral (even-order) and achiral (odd-
order) harmonics can spectrally overlap. Then, the emitted
harmonic light becomes elliptically polarized®® in the overlap
region. Since the chiral components of the nonlinear-optical
response are out of phase in opposite enantiomers, both
the spin angular momentum (ellipticity) and the rotation of
the polarization ellipse of the nonlinear-optical response in
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the spectral overlap region will be opposite in opposite
enantiomers.

Fundamentally, using the ultra-broad spectrum of a tightly
focused few-cycle pulse®® is akin to using a two-colour non-
collinear setup. Such a setup allows one to tailor the polariza-
tion of the driver in two and three dimensions and maps the
molecular handedness onto the polarization properties of the
emitted harmonic light.

A polarizer placed before the high harmonic detector and
rotated by an angle 0 < o < 90° with respect to the linearly
polarized driving field can convert the enantio-sensitive orien-
tations of the harmonic polarization ellipse into different signal
intensities.®* Just like traditional optical rotation, its nonlinear
analogue does not require chiral light (see Section 2.2.2). As a
result, the total number of photons that reach the detector does
not depend on the medium’s handedness. Note that the rota-
tion of the polarization ellipse of the emitted light®® is analo-
gous to the rotation of the linear polarization in standard
optical rotation. Indeed, in the non-linear optical rotation,®®
the chiral setup is formed by the pseudovector defining rota-
tions of the polarization ellipse and by the vector defining the
propagation direction & of the light. k is relevant in this
electric-dipole effect not only because of phase-matching con-
ditions along k but also because & is encoded in the pattern of
forward ellipticities of the driving field, a phenomenon known
as transverse spin-momentum locking."*®

Rule 3. A chiral observer allows the detection of enantio-
sensitive tensorial observables, e.g. quadrupolar currents and
quadrupolar polarizations.

Tensorial observables are particularly relevant in two-color
fields, such as a laser beam carrying w and 2w frequencies,
arranged so that enantio-sensitivity at the level of vectorial
observables is symmetry forbidden. The two-color aspect of
these fields naturally brings perspectives of coherent control
into the discussion. Let us consider some examples.

3.7 Photoionization in two-color fields without spin angular
momentum

The light pseudovector in many electric-dipole-based methods
is proportional to the field’s spin angular momentum. In the
absence of spin angular momentum, there can be no vectorial
enantio-sensitive observables. For example, laser beams carry-
ing w and 2w frequencies, linearly polarized and orthogonal to
each other, do not carry spin angular momentum: their vector
product changes direction during the laser cycle and is equal to
zero on average. Hence, they cannot excite vectorial enantio-
sensitive observables in randomly oriented ensembles. Yet,
enantio-sensitive photoionization signals triggered by such
fields have been predicted,”®’” detected,”® and interpreted in
terms of the instantaneous spin angular momentum of the
field.”®1

The fundamental reason underlying the possibility of such a
detection is that in addition to vectorial observables such as
induced polarization (ESMW, PXCD, difference- and sum-
frequency generation, ¢cHHGd) and photoelectron current
(PECD, PEXCD), chiral measurements can also yield tensorial
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observables. The two-color arrangement described above takes
advantage of such observables.

A simple way to introduce tensorial observables is to con-
sider photoionization.'*>*** Indeed, any photo-electron angu-
lar distribution W(0, ¢) can be decomposed in spherical
harmonics as

W(O0,0) = bimYim(0, ), (13)

Im

where the values of the coefficients b;,, for fixed [ and —I <
m < [ are the entries of a spherical tensor of rank [ and
dimension (27 + 1).">> The determination of these coefficients
is therefore equivalent to a tensorial measurement.

Since vectors are tensors of rank one, for / = 1 we obtain the
vectorial observables we have already discussed. In PECD, for
example, where W(k, 0, ¢) is the photoelectron angular dis-
tribution at photoelectron energy k*/2, the three coefficients
by, describe the vector of the photoelectron current; b; +; =0
due to symmetry and b, , # 0 is responsible for the so-called
forward-backward asymmetry. In the case of chiral dynamics in
bound states, e.g. in PXCD, one could employ W(r, 0, ¢) to
describe bound electron density. In this case the b, ,, coeffi-
cients describe the expectation value of the electric-dipole
operator coupling the two states excited by the pump pulse.

Just like the b, ,, coefficients encode vectorial properties, the
by, coefficients describe the quadrupolar part of W(6, ¢). In
the context of photoionization with circularly polarized light, it
is well known that these coefficients are not enantio-sensitive.
However, they become enantio-sensitive and correspond to
excitation of an enantio-sensitive quadrupolar photoelectron
current resulting from the interference between a two-w-photon
and a one-2w-photon ionization pathways when the w and 2w
fields are linearly polarized perpendicular to each other, as
predicted in ref. 76 and 77. These predictions have been
supported by the observation of similar enantio-sensitive multi-
polar signals with / > 2 in strong-field ionization of fenchone
and camphor.”® The analysis of the symmetry properties of this
electric-field configuration reveals that, together with an appro-
priately oriented quadrupolar detector, it yields a chiral setup
(see Fig. 4c), and its handedness emerges naturally in the
expressions for the enantio-sensitive response.'*®

Let us consider interference of the one-photon ionization
pathway of the initial state |0) triggered by the 2w-field with the
two-photon ionization pathway via an intermediate state |1),
triggered by the o field. The fields are defined as

E(t) = E e " + Eype 2™ + c.c., (14)

with E, = E,# and E,, = E,,e '?3. One can show that the
coefficient describing an xy quadrupole in the photoionization
distribution is'**

52,,2 = A(l)*A(Z]gS + c.c.,

(15)

where the tilde indicates that the expansion was over the real
spherical harmonics, the coefficients A) and A®) depend on the
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detunings and pulse envelopes,

-

o= Jon{[f- @y o] 8-+ [f- @y <)

bapi

is a complex-valued molecular pseudoscalar with a structure
analogous to that found in PECD, and

S = (Eo-Ey)[Es, - (% )] (17)

is a pseudoscalar that encodes the handedness of the chiral
setup. Note the emergence of two axes, X and J, in the expres-
sion for S. They highlight the role of the detector (see Fig. 4c) in
defining a reference frame that distinguishes directions for
which the product xy is positive from directions for which it is
negative (see also discussion related to Fig. 4). Note that S
depends on the two-color phase ¢, which can be used as a
control parameter. The phase ¢ is analogous to the relative
phase between E*(w; ) and E(, o) in PXCD and to the relative
phase between the two perpendicular components of circularly
polarized light in PECD.

Just like the vectorial enantio-sensitive electron current in
photoionization (PECD) has its counterpart in bound states
(PXCD), the quadrupolar current found in photoionization”®™”®
has a quadrupolar analogue in the context of bound excitation.
That is, the same field configuration and the same interference
scheme translated to the context of bound excitation leads to
the emergence of an enantio-sensitive quadrupole.** There is,
however, an important difference from the induced bound-
state dipole in PXCD: the interreference here arises from the
two pathways, one-photon and two-photon, and no longer
requires coherent population of two electronic or vibronic
states: a single final bound electronic state is sufficient. Con-
sequently, the generated quadrupole is permanent: it does not
oscillate and is associated with uniaxial orientation of the
(initially isotropic) molecular sample.

Note that, in all phenomena considered in this section,
the total intensity of the nonlinear-optical or photoelectron
signal is not enantio-sensitive because the driving fields are
not chiral. Achieving enantio-sensitivity in the total signal
intensity requires an efficient chiral photonic reagent: synthetic
chiral light.

4 The second electric—dipole
revolution in chiral measurements:
efficient chiral reagent

A chiral reagent provides access to fundamentally different
enantio-sensitive observables upon interaction with chiral mat-
ter: scalar enantio-sensitive observables, such as populations of
states or total intensity of emitted or absorbed light, not
accessible by a chiral observer. Circularly polarized light, the
standard chiral photonic reagent, owes its handedness to the
(chiral) helix that the electric-field vector draws in space, which
can either be left- or right-handed. Its chirality is, however, non-
local - at any given point in space, the electric-field vector draws
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Fig. 10 The concept of synthetic chiral light. (a and b) Schematic repre-
sentation of two circularly polarized fields with opposite handedness in a
given point in space: the electric-field (grey) and magnetic-field (purple)
vectors are confined to the xy plane, orthogonal to the propagation
direction of the wave (black). The two fields of opposite handedness
cannot be superimposed by rotation, and therefore are chiral. However,
in the electric—dipole approximation, which neglects the spatial structure
of the wave and therefore its propagation direction and magnetic-field
component, the two fields become identical, and thus achiral. (c and d)
Synthetic chiral light can be created by combining a field that is elliptically
polarized in the xy plane with frequency w and a field that has twice the
frequency and is linearly polarized along z. The resulting field is locally
chiral because the tip of its electric-field vector draws a chiral Lissajous
figure in time, at every point in space. Indeed, the Lissajous figures in c and
d, corresponding to opposite two-colour phase delays, are mirror images
which cannot be superimposed by rotation. Colour indicates positive (red)
and negative (blue) values of E,.
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a planar circle, see Fig. 10a and b. A fundamentally different
way of endowing light with chirality is to encode it in time,
making the trajectory that the tip of the electric field vector
traces in time chiral.'®® In contrast to the (standard) handed-
ness of circularly polarized light, this new type of chirality is
defined locally, at each point in space. It arises already in the
electric-dipole approximation.

Concept 1. Locally chiral light is chiral within the electric-
dipole approximation: the tip of the electric field vector draws a
(three-dimensional) chiral Lissajous figure in time. The gen-
eration of this light requires three orthogonal polarization
components and, at least, two colours.

An example of a locally chiral field**® is shown in Fig. 10c.
The combination of a fundamental field, which is elliptically
polarized in the propagation (xy) plane, and an orthogonally
polarized second harmonic generates a chiral Lissajous figure.
Indeed, if we reflect the field’s trajectory, e.g. through the xy
plane, the elliptically polarized w-field remains the same, but
the z-polarized 2w component flips sign, see Fig. 10d. These
mirror-reflected Lissajous figures cannot be superimposed by
any rotation and/or translation.

Such locally chiral light can drive strongly enantio-sensitive
optical signals in isotropic chiral matter via purely electric-
dipole interactions. Control over the temporal structure of the
light field enables efficient control over the enantio-sensitive
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response of chiral matter.'®® For the field presented in Fig. 10c,
three key parameters enable such control (for a given total
intensity): the ellipticity of the fundamental field, the ampli-
tude of the second harmonic, and the two-colour phase delay.

As we know from Section 2, a chiral “object”, such as locally
chiral light, must have at least one pseudoscalar which char-
acterizes its handedness. What is the chirality measure (pseu-
doscalar) of this locally chiral light?

Concept 2. Chiral correlation functions characterize the
local handedness of synthetic chiral light by recording the
correlated interplay between the different frequency compo-
nents of the light wave, which encodes the handedness of the
Lissajous figure. Chiral correlation functions characterize the
strength of non-linear enantio-sensitive light-matter interaction
in the electric-dipole approximation.

To characterize the handedness of the light's Lissajous
figure, one can take three snapshots of the electric-field vector
?‘(t) at three successive instants of time #;, ¢, and ¢;, and
construct a triple product of these three vectors F(t,)-[F(t,) x
F(t3)]. If such a product is non-zero, it means that between ¢,
and ¢; the tip of the electric field vector traced a chiral trajectory
in the space of F, F), F,. To make sure that not only a section,
but the entire Lissajous curve is chiral, one can average the
triple product over time:

T

HO (), 10) = JO A [Ft+1) x Fe+ )], (18)

with H®)(t;, 1,) being the third-, and the lowest-order chiral
field correlation function.q The use of chiral correlation func-
tions in the frequency domain, evaluated at the field’s frequen-
cies, is often more convenient than the direct application of
time-domain expressions. First, it removes the arbitrary choice
of 7,4, 1,, etc. Second, it provides a clear connection with the
multi-photon processes that record the field’s handedness and
its interaction with chiral matter. In the frequency domain, the
chiral correlation function 2 is simply a triple product invol-
ving three frequency components of the laser field, w,, ®,, and

—(c0y + ,):1°

W (—w3, 01, 0) = 5, - [ﬁm] x F,l,z}. (19)
This triple product is non-zero if these three frequency compo-
nents are non-coplanar. This third order correlation function
describes local chirality of synthetic chiral light (or MW fields)
il'l Several Set_ups.90,95,99,101,102,109,132

Rule 4. The scalar enantio-sensitive response of chiral
matter to locally chiral light is nonlinear and results from the
interference between a chiral even-order process and an achiral
odd-order process. Thus, it involves an odd number of photons,
leading to chiral light correlation functions of odd order.

9 Interestingly, the overall chirality of the helical trajectory traced by the induced
dipole in PXCD (see Fig. 7) is evident, since the two helices of opposite chirality
(inner and outer) have different size. It means that, in the near-field, the light
generated by this dipole via the free induction decay at three frequencies would
be chiral in the electric-dipole approximation.
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For example, 2(*) characterizes the interference of two path-
ways leading to enantio-sensitive absorption and emission in a
3-level system with chiral states 0, 1 and 2. Let us consider a
locally chiral field with frequencies w;, w, and w; = w1 + W,
polarized along x, y and z, respectively.”%?%°7,99:101,102,109,132
The first (achiral) pathway is associated with the linear
response at frequency w;, which is not sensitive to chirality,
and leads to polarization at w; along z. The second (chiral)
pathway corresponds to sum-frequency generation, a second-
order process that records the molecular handedness: the
medium absorbs one w; photon and one w, photon from the
field components polarized in the xy plane, generating polar-
ization at frequency w; along z (Fig. 8b). In contrast, randomly
oriented ensembles of achiral molecules cannot generate a
polarization response in the direction orthogonal to the driving
field polarization because these systems are symmetric with
respect to reflections in the polarization plane. That is, this
second pathway is unique to chiral media, and the induced
polarization is out of phase in media of opposite handedness.
The two pathways interfere, making absorption (Fig. 11a) and
emission (w; photon emitted via the enantio-sensitive process
depicted in Fig. 8b interferes with the linear response at w3) at
frequency w; strongly enantio-sensitive. In a randomly oriented
ensemble of chiral molecules, the enantio-sensitive contribu-
tion to absorption is J[;®A®]. The physical meaning of #1® is
clear from Table 1, comparing standard absorption CD and
non-linear absorption CD in the electric-dipole approximation:
h® plays the role of optical chirality, which characterizes the
strength of enantio-sensitive absorption in the linear response.'*
Thus, chiral light correlation functions characterize the strength
of enantio-sensitive light matter interaction in the electric-dipole
approximation. Likewise, in the non-linear regime, the molecular
pseudoscalar formed by the triple product of the three relevant
dipoles replaces the one typical for the linear response - the scalar
product between the electric and magnetic dipoles.

4.1 Synthetic chiral light with two colors

For a two-colour field, such as the one in Fig. 10c, 2*) = 0 simply
because the field does not contain three frequencies. It means

a - I 12) b - —
1
w2 A
X 1 X y
w1 w3 [V A w2
A
0> 10>

Fig. 11 Enantio-sensitivity in absorption. (a) Absorption occurs in a three-
level system driven by three-color locally chiral light with frequencies w;,
wy, and wsz polarized along x, y, and z respectively. The lack of
inversion symmetry in a chiral molecule allows for dipole couplings
between all states. The second-order (two-photon induced) polarization
at ws = wy + w; is generated along z in randomly oriented chiral media. (b)
Enantio-sensitive absorption for two-colour locally chiral light. Different
colors mark different directions of light polarization (e.g. green — x, red - y,
blue - 2).
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Table 1 Absorption CD for two types of chiral light
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Type of light Absorption CD

Molecular pseudoscalar

Light pseudoscalar

S{Xemoc}llg
3 {X(Z)hB)}

Natural light (helix in space)
Synthetic light (helix in time)

that nonlinear 3-photon processes driven by this field are not
enantio-sensitive, but it does not necessarily mean that the
field is achiral. If the field is locally chiral, its handedness can
be recorded in higher-order processes, which are characterized
and controlled by higher-order correlation functions. They
involve additional dot products of the electric field vectors,
evaluated at different times. The next-order chiral correlation
function is

HO (11,15, 13,14) = J:dz{ﬁ(z) JF(t4 1) x F(t 4 1))}

X [F(t+13) - F(t +14)]
(20)

and, in general,

H" (11,15, .0, 1001) = ert{ﬁ(t) JF(t4 1) x F(t 4 1))}

X F (4 taen) - F(t+ )]
(21)

where 7 is an odd number. For the field in Fig. 10c, the lowest-
order non-zero chiral correlation function is H®. Therefore, the
lowest order scalar enantio-sensitive response of isotropic
chiral matter to this light is of the fifth order with respect to
the field. In the frequency domain'®

h(S)(—2a), -0, 0,0, ®) = {ﬁ*

2o [Py X FJIF, F)) - (22)

describes and quantifies the strength of the lowest-order
enantio-sensitive response of isotropic chiral media to this
light. Here, again, the enantio-sensitivity arises from the inter-
ference of two pathways. The first, achiral, pathway is asso-
ciated with the linear response at frequency 2w, which leads to
induced polarization at 2w along z. In the second, chiral,
pathway, the medium absorbs three » photons from the major
field component and emits one w photon into the minor
ellipticity component, also generating polarization at frequency
2w along z (see ref. 100), orthogonal to the polarization plane of
the o field (Fig. 11b). The efficiency of this process on the
molecular side is characterized by the fourth order suscepti-
bility. Note that the sequence of the last red up-arrow and green
down-arrow in Fig. 11b records the direction of rotation of
the driving field. The second pathway exists only in chiral
media, and the induced polarization is out of phase in media
of opposite handedness. Interference between these two
pathways enables enantio-sensitive absorption (Fig. 11b) and
emission (the 2w photon emitted via the enantio-sensitive
process depicted in Fig. 8c interferes with the linear response
at 2w) at the frequency 2w and the possibility of achieving
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enantio-sensitive populations of excited electronic states. The
enantio-sensitive contributions to these observables can be
written as a product of two pseudoscalars:'* (i) 4*), character-
izing the field’s handedness, and (ii) a molecular pseudoscalar
involving first- and fourth-order susceptibilities.

4.2 Locally chiral light vs. globally chiral light

While locally chiral light and the concept of local chirality have
been introduced'® very recently, the second electric-dipole
revolution started almost two decades ago. Using quantum
control strategies, Kral, Thanopulos, Shapiro, and Cohen'®?
and Gerbasi, Brumer, Saphiro and co-workers'®® proposed
a two-step optical scheme for enantio-purification of
randomly oriented mixtures of opposite enantiomers, which
works in the electric-dipole approximation.'®" In the first step,
a combination of three laser pulses with mutually orthogonal
linear polarizations was used to selectively excite one of the two
enantiomers to a selected vibrational state. In the second step,
the photo-excited molecules were forced to flip handedness by
a sequence of two linearly polarized pulses. Their simulations
predicted 95% of enantio-purity when starting from a racemic
mixture of dimethylallene.’®® By controlling the relative phases
between the laser fields in the first step, they were able to
control whether the left-handed molecules were turned into
right-handed or vice versa. This is probably the earliest
example of application of locally chiral light to enantio-
manipulation of molecules. The relative phases between the
colors fully control the shape of light’s Lissajous figure and its
handedness, controlling the outcome of the interference in
Fig. 11.

Yet, there is an important caveat to this scheme. Locally
chiral fields carrying three orthogonally polarized colours can
be realized in the overlap region of two (or more) laser beams
that propagate in different directions. However, the phase delay
between the non-collinear beams, i.e. the relative time at which
their wavefronts reach a specific point in space, is space-
dependent. As a result, the handedness of the generated locally
chiral field changes periodically in space, and so does the
enantio-sensitive response of chiral matter.

For example, for the laser parameters proposed in ref. 101,
considering cross-propagating beams, the field’s handedness
would change in space with periodicities on the order of a few
micrometers. The application of such a field to a racemic
mixture of isotropically distributed left- and right-handed
molecules would create a non-homogeneous distribution of
left- and right-handed molecules, which would be periodically
distributed in space. This structured distribution would be, on
average, still racemic, unless using extremely tight laser focus-
ing or thin media.
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This problem is alleviated in the case of the longer wave-
lengths associated with the microwave radiation, which leads to
significantly wider spatial regions where the field maintains its
local handedness, on the order of a few tens of centimeters.
Eibenberger, Doyle and Patterson pioneered enantio-selective
population of rotational states using phase-controlled micro-
wave fields®® (see also ref. 99) together with Schnell and co-
workers,”> who demonstrated an alternative implementation.
Leibscher, Koch and co-workers®”*®*>” are developing optimal
control protocols of enantio-sensitive state transfer in chiral
microwave fields.

Unfortunately, if one tries to apply an equivalent scheme to
achieve enantio-sensitive populations of electronic states, one
has to face the above problem: the field’s local handedness
changes rapidly in space, destroying the enantio-sensitivity in
the total (global) integrated response of the macroscopic med-
ium. To translate the huge enantio-sensitivity enabled by locally
chiral fields to the macroscopic response of the medium, at the
level of total signal intensities, the field also needs to be
globally chiral.

Concept 3. Synthetic chiral light is globally chiral if its
handedness, characterized by the nth-order chiral correlation
function, survives integration in space, i.e. if [A")(F)di'#0.

The standard circularly polarized light is either left- or right-
handed everywhere in space. Since the handedness of synthetic
chiral light can be controlled locally in every point in space,
such light may or may not be globally chiral. In particular, if the
field’s handedness is maintained in space, one can achieve the
highest possible degree of control over the enantio-sensitive
response of chiral matter: quench it in one enantiomer while
maximizing it in its mirror twin."%

The locally chiral field in Fig. 10c can be created in a way
that maintains the same handedness globally in space'® using
a non-collinear setup, see Fig. 12. It contains two laser beams
that propagate at a small angle, with each beam carrying two
cross-polarized phase-locked colors: the fundamental and its
second harmonic. By controlling the w, 2w phase delays in the
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Fig. 12 Locally and globally chiral light. (a) Synthetic chiral light that is
locally and globally chiral can be created with two non-collinear beams
carrying cross polarized w and 2w colours.!®° In the overlap region, the
total o field is elliptical in the xy plane, the 2w field is z-polarized,
generating the chiral Lissajous curve in the inset. (b) Even harmonic
intensity emitted by randomly oriented left- and right-handed propylene
oxide and the chiral response, see ref. 100 for details. The field's chirality,
and thus the enantio-sensitive response of the medium, is fully controlled
by the w, 2w phase delays in the two beams.
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two beams, one achieves full control over the field’s local
handedness globally in space. This field enables complete
discrimination between left- and right-handed randomly
oriented chiral molecules via high harmonic generation
spectroscopy.'®®

5 New enantio-sensitive observables
via structuring light's chirality

Synthetic chiral light that is locally and globally chiral makes an
extremely efficient chiral photonic reagent.'® Yet, the first
dipole revolution taught us that we do not need to rely on the
(global) handedness of light to detect the chirality of matter
efficiently. Can we apply these lessons to synthetic chiral light?
Can we measure strongly enantio-sensitive signals using
light that is locally chiral (R"() # 0), but globally achiral
([A™(7)dF = 0)? The answer is yes. Applying the concepts from
the first dipole revolution leads to new enantio-sensitive obser-
vables, which arise upon structuring light’s local handedness.

Concept 4. Chirality-structured light is light whose handed-
ness is non-trivially structured in space.

The possibility of structuring the local properties of light in
space,*”"® including both its intensity and phase,*>® creates
unique opportunities for imaging'®® and manipulating™®' prop-
erties of matter. Likewise, structuring light’s chirality'*6*16>
could open new efficient routes for enantio-sensitive imaging
and control of chiral matter. With structuring of light per-
formed locally, the control extends to the level of individual
molecules. One example of the new type of structured locally
chiral light is chirality polarized light."*®

The concept of polarization of chirality applies to both light
and matter and is somewhat analogous to polarization of
charge. A periodic distribution of alternating positive (+q) and
negative (—q) charges in one dimension is unpolarized if the
particles are uniformly distributed, and polarized if this dis-
tribution is periodically modified (Fig. 13a). Likewise, a peri-
odic distribution of chiral units of alternating handedness can
have polarization of chirality if the units are not uniformly
distributed, see Fig. 13b. Here, we find dipoles of chirality d.=
hry, where 7, is the vector connecting two nearby chiral units
and & = hg = —hy, is the handedness of one chiral unit. Note
that, regardless the value of ;ic, the medium is racemic and
achiral, just like the medium of alternating negative and
positive charges is neutral.

a 000000 booooooo

unpolarized unpolarized
- —5> —> o o O
Q0 Q0 0O 0 00 006

charge polarized chirality polarized

Fig. 13 Polarization of charge versus polarization of chirality. (a) 1D
arrangement of charged units that is: (i) neutral and unpolarized, and
(i) neutral and polarized. (b) 1D arrangement of chiral units that is: (i) achiral
(racemic) and unpolarized, and (ii) achiral and polarized.
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This concept can immediately be applied to synthetic chiral
light using the same non-collinear setup as in Fig. 12a. Now,
however, we can control the o, 2o delays in each beam so that
the field’s handedness, characterized by its fifth-order chiral
correlation function, is not maintained globally in space as in
ref. 100 but periodically alternates in space creating dipoles of
chirality, see Fig. 14a, polarized along x.

The non-linear parametric processes resulting from inter-
action of this light with randomly oriented chiral molecules,
effectively “‘ignite” chiral emitters with handedness modulated
in space. The mapping of this near-field nonlinear optical
response into the far-field image will be sensitive to the
chirality dipole of the light.

Fig. 14b shows the far-field harmonic intensity emitted from
randomly oriented fenchone as a function of the emission
angle. The total (angle-integrated) signal is the same for left-
and right-handed molecules, as the overall field is achiral.
However, the emission direction is highly enantio-sensitive:
while the left-handed molecules emit light to the left (towards
negative angles), the right-handed molecules emit light to the
right (positive angles).

By looking into a specific emission direction, a chiral
observer will allow us to distinguish between left- and right-
handed molecules. Note that neither the light field, nor the
detector are chiral on their own. However, by selecting a
specific emission direction in the far field, the measurement
setup, created by the (achiral) light field and the detector,
becomes chiral.

Enantio-sensitive light bending is not limited to high har-
monic generation, it is pertinent to any non-linear parametric
emission. Enantio-sensitive light bending in free induction

05} (L) (R) .

Intensity

-2 0 2
Divergence (degrees)

Fig. 14 Chirality polarized light can be created using the setup of Fig. 12a,
but adjusting the o, 2w phase delays so that the field's handedness,
characterized by its 5th-order chiral correlation function h®, is not
maintained globally in space, in contrast to ref. 100. Here, it creates a
periodic structure of dipoles of chirality. (a) h®, its phase (ie. the field's
handedness) is encoded in the colours. The arrows indicate the direction
of polarization of chirality, which is imprinted in the nonlinear response of
chiral matter. (b) 12th-harmonic emission from randomly oriented left-
and right-handed fenchone, see ref. 128 for A = 1030 nm, Ff,%) = Fﬁf’ =
0.015 a.u. and 5, = F,/10.
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decay has been recently demonstrated by Khokhlova et al.™*?
Exciting opportunities for enantio-sensitive imaging arise from
structuring light’s handedness by combining locally chiral light
with vortex beams.'®®

6 Towards efficient control, imaging
and manipulation of chiral molecules
with light

We now outline some of the new opportunities offered by
substituting concepts and tools of enantio-sensitive molecular
imaging and control, which use linear response and require the
magnetic field component of the light wave, by concepts and
tools that rely on non-linear response and do not require the
magnetic field component. In terms of imaging, in this section
we address the opportunities for photon-based spectroscopies.
The next section will focus on new opportunities arising in
photoelectron spectroscopy.

6.1 Enantio-sensitive and molecular specific spectroscopy
with synthetic chiral light

In this subsection we describe the fundamental origins of
enantio- and molecular sensitivity in the interaction of syn-
thetic chiral light with chiral matter. Possible applications of
these ideas to enantio-separation are discussed in the subse-
quent subsection.

6.1.1 Enantio-sensitive molecular markers. The enantio-
sensitive response of chiral matter to synthetic chiral light
relies on the coherent interplay between the two contributions
to light-induced polarization, achiral and chiral, the latter
having opposite phase in media of opposite handedness. One
can control the amplitude and the relative phase of these two
contributions by controlling the handedness of the light field,
so that they interfere constructively in one enantiomer and
destructively in its mirror twin, maximizing the enantio-
sensitivity.

The next step is to develop spectroscopy, which would
provide access to molecule-specific information recorded in
this interference, such as the relative amplitude and phase
between the chiral and the achiral non-linear responses. The
latter should be naturally sensitive to the type of the molecule
and its conformation."®® As a result, the handedness of the light
field that maximizes enantio-sensitivity in the optical response
should also be molecule-specific, opening new opportunities
for efficient molecular recognition and enabling the design of
molecular markers: molecule-specific “fingerprints” of chiral
molecules and their ultrafast light-driven dynamics, based on
the relative amplitude and phase of chiral and achiral non-
linear responses.

For example, the intensity of the enantio-sensitive emission

at frequency 2w driven by the locally chiral field (Fig. 10c) is
I=1Ient+1In+ acos(d)M + ¢m,2w) [23)

where I,., and I, are the intensities associated with the achiral
and chiral pathways, respectively, ¢y = arg(x(“) — x(l)) is the
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molecular phase that depends on the first- and fourth-order
susceptibilities, ¢, 2, is the 2-colour phase delay, and a o
omor |7 V|7?]|h®], where ay = +1 depends on the molecular
handedness and oy, = £1 keeps track of the sign of ellipticity of
the light field. Experimentally, one can vary ¢, ., together with
the amplitude of the 2w-field component to find the laser
parameters that maximize the chiral dichroism. These optimal
parameters should be molecule-specific and may enable effi-
cient molecular recognition. Note that the phase ¢,, »., and the
amplitude of the 2w field component controls the light
pseudoscalar, which couples to the respective molecular pseu-
doscalar in the observables. Since both the light and molecular
pseudoscalars are different in different non-linearity orders,"'*
corresponding to different frequencies of the emitted light,
frequency-resolved optimal light parameters offer an additional
dimension (i.e. frequency) to this type of enantio-sensitive,
molecule-specific spectroscopy.

6.1.2 Ultrafast optical rotation: multi-dimensional non-
linear spectroscopy with sub-cycle-controlled optical wave-
forms. The enantio-sensitivity of the non-linear response to
the two-colour phase (see eqn (23)) points to new opportunities
in chiro-optical non-linear spectroscopy with sub-cycle-
controlled optical waveforms.

One example are few-cycle pulses, where the temporal
structure of the electric field vector E(¢) = Eoa(t) cos(wt + ¢cgp)
depends on the carrier-envelope phase (CEP) ¢cgp. The sensi-
tivity of the electronic dynamics to the instantaneous value of
the oscillating electric field leads to strong CEP dependence of
the nonlinear response.*®”"*”° For our purposes, the CEP acts as
an additional spectroscopic parameter somewhat equivalent to
the two-colour phase delay in long laser pulses, which carry two
well-defined frequency components such as w and 2. In fact,
changing the relative phase between these two colors shapes
the individual oscillations of the total laser field on the sub-
cycle scale. Along this route, one can use intense, linearly
polarized light pulses to drive the nonlinear analogue of optical
rotation, now induced by purely electric-dipole interactions.®?
Importantly, such pulses should be confined both in space and
in time.

Confinement in space can be achieved by tightly focusing
the beam into a medium of randomly oriented chiral mole-
cules, as depicted in Fig. 9b. Thanks to tight focusing, the field
acquires ellipticity in the direction of light propagation, i.e.
“forward ellipticity”’. The chiral medium converts this forward
ellipticity into the enantio-sensitive response orthogonal to the
propagation plane (the plane of the figure).

Confinement in time, arising in nearly single-cycle pulses
with controlled CEP, ensures that the pulse has ultra-broad
spectral bandwidth. The latter enables the interference of the
odd-order achiral response in the polarization plane and the
even-order chiral response orthogonal to it.

As a result, the generated nonlinear polarization becomes
elliptically polarized and enantio-sensitive: the ellipticity and
the rotation angle of the non-linear optical response will have
opposite signs in media of opposite handedness, signifying
the non-linear optical activity (rotation).®® The rotation angle is
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controlled by the CEP of the laser pulse. In contrast to conven-
tional optical rotation, this nonlinear effect is driven by purely
electric-dipole interactions and leads to giant rotation angles
(and ellipticities) already at the single-molecule level, enabling
the possibility of highly efficient chiral discrimination in
optically thin media. Since the CEP of the pulse controls the
enantio-sensitive response in this non-linear optical activity,
the value of the CEP that maximizes the enantio-sensitive
response of a chiral molecule may constitute a molecular
marker. The enantio-sensitive signal plotted vs. frequency and
the CEP phase presents a two-dimensional set of data, which
may be perceived as a “molecular QR-code”, sensitive to both
the molecule and possibly its conformer. While the uniqueness
of such measure is yet to be proven, the respective investigation
is interesting in its own right, as it may result in a new
interesting path in ultrafast non-linear spectroscopy. Adding
additional spectroscopic parameters to a few-cycle laser
pulse, such as a frequency-dependent phase delay,"”" may
increase the dimensionality and consequently the sensitivity
of this approach, extending opportunities for ultrafast enantio-
sensitive imaging and control in the electric-dipole
approximation.

6.2 Enantio-sensitive manipulation

Locally and globally chiral electric fields create opportunities
for excitation of only one of the two enantiomers of a chiral
molecule to rotational, vibrational or electronic states and open
routes to achieving efficient enantio-manipulation. Enantio-
sensitive excitations to rotational states have already been
demonstrated using microwave fields with three orthogonally
polarized components®”*>%° including opportunities for its
optimal control.>”*%157

A recent experiment®® demonstrated an alternative path to
enantio-sensitive control over rotational excitations. This
experiment realises the concept of chiral observer and com-
bines the optical centrifuge'’>"’* with Coulomb explosion
imaging. The chiral experimental setup consists of an optical
centrifuge, ie. a linearly polarised laser field rotating (with
acceleration) at the slow, rotational, time scale around the
propagation direction. The additional axis is provided by the
Coulomb explosion imaging detector. The respective molecular
pseudoscalar should include the projection of the total angular
momentum (transferred from the field to the molecule and
recorded in its rotational excitation) on the detector axis, i.e. on
the direction of the Coulomb explosion. Note that the control of
rotational degrees of freedom resulting in enantio-sensitive
molecular orientation in space is also an observer type
approach: it can be achieved with achiral optical pulses with
shaped polarizations.?>™2*175:176

Alternatively, one can also project the total angular momen-
tum supplied by the optical centrifuge on a different axis, e.g.
the direction of an additional external static field. This setup
has recently been proposed by Yachmenev et al.®® The combi-
nation of strong infrared fields forming the optical centrifuge
and static electric field polarized along the centrifuge rotational
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axis is an example of a locally and globally chiral electric field
arrangement.

Synthetic chiral light in the optical domain enables control
over the electronic degrees of freedom, and thus the possibility
of exciting a selected molecular enantiomer to a desired elec-
tronic or vibronic state. Enantio-sensitive coherent control over
such chiral electronic clouds opens additional routes for
enantio-selective manipulation, since the properties of the
photo-excited molecules, e.g. their dipole moments or polariz-
abilities, can be substantially different from those in the
ground state.

Synthetic chiral light may also allow one to measure strongly
enantio-sensitive photo-absorption signals, with the ambitious
goal of enhancing the enantio-sensitivity of standard photo-
absorption circular dichroism by several orders of magnitude.
Along this route, introducing synthetic chiral light to attose-
cond transient absorption spectroscopy (ATAS) may allow
one to induce and measure strongly enantio-sensitive
dynamics with attosecond time resolution using photon-
based measurements.

6.3 Enantio-separation

Intense laser beams allow one to manipulate, accelerate,
decelerate and trap particles."””””"”° Enantio-sensitive optical
potentials, which could be applied for selective manipulation,
trapping and sorting of chiral particles with specific handed-
ness have recently been demonstrated in the linear light-matter
interaction regime.'®*'®°'87 A promising route to efficient
enantio-separation was proposed by Cameron and co-
workers,'®>'® who suggested creating gratings of chiral light
of alternating handedness, which could then send opposite
molecular enantiomers in opposite directions. They found
strongly enantio-sensitive deflection angles in chiral molecules
with strong magnetic dipoles, such as helicene, demonstrating
the feasibility of the method. A recent theoretical proposal
showed that optical gratings could also be used to generate
quantum superpositions of opposite enantiomers.**® However,
in these works, the proposed optical setups are chiral only
beyond the electric-dipole approximation, and thus the sensi-
tivity of these methods to smaller molecules and localized
chiral structures such as due to an asymmetric carbon, could
be limited by the weakness of the non-electric-dipole interac-
tions. Synthetic chiral light may allow one to overcome this
limitation, enhancing these opportunities even further.

7 Synthetic chiral matter: imprinting
chirality on achiral matter

Synthetic chiral light can also be used to endow achiral matter
with chiral properties. Achiral matter excited with such locally
chiral light becomes ‘synthetic chiral matter”. That is, one can
aim to imprint chirality on atoms,'® achiral molecules,'* and
solids, and read it out on ultrafast scales. In molecules, Owens
et al.'®" showed that a chiral arrangement of a DC field and an
optical centrifuge'”>'”® produces PH; molecules that rotate
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around a P-H bond in a direction determined by the centrifuge,
with the P-H bond oriented along the DC field. Formally, in
this case the chirality of the electric field is imprinted on the
molecular rotational states, which can be detected using e.g.
ESMW spectroscopy.

In the case of electronic states, relatively simple superposi-
tions of angular momentum eigenstates suffice to form chiral
electronic wave functions in atomic hydrogen,'® i.e. synthetic
chiral atoms, which are already oriented in space. These chiral
atoms can also display PECD upon ionization with a circularly
polarized field.">%"*" %192 The experimental demonstration of
PECD on chiral atoms will require efficient excitation schemes.
Such schemes have recently been proposed in the first theore-
tical works on using locally chiral light to imprint chirality on
atomic ensembles,**"*! supporting our general expectation
that the non-perturbative interaction of locally chiral light with
atoms will in general lead to chiral superpositions of states.

Interesting opportunities may arise for imprinting chirality
on atoms in optical lattices and on electrons in solids. Recently,
the spatial symmetry of the light’s Lissajous figure has been
used to imprint topological properties onto a trivial two-
dimensional hexagonal material.">® Analogously, the longitu-
dinal components emerging in tightly focused few-cycle pulses
can be used to make locally chiral light, which can break the
symmetry of a cubic lattice, by introducing ‘‘forward-back-
ward” asymmetry in the field-modified hopping coefficients
and thus turning the cubic lattice into a chiral object. Strongly
correlated systems may provide an opportunity to maintain
such laser induced modifications'®* after the end of the pulse.
Chiral crystals have been shown to possess interesting topolo-
gical properties.'®® Therefore, imprinting chirality on lattices
might offer a way to induce light-driven ultrafast topology.

Looking broadly, the outcome of the interaction between
such synthetic chiral matter and either ‘natural’ matter or light
(chiral or not) has not been explored and raises many interest-
ing questions. How and to what extent will the chirality of
synthetic chiral matter influence the outcome of its interaction
with ‘natural’ chiral matter or light? Is synthetic chiral matter
useful for enantio-selective chemical synthesis? Can we design
efficient catalysts for asymmetric synthesis based on synthetic
chiral matter? Is it possible to implement ultra-sensitive chir-
ality detectors based on chiral Rydberg atoms? How will many-
body effects influence the dynamics of chiral Rydberg atoms
trapped in optical lattices? And can we perform quantum
simulations of phenomena unique to chiral crystals'®® using
chiral Rydberg atoms in optical lattices?

8 Opportunities for imaging and
controlling chiral molecules via
photoionization

Photoelectrons are extremely sensitive structural probes of
matter in gas and condensed phase. In molecules, electron

scattering on the nuclei during photoionization provides infor-
mation about their spatial arrangements. This information is
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recorded in the key photoionization observable: the angular
and energy resolved photoelectron distribution; angle-resolved
photo-electron spectroscopy can be viewed as ‘‘diffraction from
within.”

PECD and PXCD (see Section 3) are two important mile-
stones in understanding the chiral electronic and vibronic
response of molecules to light. PECD in photoionization from
a stationary state is generated by chiral continuum currents,
while PXCD in photoexcitation is generated by chiral bound
currents. Probing PXCD via photoionization with a circularly
polarized field would inevitably “mix” these two types of chiral
dynamics and such time-resolved probe could be understood in
terms of “synchronisation” of chiral bound and continuum
currents. Controlling the interplay of pump and probe pulses
can be interpreted in terms of controlling this synchronisation.
Thus, formulating standard photoionization observables in
terms of the currents and fields they generate'> may provide
a helpful physical picture and a language for communicating
the observations.

Since standard photoionization observables are defined in
momentum space, the continuum electron currents and the
fields they generate should also be defined in momentum
space.”™

Such a perspective is customary in condensed matter phy-
sics, where one analyzes the %-dependent fields generated by
electrons photo-excited from a valence to a conduction band.
Electron scattering on the lattice sites may lead to swirling
electron trajectories. These, in turn, generate a geometric
magnetic field, known as Berry curvature. The geometric mag-
netic field in solids plays an important role in understanding
the electronic response, especially in materials with non-trivial
topological properties.

Can the perspective offered by analysing the electronic
response in molecular photoionization via a geometric mag-
netic field generated by swirling electron photoionization cur-
rents be fruitful, especially for chiral molecules? Could it allow
us to uncover new enantio-sensitive observables in photoioni-
zation? What can we learn from the topology of field lines? How
does this field reflect information about molecular dynamics
prior to ionization? Interestingly, the standard photoionization
observables formulated in terms of local, ie. %-dependent
currents and the fields they generate, provide some answers
to these questions (see Section 8.6 below).

As an extremely sensitive probe of molecular chirality, PECD
has already given rise to a family of time-resolved methods
which use various pump-probe setups and detect angularly
resolved photoelectron spectra. All these methods involve
two- or higher-order multiphoton processes. An important
player in such setups is the polarization of the pump and probe
pulses. For example, two-photon ionization of a chiral molecule
can be performed in many different ways: linearly polarized
pump - circularly polarized probe (TD PECD’’), circularly
polarized pump - linearly polarized probe (PXECD”?),
circularly polarized pump - circularly polarized probe co-
rotating (coherent control of PECD’*'**) or counter-rotating
to each other.
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Interestingly, chiral properties can also be probed using
linearly polarized pump and probe pulses, but conditions
apply.®® What are these conditions? What is the difference in
the photoionization observables detected using these different
schemes?

In this section, we first provide the perspective on such two-
photon measurements, which demonstrates that each of these
schemes addresses different molecular properties, because it
relies on different molecular pseudoscalars and therefore
exposes a different and independent aspect of molecular chir-
ality. Next, we discuss the physical picture behind these
schemes and perspectives for imaging and control of chiral
molecular dynamics inspired by these schemes. Finally, we
discuss the geometric magnetic field and the physical origin
of PECD using the language of currents and fields generated by
electrons during photoionization. At this point we would also
like to address the X-ray community, which identifies imaging
of molecular currents as an important milestone.

8.1 Chiral molecular fingerprints in the two-photon angular
resolved photoionization

In this subsection we are dealing with methods of chiral
detection relying on the principle of the chiral observer, just
like the PECD and PXCD methods considered in Section 3.
However, there is an important difference. While PECD and
PXCD are one-photon processes and involve two light field
vectors that form a single light pseudovector L (see eqn (2)),
PEXCD is a two-photon process. In two-photon and, in general,
multiphoton processes, more than two light vectors may be
relevant. Therefore, different pseudovectors {il, Ly,.. .} can be
formed. This gives rise to a hierarchy of chiral measures (see
Section 9). Analogously, more than three molecular vectors may
be relevant, and thus several different molecular pseudoscalars
{g1, &2,...} can be formed. The availability of multiple light
pseudovectors and multiple molecular pseudoscalars is
reflected in a generalization of eqn (2) according to

V= Zg,l_:,
i

That is, instead of a single product between a molecular
pseudoscalar and a light pseudovector, the enantio-sensitive
vectorial observable v is given by a sum of several such
products, involving all possible combinations of all available
vectors. Rule 5 in Section 9 provides the most general expres-
sion and points to its formal origins.

The array of different molecular pseudoscalars simply
reflects the fact that the description of a complex chiral object
requires the specification of more than one pseudoscalar. For
example, while a simple helix has just one helicity, a compound
helix where a loosely wound helix is formed from a tightly
wound helix requires the specification of two independent
helicities: one for the loose helix and one for the tight helix,
see Fig. 15. In this sense, the coupling between molecular
pseudoscalars and light pseudovectors in eqn (24) reveals
how each of the ‘helicities’ of a chiral molecule (a rather
complex ‘compound helix’) couples to the light field. Similar

(24)
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Fig. 15 An object displaying compound chirality in the form of two
independent handedness: a helix made of a more tightly bound helix.

situations with “nested” chiral structures can occur due to the
presence of several chiral centers with different handedness in
a chiral molecule.

Two photon pump-probe processes are a perfect example
illustrating eqn (24). Suppose that the pump E; induces a
transition from the ground state |g) into a bound excited state
| /) and the probe E, induces a transition from the state | j) into
the continuum |%) For pulses and time delays short compared
to the rotational dynamics, the photoelectron current is given
in ref. 88

6

fz}:&ia (25)
i=0

where the characteristic molecular pseudoscalars g; are:
o =goldel Joou (< 4) 8. o
o= o ](@, %) (@B @
£2= % Ao [(Jg’ % a_’;:i]> l;] (_;lg : Jj‘,-)7 (28)
& %degﬁx}ﬂszpﬁﬁv (29)

with

g4 =g, &=, & =g- (30)

Importantly, these pseudoscalars couple to different light
pseudovectors:

L=|E[(BxB), L=[(Bx5) E|& 61

—

L, = (E| Ez) (ET X E;) Eg = (El . E;) <ET X Ez), (32)

Ly=L; Ls=1L; Ls=1L; (33)
which define constraints on the observation of each molecular
pseudoscalar g; in terms of the polarization of pump and probe
pulses.

For example, the goio term is associated with PECD from the

excited state |j) and requires only an elliptically polarized
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probe field (eqn (4), (5) and (6)). The pseudovector formed by

the photoionization vectors (J;i xd,

- -] is important in its own
j k.j

right, since it can be understood as a propensity field B(k)**°

associated with photoionization of chiral molecules, which is
related to geometric fields in molecular photoionization™®° (see
Section 8.6). Note that g, and g, encode different components

of B(lz): go encodes the radial field component and g; encodes
the field component along the direction of the bound dipole
connecting the ground and excited states.

Accessing gL, requires a different and more sophisticated
arrangement of pump and probe polarizations. Indeed, L, is
non-zero only when E, is elliptically polarized and in addition
E, has a component perpendicular to the plane defined by E,.
In contrast, L, and L; are non-zero even if both the pump and
the probe are linearly polarized, as long as they are neither
parallel nor perpendicular to each other, suggesting a connec-
tion to some recent works using such an arrangement of pump
and probe pulses to excite rotational states of chiral molecules
and inducing enantio-sensitive molecular orientation.’**7
Note also that while L, vanishes for co-rotating circularly
polarized pump and probe, L, vanishes for counter-rotating
pump and probe. These simple rules together with eqn (25)-
(33), specifying the coupling between molecular pseudoscalars
and field pseudovectors, can be combined to determine the
values of each molecular pseudoscalar g;.

In the case where the final state |%) can be reached via two
different intermediate states, additional molecular pseudosca-
lars and field pseudovectors (see ref. 88) resulting from the two-
path interference contribute to the generation of the photo-
electron current. Importantly, they also can be expressed®® in a
compact form similar to eqn (26)-(33). Unlike the direct terms,
these terms oscillate with the time delay between the pump and
probe and record the dynamics excited by the pump. One
example of such dynamics are the helical currents excited in
bound states by ultrashort circularly polarized pulses (PXCD).
Below we provide a perspective on their detection.

8.2 Nonlinear photo-ionization probes of molecular chirality:
probing helical currents in bound states (PXECD)

In the previous section we gave the formal description of the
two-photon pump-probe setups for probing chiral molecular
structure and dynamics. Here we discuss the underlying phy-
sical picture describing two-photon photoionization as an
interplay of chiral bound and continuum currents. This inter-
play can be disentangled in PXECD,”*> which induces photo-
ionization using linearly polarized light to decrease the
influence of continuum currents.

The helical currents excited in chiral molecules by short
circularly polarized pulses (PXCD, see Section 3) can be probed
by photoionization. Since induced polarization oscillates out of
phase in opposite enantiomers, the respective electron currents
flow in opposite directions. Photoionization by a linearly polar-
ized short pulse can reveal this direction of the bound current:
the liberated electron should typically continue to move in the
same direction as it was moving in the bound states. Thus, two
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photoelectron detectors placed along the propagation direction
(along the direction of spin angular momentum of the field) of
the pump pulse will show the forward-backward asymmetry:
more forward electrons in one enantiomer and more backward
electrons in the opposite enantiomer.

The interference of two photoionization signals originating
from the two excited PXCD states (see Fig. 6) records the
coherence between these states and also its time evolution as
a function of the delay between the exciting (pump) and
photoionizing (probe) pulses. Since both pulses are short, the
interference of the photoionization signals coming from the
two intermediate states excited by the pump may cover a
considerable range of photoelectron energies. In this range,
one can observe that the photoelectron current oscillates with
the time-delay between the two pulses and has opposite direc-
tions for opposite enantiomers, or for opposite spins of the
pump pulse. That is, thanks to the molecular chirality, the spin
of the pump photon can be read out from the photoelectron
angular distribution even though the ionizing step is carried
out with linearly polarized light.

Indeed, one can show’” that the photoelectron current is
proportional to two terms:

JPXECD () = o[(dor x dip) - D, (k)] sin(AEy ) 54)
34
+0[(dor x dpn) - D (k)] cos(AEnT),

where J7X*P(k) = J;**°P(k) = 0, £ and ¢ are the propagation
direction and spin angular momentum of the pump pulse,
respectively, 7 is the pump-probe delay, & is the photoelectron
momentum, AE,; is the energy difference between the excited
states, EZOl and 302 are the transition dipoles from the ground
state to the excited states, and Dy,(k) = Diy(k) + iDi,(k) is a
complex Raman-type photoionization vector that connects the
excited bound states via the common continuum. Since D;,(k)
encodes coherence between the excited states, it plays the role
of dy, in eqn (8)~(10) for PXCD. The two triple products in
eqn (34) are the molecular pseudoscalars characterizing the
enantio-sensitive signal in PEXCD. The photoionization vector
Dy, in eqn (34) is given by

—

Dra(k) = ~4(Dy - D3k + (D3 -K) D + (Dy k) Dy (39)

Note that this general expression shows that every available
vector (51 , 5;, l€> can be used to “complete” the triple product

in eqn (34). Physically, the appearance of the second and third
term in eqn (35) is due to partial alignment of the molecules by
the pump pulse. To validate this statement it is sufficient to
consider an isotropic probe pulse, which cannot be sensitive to
the initial alignment by the pump. One can show (see SI of ref.
72) that only the first term in eqn (35) survives in this case.
How accurately can the continuum current image the cur-
rent in the bound states? The difficulties here are similar to
those encountered in the so-called tomographic imaging of
molecular orbitals in high harmonic spectroscopy.'®” Namely,
the bound-continuum mapping is only exact in the case of the
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plane wave continuum: in this case, the total photoelectron

current Jix"P, integrated over all photoelectron energies

TR = IR

to

dk is indeed proportional to the bound
current  JPXECD = jPXCD] that

—(1/2)]5’i‘5W(k)dk = AE|»dj,. However, the structure of the
continuum in chiral molecules is a lot more complex than
simple plane waves. Perhaps, the connection between the
bound and continuum currents can be established by introdu-
cing an additional unknown function f(k), such that
—(1/2) [D¥¥ (k)f (k)dk = AE1»d)». This function will then have
to be reconstructed together with the bound current, e.g.
iteratively, starting with f(k) = 1 for the plane wave continuum,
similar to the efforts in tomographic reconstruction of mole-
cular orbitals in high harmonic spectroscopy.'®®

The first PEXCD images’> were recorded via excitation of
Rydberg bands in fenchone and camphor molecules using a
circularly polarized femtosecond pump pulse carried at 201 nm
(with 80 meV 1/e*> bandwidth) and probing it using a time-
delayed, linearly polarized probe pulse carried at 405 nm (with
85 meV at 1/¢* bandwidth). Although the results demonstrate
excitation of a chiral vibronic wave-packet in these molecules,
detailed information about the specific nature of these
dynamics requires further analysis. Such an analysis could
provide much desired insight into chiral molecular dynamics
at femtosecond time-scales and presents one of the exciting
future opportunities for this field.

since one can show

8.3 Two-color coherent control

Another interesting aspect of chiral molecular dynamics may
result from the interplay of bound and continuum -chiral
currents. Both currents are present if both the pump and probe
pulses are circularly polarized. Indeed, the spin angular
momentum carried by the pump can be transferred to the
current excited in bound states. At the same time, the spin
angular momentum carried by the probe pulse can lead to
chiral continuum currents. This combination of pump and
probe polarizations has been recently explored by Goetz
et al.”® and used for two-photon coherent control of the chiral
photoelectron current associated with the coefficient b, , and
multipolar currents associated with the coefficient b; 4. Goetz
et al’® achieved very significant enhancement of enantio-
sensitivity of photoionization observables by optimizing the
arrival of each frequency in the pump and probe pulses. Since
the scheme involves the absorption of two circularly polarized
photons, the optimization could have been related to achieving
the best synchronization between the bound and continuum
currents. Whether the control has been associated with such
synchronisation remains to be seen, but exploring and exploit-
ing the interplay of bound and continuum currents for enhan-
cing the chiral photoelectron signal may present an interesting
future direction.

8.4 Time-dependent PECD

Time-dependent PECD implies exciting molecular vibronic
dynamics by a linearly polarized pump pulse and probing it
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with a circularly polarised pulse.”® As we have seen from previous
examples, excitation with a circularly polarized pump imprints the
spin angular momentum of light onto the bound states dynamics
and excites helical currents in chiral molecules. At first glance one
may think that a linearly polarized pump cannot excite chiral
dynamics, because the spin angular momentum is required to
define the “helicity” of the excited bound current. Indeed, since a
linearly polarized pump is a superposition of two counter-rotating
circular pulses, we should expect the excitation of two PXCD
currents of opposite handedness in a given enantiomer. However,
the probe - a circularly polarized pulse, will break this symmetry
between left and right helical PXCD currents. Indeed, two co-
rotating photons and two counter-rotating photons produce
different photoionization signals, because they correspond to
different molecular pseudoscalars [see e.g. eqn (28) and (29) for
g, and g; in case of a single intermediate state; eqn (35) of ref. 88
generalizes this result for two intermediate states]. Thus, the time-
dependent PECD is a probe highlighting the synchronisation of
bound and continuum chiral currents pondered above. It presents
a differential measure encoding two chiral currents of opposite
handedness with different amplitudes. The results of time-
dependent PECD experiments could be re-interpreted as the
images of such an interplay.”

8.5 Enantio-separation via photoionization

The possibility of selectively exciting only one of the two
enantiomers of a chiral molecule to an electronic state opens
several routes for enantio-separation that we chart below.

One option is to use synthetic chiral light'® (see Section 4)
to selectively excite one of the two enantiomers of a chiral
molecule to a desired state, tuning the frequencies of the light
field in (possibly multi-photon) resonance with a specific
electronic or vibronic transition. Next, the photo-excited mole-
cules could be photoionized with a second laser pulse, yielding
enantio-selective ionization. These molecular ions with well-
defined handedness could then be extracted with a static field.

Another option is to use achiral light without spin
angular momentum to achieve enantio-sensitive uniaxial orien-
tation of chiral molecules on the electronic time-scale*** due to
orientation-dependent excitation.

It is often assumed that molecular orientation can only
occur on rotational time-scales. However, in chiral molecules,
this does not have to be the case. Our analysis'** in the
perturbative regime predicts that phase-locked, orthogonally
polarized fields with frequencies w and 3w can induce field-free
permanent electronic dipoles in initially isotropic samples of
chiral molecules via resonant electronic excitation. The dipole’s
orientation is enantio-sensitive and it is controlled by the
relative phase between o and 3w fields, which determines the
sub-cycle direction of rotation of the total electric field. In
contrast to the photo-excited circular dichroism (PXCD),” here
not only the excited electron but also the molecule correlated to
the excitation acquires orientation.

This effect is fundamentally multi-photon. In the frequency
domain, the interference between the two pathways, 3 x 7 w vs.
1 x 3hw, is sensitive to the molecular orientation and
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handedness. This leads to orientation-dependent excitation
and thus uniaxial orientation of the excited molecules, on the
electronic excitation time scale. The orientation is perpendi-
cular to the polarization plane and is reflected in the emergence
of a field-free permanent dipole.

This fundamental phenomenon points to interesting oppor-
tunities for creating enantio-sensitive permanent dipoles via
orientation-dependent excitation of Rydberg states upon
resonance-enhanced multiphoton ionization (REMPI). The
non-perturbative @ and 3w fields should also be explored, since
in such regime hitting resonances does not necessarily require
carefully tuning the light frequency to specific molecular tran-
sitions. Indeed, in the non-perturbative regime one can take
advantage of light-induced energy shifts of excited states. These
are known as Freeman resonances'®® and are virtually inevita-
ble at intensities I ~ 10> W cm™? and above. They will also
lead to orientation of molecular ions after orientation-selective
resonantly enhanced multi-photon ionization. By selectively
depleting randomly oriented neutrals, preferential orientation
in the neutral ensemble is also created. After that, a static field
can be used to spatially separate opposite enantiomers.

8.6 Geometric magnetism in chiral molecules

The excitation of enantio-sensitive photoelectron currents
(PECD) in the electric-dipole approximation can be linked to
the concept of geometric magnetism introduced by Berry."*?
One of its manifestations is the Berry curvature in solids, which
links electronic response to EM fields to topological properties
of bands and underlies a class of phenomena in condensed-
matter systems enabled by their topological properties.'®® A
geometric magnetic field also appears in photoionization of
chiral molecules by circularly polarized fields.'® This field
arises due to “curly” or “twisted” polarization in vibronic states
or due to “curly” or “twisted” currents. The “twist” originates
from the chiral arrangements of the nuclei and does not vanish
upon averaging over the random molecular orientations. The
geometric magnetic field arising in chiral molecules underlies
several classes of chiral photoionization observables.'®® It is
related to the so-called propensity field that we have introduced
recently.'*°

8.6.1 The propensity field in photoionization. The propen-
sity field involves the vector product of two conjugated photo-
ionization dipoles,'*°

o = = - |:ﬁlzg x I?/?g:|
BR) = ild;, x d: | =i :

7(Ek ")y (36)

where c_i)gg and E,gg =i(Ex — Eg)c?,gg are transition dipoles in the
length and velocity gauges, respectively, and Ej and E, are the
energies of the photoelectron and of the ground state,
respectively.

As usual for photoionization observables, the propensity
field B(/Z) is a function of the photoelectron momentum k.
B(k) quantifies the absorption circular dichroism (CD) for a
specific state |k). The direction of B(k) indicates a preferred
direction in the molecular frame: circularly polarized light
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propagating along this direction maximizes the CD for a
transition from the ground state into a specific final state |%)
Loosely speaking, the direction of E(lz) defines the axis in the
molecular frame along which the rotational symmetry of the
molecule is broken to the highest extent, for a given final state
|k). L

The magnitude of B(k) is proportional to the corresponding
CD, i.e. it is proportional to the difference between the popula-
tions of the state |k) obtained with left and right circularly
polarized light propagating along B(k). Indeed, if we denote the

direction of B(k) by ¢p(k) = B(k)/|B(k)|, we obtain''*'>*

B - e0 = |2~ |z, . (

eg =

k)
EG) ©7)

where c?%g are the photoionization dipoles for ionization by left
or right circularly polarized fields propagating along the direc-
tion specified by B(k). Thus, the vector field B(k) provides the

molecule-specific k-resolved map of maximal possible
photoionization CD.

One can show that the propensity field is similar to the Berry
curvature in two band solids,"®®''® which is responsible for the
circular photogalvanic effect in chiral solids**° in the same way
as the propensity field is responsible for PECD in gas phase
chiral molecules. The geometric magnetic field introduced in
ref. 108 provides a generalization of the propensity field.

The geometric magnetic field'*® reflects the geometry of the
molecular photoionization dipoles and gives rise to three
classes of enantio-sensitive observables, relying on various
quadratures of the geometric field. The new enantio-sensitive
observables of Class I have been completely overlooked so far.
Class I observables can only appear if the current in molecular
bound states was excited prior to photoionization. Thus, Class I
observables can serve as messengers of charge-directed reactiv-
ity: chemical reactivity driven by ultrafast chiral electron
dynamics. The first member of Class I observables is molecular
orientation circular dichroism in photoionization. Observables
of Class II and III include the PECD (and time-dependent
PECD) current and an infinite array of its multipolar versions.
Most of these observables have not been studied so far.

Concept 5. The geometric field'®® underlies vectorial and
tensorial enantio-sensitive observables in photoionization, in
the electric-dipole approximation. Its flux in photoelectron
momentum space quantifies the PECD, its integral over all
photoelectron momenta quantifies chiral current excited in
bound states, its multipole moments characterize multipolar
currents, which can be excited by light fields without net spin
angular momentum. The geometric field in photoionization
can be linked to the Berry curvature.

The geometric field so far served for us as a heuristic
principle for discovering and classifying new enantio-sensitive
observables. Future directions can include identification of new
members of Classes I-III, establishing the connection between
the topology of the geometric field and the topology of the
respective molecular bound and continuum states, and the
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application of enantio-sensitive molecular orientation,"*®
which occurs in neural molecules and molecular ions, for
enantio-separation and ultrafast molecular imaging. Other
possibilities include exploiting the analogy between chiral
effects in photoionization and a broad class of topological
phenomena in solids, aiming to create observables which
encode both chiral and topological properties of matter,'°®"%°
such as quantized circular dichroism.

9 The hierarchy of chiral measures

This section concludes the paper by offering a unified view on
chiral measurements and chiral observables as a cornerstone of
such measurements, ultimately defining their efficiency. In
chiral measurements performed with electromagnetic fields
we usually deal with the following objects: a chiral molecule
and either chiral light (or a combination of electric fields), or a
chiral setup. An enantio-sensitive measurement couples the
pseudoscalars of the two objects: the chiral molecule and the
chiral light and/or electric fields (the “chiral reagent” type of
interaction), or the chiral molecule and the chiral setup (the
“chiral observer” type of interaction). Remarkably, not only the
pseudoscalars of all these chiral objects have very similar
structure, but they also form a very similar hierarchy associated
with the increasing order of non-linear interactions.

A graphical example of such structural similarity of chiral
measures emerges from the comparison of the laser and the
setup pseudoscalars. Table 2 shows that in every order of non-
linearity the structure of these two pseudoscalars is the same,
only the specific vectors are different. Namely, the setup
pseudoscalar always contains vectors associated with the detec-
tor axes, which “substitute” one or more light vectors of the
light pseudoscalar.

The first two rows of Table 2 show the linear chiral measures
involving the light and the setup pseudoscalars, respectively.
Comparing them shows that in PECD the light pseudovector

[E:‘U X EU,} substitutes the light pseudovector B, in absorption

CD, while the detector axis Z substitutes the light vector E,.

The second-order phenomena involving the light and setup
pseudoscalars are shown in the third and fourth rows of the
table. Here non-linear absorption cD® and PXCD/ESMW use
the same light pseudovector, which is given by the cross
product of the electric fields at two different frequencies, but
the third vector necessary to form the desired triple product has
a very different nature. Indeed, the light vector contributing to
the light pseudoscalar in absorption CD® is substituted by the
detector axis Z in PXCD/ESMW. The fifth and sixth rows show
that the same happens in the fourth order of nonlinearity: the
setup pseudoscalar pertinent for tensorial observables such as,
e.g. the quadrupole current, substitutes the two laser vectors
employed in absorption CD® by the detector axes. The
presence of the two detector axes reflects the tensorial nature
of the required detection scheme.

Thus, the overall structure of any chiral measure contribut-
ing to experimental observables is encoded in pseudoscalar
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Phenomenon Molecular pseudoscalar Light/setup pseudoscalar

Linear CD [d pem g™ [E* - B,|""

PECD JdQlk - (d:, x dp))* [z () x E,))*

Non-linear CD ® [d,0(d 21 x d10)] or 12 Z [ 0 (dom % dmO)] w140 {E (3) - [E(w21) x E(w10)]}'
PXCD/ESMW [32,0'(32,1 x 571,0)]72 5 £ (E;; x E, )]

Non-linear CD ¥ (doydi2)ldop(das x dag)]or 7(4] (Ew (u)[Ezu (E:; X Ew)]loo

Quadrupole currents JAQuA (k- o)k - (dzy > di )] + (k- dg [k - (dey x dio)]}*° (Bo - Eo)lE3,, - (3 % 9))'

Permanent quadrupoles [(Q22dh1) - (Jl 0 X dog)] + [(O22d10) - (d21 x dyo)]'* (E, - R)Es, - (E, x )2

PECD @ (circ. pump - circ. probe) e ( (dyo - dq )[E (dio x d;.l)]“ [E(w10) - E*(r)[{2 - [E*(010) X E(wr)]}*
TD-PECD (linear pump - circ. probe) Jko(dz‘o . dl.o)[_’ (%2 % lel)]ss [E*(wzo) . E((Ul )iz [E‘*(a)“) x E(wk D]}
PEXCD (circ. pump - linear probe) (a0 (d: - d; [k - (dog x d0))* [E" (k) - E(ox)[{E - [E*(20) x E(er9)]}*

expressions formed by dot and cross products between appro-
priate vectors. In particular, the chiral measures in the electric
dipole approximation in Table 2 involve a triple product of
three vectors in the lowest order and are subsequently com-
plemented by one scalar product of two vectors per each
subsequent order of non-linearity. For example, the two-
photon pump-probe photoionization of randomly oriented
chiral molecules leads to the appearance of one additional
(with respect to PECD) scalar product of light fields in the setup
pseudoscalar (see the last row of Table 2).

Table 2 reveals not only the common overall structure of
pseudoscalars but also the flexibility in addressing various
molecular properties for distinguishing opposite enantiomers.
The interchangeability of molecular, light and setup vectors is a
great asset for chiral experiments, provided that the vectors
are chosen wisely. Depending on the type of observation,
the enantio-sensitive response of a given molecular sample
can have different strengths and require different light
pseudovectors.

For example, let us compare molecular pseudoscalars for the
linear CD and the non-linear absorption circular dichroism
cD® in Table 2 (note that pseudoscalars of CD® also
describe three-level enantio-sensitive population transfer®>®?).
We see that in the latter case, instead of relying on the
molecular magnetic transition dipole, one can rely on the cross
product of two electric transition dipoles; instead of relying on
the magnetic field one can rely on the cross product of the
electric field at two different frequencies.

One also has freedom in choosing the setup vectors. They
can be constructed not only by introducing detectors for
electrons, as done in PECD, but also by using additional
electronic or vibrational/rotational degrees of freedom intro-
duced via molecular alignment or coincidence detection invol-
ving other electrons, fragments, etc.

Formally, different dot and cross products in light/molecu-
lar/setup pseudoscalars appear as a result of the orientation
averaging procedure. Indeed, the isotropy of the molecular
sample is the reason why these expressions do not depend on
the relative orientations between molecular and setup vectors

26986 | Phys. Chem. Chem. Phys., 2022, 24, 26962-26991

(e.g. through the terms of the form Elﬁi~f?w), but instead only on
the relative orientations between either molecular vectors

among themselves (e.g. aﬁi'ﬁlf’l’), or the setup vectors among
themselves (e.g. E,, - BY)).

In general, if e.g. the process involves several photons, more
vectors become available and the simple Rule 1 requires
generalization.

Rule 5. Enantio-sensitive observables pertinent to randomly
oriented molecular ensembles can be written in the general
form 154,201

iJ

where the g/s and the S/s are molecular and setup (or light)
pseudoscalars, respectlvely, and the M;’s are coupling
constants.

The g/'s result from different possible contractions of Levi-
Civita and Kronecker delta tensors with molecular tensors,
which then lead to the dot and cross products discussed above.
The same applies to the S/s but using the setup (or light)
instead of molecular tensors. In the simplest cases there is a
single possible contraction so that the sum over i and j reduces
to a single term. This is precisely what occurs in the case of Rule
1 in Section 3: the measured click, a scalar v, corresponding to
the projection of the respective vectorial observable v;sonto the
detector axis 2, converts the laser pseudovector L into the setup
pseudoscalar S by projecting I on the detector axis: S =L - . The
resulting expression v =V £ =gS is indeed the simplest case of
Rule 5

10 Conclusions

Our perspective on ultrafast chirality presented here offers a
unifying framework for understanding and quantifying
enantio-sensitive phenomena emerging in the interaction
between chiral molecules and electromagnetic fields. This
framework is applicable to all frequency regimes, from micro-
waves to infrared, to visible, to X-rays and underlies
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spectroscopic tools probing electronic, vibronic or rotational
states of chiral molecules and detecting photons or photo-
electrons. We have described the new concepts of synthetic
and locally chiral light, light with handedness structured in
space, polarization of chirality, and geometric field in chiral
molecules. These concepts lead to new applications in ultrafast
optics and molecular photoionization with intense mid-
infrared fields or X-rays. The perspective on synthetic chiral
light in confined environments and its applications in nano-
photonics will be discussed separately.
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