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Abstract

In this thesis, we present a unified perspective on chiral measurements in the electric-
dipole approximation spanning rotational, vibrational, and electronic dynamics, taking place
in bound states and in unbound continuum states, and covering a wide range of experimental
configurations with light sources ranging from microwaves to synchrotron radiation to state-
of-the-art noncollinearly propagating multifrequency femtosecond laser pulses. In all of these
situations molecular handedness is imprinted either on the photoelectrons or on the photons
emitted by the chiral sample. We develop a theoretical description which not only reveals
but also highlights the physical features that all of these effects share. Our description
encompasses established as well as several new techniques.

Starting from our investigation of one-photon photoelectron circular dichroism, which
provides elementary instances of chiral wavefunctions that revealed insightful mechanisms
for the emergence of the forward-backward asymmetry in the photoelectron angular distri-
bution, we move on to pump probe schemes which reveal that the spin of the pump photon
can be stored in the molecule and then read out at a later time in the photoelectron angular
distribution resulting from photoionization by linearly or unpolarized probe photons. We
then address the role of the detector in defining the chirality of the setup, and how it allows
enantiosensitive detection in the absence of chiral light. Taking this into account we develop
the basis for the unifying framework mentioned above and derive new equations for several
chiral effects. In the case of photoionization the new description allows a deeper understand-
ing of photoelectron circular dichroism and reveals its connections to Berry-curvature-related
effects.

We realize that we can take advantage of the time dependence of the electric field to
produce electric fields chiral within the electric-dipole approximation, which unlocks the full
potential of light to control the enantiosensitive response of chiral matter, and present the
theory to characterize and manipulate these fields at the microscopic and macroscopic scale.
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Zusammenfassung

In dieser Arbeit präsentieren wir eine einheitliche Perspektive auf chirale Messungen in
der elektrischen Dipolnäherung, die Rotations-, Schwingungs- und elektronische Dynamiken
umfasst, die in gebundenen Zuständen und in ungebundenen Kontinuumszuständen stattfin-
den, und eine große Bandbreite experimenteller Konfigurationen mit Lichtquellen abdeckt,
die von Mikrowellen über Synchrotronstrahlung bis hin zu modernsten sich nicht kolline-
ar ausbreitenden Multifrequenz-Femtosekundenlaserpulsen reichen. In all diesen Situationen
wird die molekulare Händigkeit entweder auf die Photoelektronen oder auf die von der chira-
len Probe emittierten Photonen aufgeprägt. Wir entwickeln eine theoretische Beschreibung,
die die physikalischen Eigenschaften nicht nur offenbart, sondern auch hervorhebt, die alle
diese Effekte miteinander teilen. Unsere Beschreibung umfasst sowohl etablierte als auch
mehrere neue Techniken.

Ausgehend von unserer Untersuchung des Ein-Photonen Photoelektronen-Zirkulardichro-
ismus, die elementare Beispiele chiraler Wellenfunktionen liefert, welche wiederum aufschluss-
reiche Mechanismen für die Entstehung der Vorwärts-Rückwärts-Asymmetrie in der Photo-
elektronen -Winkelverteilung aufdecken, gehen wir zu Pump-Probe Anordnungen über, die
zeigen, dass der Spin des Pump-Photons im Molekül gespeichert und zu einem späteren
Zeitpunkt in der Photoelektronen-Winkelverteilung, die sich aus der Photoionisierung durch
linear- oder unpolarisierte Probe-Photonen ergibt, ausgelesen werden kann. Wir befassen
uns dann mit der Rolle des Detektors bei der Definition der Chiralität des Aufbaus und
wie er den enantiosensitiven Nachweis in Abwesenheit von chiralem Licht ermöglicht. Unter
Berücksichtigung dessen entwickeln wir die Grundlage für den oben genannten einheitlichen
Rahmen und leiten neue Gleichungen für mehrere chirale Effekte ab. Im Falle der Pho-
toionisation ermöglicht die neue Beschreibung ein tieferes Verständnis des Photoelektronen-
Zirkulardichroismus und zeigt seine Verbindungen zu Berry-Krümmungsverwandten Effekten
auf.

Wir erkennen, dass wir die Zeitabhängigkeit des elektrischen Feldes nutzen können, um
elektrische Felder zu erzeugen, die innerhalb der elektrischen Dipolnäherung chiral sind, was
das volle Potenzial des Lichts freisetzt, um die enantiosensitive Reaktion chiraler Materie zu
kontrollieren, und stellen die Theorie zur Charakterisierung und Manipulation dieser Felder
auf mikroskopischer und makroskopischer Skala vor.
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1 Introduction

This introduction aims to provide the reader with the fundamental background necessary to
understand and assess the publications that resulted from this thesis. At the risk of trivializing
the results in these publications, I have decided to write this introduction in such a way that it
incorporates from the outset the main concepts and the core of the understanding that we have
achieved during the course of this thesis. Concepts such as chiral setup and locally chiral light
as well as several equations describing different chiral effects will be introduced as soon as they
become relevant for the discussion, regardless of the fact that they were developed only recently
by us. We do this with the objective of sharing with the reader in a smooth and compact way
the unified view of different chiral effects that we have achieved over the last four years. We
have nevertheless tried to clearly differentiate our contribution from the contributions of others
whenever necessary.

The introduction is organized as follows, first we introduce chirality and how it can be quantified.
Then, we introduce the quintessential chiral effects of optical activity and circular dichroism.
Afterwards, we introduce several (and mostly very recent) chiral effects taking place within the
electric-dipole approximation. These we divide into a group where the observables are photons
and another where the observables are photoelectrons.

1.1 Chirality: a symmetric asymmetry

Chirality (handedness) is the geometrical feature that we perceive as the difference between a
left hand and a right hand. Like left and right hands, a chiral object and its mirror image (a
pair of enantiomorphs) have distinct shapes. Since rotations do not affect shapes, a chiral object
is usually defined as an object which cannot be transformed into its reflection (a discrete parity-
inverting transformation) by a rotation (a continuous parity-conserving transformation). In other
words, one cannot transform a chiral object into its mirror image without changing the relative
position between its points (the shape). This particular lack of symmetry can be formulated in
the language of group theory by stating that the point group of a chiral object lacks improper
rotational axes. Some examples of chiral objects are shown in Fig. 1.

The handedness of an object can be quantified by pseudoscalars, that is, scalar numbers which
change sign upon inversion r⃗ → −r⃗. Pseudoscalars usually occur as the product of a vector and
a pseudovector. Pseudovectors are in turn vectors that do not change direction upon spatial
inversion and usually occur as the cross product between two (polar) vectors1. We can draw
pseudovectors as curved arrows indicating a rotation (⟲ or ⟳). For example, the chirality of the
object in Fig. 1b, which consists of four distinguishable points forming a tetrahedron, can be
characterized through the triple scalar product

χ = r⃗1,0 · (r⃗2,0 × r⃗3,0) , (1)

where r⃗i,j = r⃗i − r⃗j are relative positions, and r⃗i with i = 0, 1, 2, 3 are the positions of the red,
green, blue, and black points, respectively. Upon spatial inversion all position vectors transform

1From here on we will write simply “vector” when we refer to a polar vector.
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Figure 1: Examples of chiral objects: a) Four indistinguishable points forming a chiral non-
regular tetrahedron. The point inside the equilateral triangle is above the plane of the page.
The relative positions of the points make them distinguishable. b) Four distinguishable and non-
coplanar points forming a regular tetrahedron. The red point is above the plane of the page.
c) Indistinguishable points forming a three-dimensional curve. d) A combination of a vector
(straight arrow) and a pseudovector (curved arrow). e) to h) show the mirror images of a) to d).

as r⃗i → −r⃗i so that all relative positions transform as r⃗i,j → −r⃗i,j , the pseudovector r⃗2,0 × r⃗3,0
remains invariant, and therefore χ → −χ. The pseudoscalar χ depends only on the relative
positions between the points and is fully independent of the reference frame, which is exactly
what we expect from a property that depends only on the shape of the object and neither on its
position nor orientation. Furthermore, since |χ| is proportional to the volume of the tetrahedron,
it vanishes when the three vectors are coplanar, which appropriately reflects the lack of chirality
in that case. Note that the definition of right handedness and left handedness or of positive and
negative χ is arbitrary.

In physics, chirality plays a very prominent role in at least two scenarios: when dealing with the
weak force2 and when dealing with chiral molecules. In the latter case, which is the only one we
will treat here, the positions of the nuclei form stable3 chiral structures of either handedness (pairs
of enantiomers) as for example those shown in Fig. 2. As a consequence of the parity symmetry
of the electromagnetic interaction holding the molecule together, opposite enantiomers share the
same energy spectrum4, which in practice makes their distinction and separation considerably
more involved than otherwise. A guiding principle in the study of enantiomeric recognition is
that

two opposite enantiomorphs behave differently only when
they are probed by a third chiral object

(2)

2The weak interaction is the only fundamental interaction that is not parity symmetric [1]. This striking
violation of symmetry implies that there are phenomena that occur in nature but whose mirror image does not
occur in nature!

3Like in the nitrogen inversion occurring in ammonia, the nuclear configurations of two opposite enantiomers
correspond to degenerate potential energy minima separated by a potential energy barrier. In many chiral mole-
cules the barrier can be such that the enantiomers can be considered stable for all practical purposes.

4Extremely tiny energy differences due to the weak interaction have been predicted but they have not been
observed so far (see Sec. 8 in Ref. [2] and references therein).
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Figure 2: Examples of chiral molecules: a) Bromochlorofluoromethane CHBrClF, one of the
simplest chiral molecules b) Propylene oxide CH3CHCH2O, the first chiral molecule detected in
the interstellar medium [7]. c) DNA [8] d) A synthetic molecular rotary motor [9].

i.e., given two opposite enantiomers L and R, and a chiral probe L′, the interaction between L
and L′ is in principle different from that between R and L′. Whether such a difference can be
readily measured is a different matter, which in general depends on the situation at hand.

Chiral molecules are not only very abundant in nature, but they also play a very important role
in living organisms, where puzzling enough, they always show up with the same handedness. For
example, the essential amino acid phenylalanine, which is a precursor of the neurotransmitters
dopamine (pleasure), noradrenaline, and adrenaline (fight or flight), is always left handed. This
marked asymmetry between the occurrence of the left and right versions of biological molecules
is known as homochirality and, although several hypotheses have been proposed (see e.g. Ref.
[3] and references therein), its origin remains an open question. Regardless of how it came
about, homochirality has very important practical consequences for us (living beings) because
the enantiopurity of our bodies makes us automatically enantiosensitive, that is, our bodies, or
more specifically, our biological receptors, react differently when exposed to either left or right
versions of a given external molecule. In some cases such difference can be rather manifest and
appear as a difference in taste [4], smell [5], or pharmacological activity [6].

Now, instead of the interaction between chiral molecules with other chiral molecules, we will
discuss the interaction between chiral molecules and electromagnetic fields.

1.2 The interaction between light and chiral molecules

The beginnings of the study of molecular chirality are intimately related with the development
of the wave theory of light and in particular with the realization that light is a transverse wave
that can be polarized5. As monochromatic linearly polarized light traverses a chiral medium,
its plane of polarization rotates around the axis of propagation as shown in Fig. 3. In this
phenomenon, known as optical rotation or optical activity (OA) [10, 12, 13], the rotation of the
plane of polarization is a manifestation of the breaking of inversion symmetry due to the chirality
of the medium. According to the parity symmetry of the electromagnetic interaction, which is
the only relevant interaction in this case, if a phenomenon is possible then its mirror image is
equally possible. For OA this means that if the plane of polarization rotates by an angle θ in one

5For a historical review see Refs. [10] and [11].
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Figure 3: Optical activity: rotation of the plane of polarization of linearly polarized light (shown
in red) as it propagates across either a left- (L) or a right-handed (R) medium. The systems are
mirror images of each other.

Figure 4: Symmetry of optical activity. An isotropic chiral molecular sample L interacts with a
linearly polarized electric field E⃗ with wave vector k⃗ (coming out of the page) and as a result of

this interaction the electric field is rotated by an angle θ⃗ (a pseudovector). A reflection in the

plane defined by E⃗ and k⃗ changes the handedness from L to R, leaves E⃗ and k⃗ unaffected, and
reverses the rotation θ⃗.

enantiomer, it must rotate by an angle −θ in the opposite enantiomer, so that both situations
are indeed mirror images of each other (see Fig. 3). In general, if the behavior of one enantiomer
is known, one must only take a mirror image of the whole system to figure out the behavior of
the opposite enantiomer. Figure 4 shows a simplified scheme of OA in terms of “reactants” and
“product”, where the reactants are the chiral medium and the monochromatic linearly polarized
light, and the product is the rotation by which the plane of polarization is rotated. Later we will
be more careful regarding the role of light as a “reactant”.

To understand better the role of molecular chirality in OA, Fig. 5 shows how the absence of
chirality leads to reflection symmetry of the whole system, which precludes optical rotation.
In addition, Fig. 5 also shows that OA can occur only when the wave vector k⃗ is taken into
account. In a monochromatic plane wave, k⃗ encodes the propagation direction in the spatial

dependence eik⃗·r⃗ of the field. This is very important because in many cases the wavelength of the
radiation is very large compared to the molecular size and therefore the effects of taking the spatial

dependence of the field into account are rather small at the single-molecule level (eik⃗·r⃗ ≈ 1). In
such cases the observation of OA requires the light to interact with many molecules in order for
the small single-molecule effect to accumulate into a readily measurable signal.

As originally recognized by Fresnel, by decomposing linearly polarized light into a coherent su-
perposition of left and right circularly polarized light (CPL), OA can be understood as resulting
from a difference in the phase velocities for each helicity of the CPL in the given chiral medium

4



Figure 5: a) If we assume that as a result of the interaction between an isotropic achiral medium

(L+R) and a linearly polarized field (E⃗, k⃗) we obtain an angle of rotation θ⃗, then reflection across
the plane of polarization yields the same “reactants” but an opposite angle of rotation, which can
only be true when θ = 0. In other words, the reflection symmetry of the “reactants” with respect
to the plane of polarization rules out any pseudovector observable in that plane. b) If we assume

that as a result of the interaction between an isotropic chiral medium (L) and a k⃗-independent

(e.g. a standing wave or a field in the electric-dipole approximation) linearly polarized field E⃗

we obtain an angle of rotation θ⃗, then rotation by π around the polarization axis yields the same
“reactants” but an opposite angle of rotation, which can only be true when θ = 0. In other
words, the rotation symmetry of the “reactants” around E⃗ rules out any vector or pseudovector
observable in the plane perpendicular to E⃗.

(see e.g. Ref. [10] and page 19 in Ref. [11]). Such difference is a manifestation of the chirality
of CPL, which is encoded in the handedness of the helix formed by circularly polarized light
in space (see Fig. 6). The handedness of CPL (a pseudoscalar) is given by the projection of
the photon’s spin (i.e. the pseudovector indicating the direction of rotation of the CPL) on the

propagation direction k̂ (a vector). The chirality of the CPL also implies that for wavelengths
in the vicinity of an absorption band of a chiral molecule6, left and right CPL is absorbed by
different amounts in a given enantiomer, which is known as circular dichroism (CD)7 [10, 12, 13].
In this case, there are four possible combinations of molecular handedness and CPL handedness
[(R,R), (R,L), (L,R), (L,L)], however, since absorption is a scalar (i.e. a number which does
not change sign upon inversion), the parity symmetry of the electromagnetic interaction implies
that A (R,R) = A (L,L) and A (R,L) = A (L,R), where A is the amount of absorption, the
first argument is the molecular handedness, and the second argument is the CPL handedness.
Since the propagation direction k⃗ is required to define the CPL handedness, the emergence of
CD requires taking into account the spatial dependence of the field (which enters together with

k⃗ as eik⃗·r⃗), and like OA, it is also a very small effect when the wavelength is much larger than
the molecular dimensions.

To formalize a little bit what we have just stated, let’s consider the potential energy V describing
the interaction of a system of charges with an electromagnetic field. A multipolar expansion of
the electric and magnetic fields yields [10]

V (t) = qϕ (0, t) − d⃗ · E⃗ (0, t) − m⃗ · B⃗ (0, t) − 1

3
∇⃗ ·
[︂
QE⃗ (r⃗, t)

]︂ ⃓⃓
⃓⃓
r⃗=0

+ . . . , (3)

where q (scalar), d⃗ (vector), m⃗ (pseudovector), and Q (2nd rank tensor) are the monopole,
electric dipole, magnetic dipole, and electric quadrupole of the charge distribution, respectively,

6Remember that both molecular enantiomers share the same spectrum.
7Although the word dichroism literally stands for two different photon energies (colors), circular dichroism

refers to the difference in absorption between left and right CPL at the same photon energy.
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Figure 6: Circularly polarized light propagating in the z direction forms a helix in (Ex, Ey, z)
space. Its helicity (handedness) is given by the scalar product between the rotation direction
pseudovector (photon’s spin) and the propagation direction. Its characteristic scale is given by
the wavelength.

and ϕ (r⃗, t), A (r⃗, t), E⃗ (r⃗, t) = −∇⃗ϕ−∂tA⃗ (r⃗, t), and B⃗ (r⃗, t) = ∇⃗×A⃗ (r⃗, t) are the scalar potential,
vector potential, electric field, and magnetic field, respectively. To a get a feeling for the relative
magnitude of the different terms consider a particle with charge q, distance to the origin r0, and

speed v0 interacting with a plane wave E⃗ = E⃗0e
i(k⃗·r⃗−ωt) + c.c. A crude classical approximation

yields |d⃗ · E⃗| ∼ |qr0E0|, |m⃗ · B⃗| ∼
⃓⃓
qr0

v0
c E0

⃓⃓
, and |∇⃗ ·QE⃗|r⃗=0 =

⃓⃓
qr20kE0

⃓⃓
, and therefore

|m⃗ · B⃗|
|d⃗ · E⃗|

∼ v0
c
,

|∇⃗ ·
[︂
QE⃗ (r⃗, t)

]︂
|

|d⃗ · E⃗|
∼ r0

λ
, (4)

where λ = 2π/k is the wavelength and c is the speed of light. This shows that, at least for classical
charges which move at speeds well below the speed of light and for wavelengths far bigger than
the characteristic scale of the charge distribution, the electric-dipole interaction clearly dominates
over the magnetic-dipole and electric-quadrupole interactions. Quantum mechanically this is also
the case, except for particular situations such as when selection rules forbid the electric-dipole
transition. Note also that, since for a plane wave ωB⃗ = k⃗× E⃗, a theoretical description including
both electric- and magnetic-dipole interactions implicitly includes k⃗ as well.

As discussed above, already from symmetry arguments it is clear that OA and CD require taking
the wave vector k⃗ into account. Formally, this corresponds to taking the magnetic dipole and
the electric quadrupole terms in Eq. (3) into account. For the case of CD, one needs to consider
only the interaction of a chiral molecule initially in the ground state with light resonant with
a transition between the ground state |g⟩ and an excited state |e⟩. The probability amplitude
of the excited state then contains contributions from the electric-dipole, magnetic-dipole, and
electric-quadrupole terms (the latter we do not write explicitly)

ae = −d⃗eg · E⃗ − m⃗eg · B⃗ − . . . , (5)

6



where d⃗eg = ⟨e|d⃗|g⟩, m⃗eg = ⟨e|m⃗|g⟩, E⃗ (0, t) = E⃗e−iωt + c.c., B⃗ (0, t) = B⃗e−iωt + c.c. The lowest

order terms contributing to the population of the excited state |ae|2 correspond to the direct
electric-dipole, the interference between electric-dipole and magnetic-dipole, and the interference
between the electric-dipole and the electric-quadrupole (the latter we do not write explicitly)

|ae|2 = |d⃗eg · E⃗ |2 + 2Re
{︂

(d⃗eg · E⃗)∗(m⃗eg · B⃗)
}︂

+ . . . , (6)

which after orientation averaging over all molecular orientations (denoted by ϱ) becomes8

∫︂
dϱ |ae|2 =

1

3
|d⃗eg|2|E⃗ |2 +

2

3
Re
{︂

(d⃗∗eg · m⃗eg)(E⃗∗ · B⃗)
}︂

+ . . . (7)

The interference term between the electric-dipole and the electric-quadrupole vanishes exactly af-
ter orientation averaging. Note that the interference term (scalar) is the product of a rotationally-

invariant9 molecular pseudoscalar (d⃗∗eg ·m⃗eg) and a field pseudoscalar (E⃗∗ · B⃗), therefore it changes
sign for either opposite enantiomers or opposite helicities of the light and is zero when the molecule
is achiral or the field is achiral (e.g. linearly polarized). In fact, since we can represent the unper-

turbed states |g⟩ and |e⟩ by real wavefunctions, d⃗eg is a real vector and m⃗eg ≡ im⃗′
eg is a purely

imaginary vector, and since cB⃗ = k̂ × E⃗ , then we can write

∫︂
dϱ |ae|2 =

1

3
|d⃗eg|2|E⃗ |2 +

2

3c

(︂
d⃗eg · m⃗′

eg

)︂ [︂
k̂ ·
(︂
iE⃗ × E⃗∗

)︂]︂
, (8)

where k̂ = k⃗/k is the propagation direction and iE⃗ × E⃗∗ is a real vector parallel to the photon’s
spin10. The population of the excited state and therefore the light absorption will be modulated
by an interference term which is the product of the molecular handedness and the electromagnetic
field handedness (helicity). The molecular handedness in Eq. (8) is defined by the sign of d⃗eg ·m⃗′

eg

and for a different pair of states this sign can be different. This reflects the fact that a sufficiently
complex object can have several parts, each with its own handedness. A basic example is shown
in Fig. 7. Quantum mechanical examples are discussed in Sec. IV of Ref. [16] (see Sec. 4.3). Of
course, which handedness we probe depends on how we probe the object. In the case of chiral
molecules, there is an infinite number of ways of combining the transition dipoles between all
the available states to form pseudoscalars, and therefore an infinite number of handedness can
be associated with a single molecule. We will see some examples of these possible pseudoscalars
below. Circularly polarized light resonant with a given transition allows us to probe exactly
one of these handedness. The interference term in Eq. (8) is the mathematical manifestation
of the fundamental statement (2). Equation (8) mathematically expresses how the result of an
interaction between two chiral objects depends on their relative handedness.

8See Ref. [14] to learn how to do orientation averaging analytically and our work [15] (see Secs. 2.3 and 4.3
here) for several applications relevant to chirality.

9Scalar or vector products between two vectors are independent of the frame of reference. In isotropic samples,
such rotational invariants are the only molecular properties that survive orientation averaging.

10For circular polarization in the xy plane E⃗ = E (x̂± iŷ) /
√
2, which yields iE⃗ × E⃗∗ = ±ẑ.
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Figure 7: An object displaying two independent handedness: a helix made of a more tightly
bound helix.

At this point, and in the light of statement (2) one might find it paradoxical that in OA, linearly
polarized light, which is evidently not chiral11, can be used to probe the handedness of a molecular
sample. While in CD the chirality of the probe is evidently encoded in the helicity of the circularly
polarized light, in OA the chirality of the probe relies on taking into account not only the light but
also the configuration of the detector measuring the rotation angle. In contrast to an absorption
measurement where the output is always positive (slightly bigger for one enantiomer than for
the other), in an angle measurement the output can be either positive or negative. In particular,
the experimenter must arbitrarily define what rotation direction is positive and what rotation
direction is negative. By doing this, the experimenter establishes a reference pseudovector θ̂ref
that allows the angles to be written as θ⃗ = θθ̂ref and determines whether θ (a scalar) is positive
or negative. Analogously to how in CD the handedness of the probe was given by the projection
of k̂ (vector) on the photon’s spin iE⃗ × E⃗∗ (pseudovector), in OA the handedness of the probe will

be given by the projection of k̂ on θ̂ref . That is, instead of having chiral light we have a chiral
setup (see Fig. 8) acting as the chiral probe. Although the arbitrariness of choosing θ̂ref looks
somewhat artificial, the same arbitrariness takes place when in a CD spectrum, which only shows
the difference between absorption of right-circularly-polarized light (RCP) and left-circularly-
polarized (LCP) light [the interference term in Eq. (8)], the experimenter defines if he is going
to subtract the RCP spectrum from the LCP spectrum or vice versa. Formally, by using the
potential energy in Eq. (3), a semiclassical description of the light-matter interaction, and first
order perturbation theory, one can show that the induced polarization in the isotropic sample has
a term proportional to the time derivative of B⃗ (0, t) and the induced magnetization has a term

proportional to the time derivative of E⃗ (0, t). The resulting constitutive relations in Maxwell’s
equations lead to an angle of rotation per unit length given by an expression of the form [12]12

θ = C
∑︂

i

(︄
1

ω2
ig − ω2

)︄(︂
d⃗gi · m⃗′

ig

)︂(︂
k̂ · θ̂ref

)︂
(9)

where C is a (scalar) constant which depends on the wavelength of the incoming light and the
density of the medium, and the sum is over all states |i⟩. The quantity θ is the product of a

molecular pseudoscalar
∑︁

i(d⃗gi · m⃗′
ig)/(ω2

ig − ω2) and a setup pseudoscalar (k̂ · θ̂ref). This shows

11The electromagnetic field of a linearly polarized wave {E⃗ (r⃗, t) , B⃗ (r⃗, t)} is symmetric with respect to reflections

in the plane perpendicular to B⃗ (r⃗, t). E⃗ is contained in that plane and B⃗ is a pseudovector which is invariant
under such reflection.

12Use equations 22, 55, 56β in Ref. [12], and then take into account that in Ref. [12] it is assumed (as is usual)

that θ̂ref points in the same direction as k̂. Note however that θ̂ref is a pseudovector arbitrarily defined while k̂ is
a vector with a fixed physical meaning.
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Figure 8: Chiral setup in optical activity. k⃗ is the propagation direction of the light and θ̂ref is
the rotation direction defined as positive.

how, by helping to form a chiral setup, the detection scheme can allow chiral discrimination of an
isotropic sample in the absence of chiral light. Although at the time we did not consider OA, we
have discussed chiral setups and their role in the absence of chiral light in Ref. [15] (see Secs. 2.3
and 4.3 here). There we focused on vector observables as opposed to pseudovector observables

such as θ⃗, but the idea is essentially the same.

1.3 Chiral effects in the electric-dipole approximation

As illustrated in the previous section, both optical activity (OA) and circular dichroism (CD)

rely on the wave vector k⃗, which is encoded in the spatial dependence eik⃗·r⃗ of the propagating
wave. OA and CD are therefore usually small effects whenever the wavelength is much greater
than the molecular dimensions. To bypass such limitation it is desirable to find chiral effects
which do not rely on the spatial dependence of the light, that is, effects which do occur even in

the limit where eik⃗·r⃗ = 1, i.e. in the so-called electric-dipole approximation where terms beyond
the electric monopole and electric dipole in Eq. (3) are neglected. The first of these effects was
predicted by Giordmaine in the context of nonlinear optics [17] and the second by Ritchie in
the context of photoionization [18]. The essence of both effects is that, analogously to OA, the
breaking of reflection symmetry caused by the presence of the chiral medium allows for a response
which is perpendicular to the plane of polarization of the incident radiation, and is directed in
opposite directions for opposite enantiomers.

For the readers familiar with the “coupled-oscillator model” used to model CD and OA in large
molecules made of two groups (see e.g. Ref. [19]), it must be remarked that although this model
uses the electric-dipole approximation for each group in the chromophore, the electric field at
the position of each group is different, and therefore the model explicitly takes into account the
variation of the electric field in space. That is, the model describes the interaction between the
molecule and the light beyond the electric-dipole approximation.

1.3.1 Enantiosensitive photon emission

A few years after the first observation of second-harmonic generation [20], Giordmaine realized
that the processes of sum- and difference-frequency generation (SFG and DFG) could take place
in an isotropic medium within the electric-dipole approximation provided the medium was chiral
[17]. Specifically, he found that, after orientation averaging (see e.g. Refs. [14, 15] and Sec. 4.3),
the second order polarization at the sum frequency takes the form13

13For an introduction to nonlinear optics see e.g. Ref. [21].
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P⃗ (2) (ω1 + ω2) = χ(2)
[︂
E⃗ (ω1) × E⃗ (ω2)

]︂
(10)

where P⃗ (2) (ω) is the Fourier amplitude of the second-order polarization at the frequency ω,

E⃗ (ω) is the Fourier amplitude of the electric field at the frequency ω, and χ
(2)
+ is a second-

order susceptibility-like term for sum-frequency generation which contains a sum of expressions
involving terms of the form d⃗gm · (d⃗mk × d⃗kg) [cf. Eqs. (8) and (9)], where d⃗ij ≡ ⟨i|d⃗|j⟩, d⃗ is the
electric-dipole vector operator [see Eq. (3)], |g⟩ is the ground state, and |m⟩ and |k⟩ are excited
states which are summed over. Since both the electric field and the polarization are vectors,

E⃗ (ω1) × E⃗ (ω2) is a pseudovector and χ
(2)
+ is a pseudoscalar (i.e. χ

(2)
+,R = −χ(2)

+,L) encoding the
response of the medium [cf. Eq. (9)]. Furthermore, since Eq. (10) has been already averaged

over all possible molecular orientations, then χ
(2)
+ contains only molecular information which is

reference-frame independent (i.e. rotationally invariant). In short, χ
(2)
+ encodes the handedness of

the medium. We can also see in Eq. (10) that P⃗ (2) (ω1 + ω2) is perpendicular to E⃗ (ω1) and E⃗ (ω2)

and has opposite signs for left and right enantiomers, i.e. P⃗ (2) (ω1 + ω2) is enantiosensitive. In
the time domain this means that the induced polarization at the sum frequency in one enantiomer
is delayed by π with respect to the other enantiomer. Figure 9 shows the total incident field and
the sum frequency polarization for a specific incident field. In this figure we can clearly see how

the π phase difference between P⃗
(2)
L (ω1 + ω2) and P⃗

(2)
R (ω1 + ω2) follows from applying a mirror

reflection of the whole system across the plane defined by the incident fields. An analogous
reasoning can be made for difference-frequency generation. Importantly, the enantiosensitive
information is encoded in the phase of the induced polarization but not in its intensity. This
means that an intensity measurement is able to distinguish a chiral medium from an achiral
medium, but it is not able to distinguish left enantiomers from right enantiomers.

As we discuss in Ref. [15] (see Secs. 2.3 and 4.3 here), enantiosensitive effects which rely on
observing a vector (as opposed to a scalar) and which occur in the absence of a chiral field
rely on a chiral setup consisting of the electric field and the detection scheme together. The
enantiosensitive polarization in Eq. (10) is one of these effects. In comparison to Eq. (9), we see
that in Eq. (10) we have not yet projected the observable on a reference vector v⃗ref defined in
the laboratory frame. Such projection would yield a scalar number P (2) (ω1 + ω2) which is the
product of the molecular handedness and the chiral setup handedness. For the moment we will
however leave Eq. (10) as it is to emphasize the vector character of the observable and refer the
reader to Ref. [15] (see Secs. 2.3 and 4.3 here).

The chiral/achiral distinction via sum frequency generation was experimentally confirmed shortly
afterwards by Rentzepis et al. [22]14, however, the interpretation of Rentzepis’ experiment has
been challenged by recent numerical and experimental works [23] according to which the mag-
nitude of the effect is, although readily measurable [24, 25], considerably smaller than originally
thought.

14An important point in these experiments is that in order for the induced polarization of the molecules to
add constructively a condition known as phase matching must be satisfied [21]. Phase matching requires that

k⃗+ = k⃗1 + k⃗2, where k⃗1, k⃗2, and k⃗+ are the wave vectors of the waves with frequencies ω1, ω2, and ω1 + ω2,
respectively. The longer the length across which the sum generation occurs, the more precisely this condition must
be satisfied. This is the reason why the sum frequency experiments take place with non-collinear beam geometries.
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Figure 9: Second order induced polarization at the sum frequency in left and right enantiomers.
The blue line indicates the Lissajous figure of the total incident field E⃗ (t) = cos (2ωt+ π/2) x̂+
cos (ωt) ŷ, and the symbols ⊙ and ⊗ indicate the second order induced polarization at the sum
frequency 3ω pointing out of and into the page, respectively, at intervals of 1/6 of the fundamental
period T = 2π/ω (half of the period associated with the 3ω frequency). Note that the left and
the right figures are mirror images of each other across the plane of the page.

An alternative direction was taken by Hicks et al. [26, 27, 28] who measured the analogues of
CD and OA for second harmonic generation (SHG) in chiral monolayers. The monolayers are
formed at the interface between two achiral media such as water and air. Although SHG-CD
and SHG-OA vanish for isotropic samples in the electric-dipole approximation, the anisotropy of
the interface imposes a certain degree of orientation15 on the chiral molecules that make up the
chiral monolayer, which leads to electric-dipole-allowed SHG-CD and SHG-OA. This explains
the striking values measured by Hicks et al., which are thousand times bigger than those for
linear CD and OA16, which stem from interferences between electric-dipole and magnetic-dipole
transitions. Although strictly valid for monolayers, the theoretical analyses of Hicks et al. [28, 27]
revealed a general mechanism. They found that the induced polarization in the case of SHG-CD
was of the form17

P⃗ (2) (2ω) = P⃗
(2)
chiral (2ω) + P⃗

(2)
achiral (2ω) , (11)

where P⃗
(2)
chiral is enantiosensitive (it has opposite signs for opposite enantiomers) and P⃗

(2)
achiral is

not enantiosensitive (it has the same sign for opposite enantiomers). Crucially, the (at first sight

undesirable) presence of P⃗
(2)
achiral leads to an intensity of the form (we drop the 2ω argument for

simplicity)

⃓⃓
⃓P⃗ (2)

⃓⃓
⃓ =

⃓⃓
⃓P⃗ (2)

chiral

⃓⃓
⃓
2

+
⃓⃓
⃓P⃗ (2)

achiral

⃓⃓
⃓
2

+ 2Re
{︂
P⃗

(2)∗
chiral · P⃗

(2)
achiral

}︂
, (12)

15The surface has C∞ symmetry with respect to the normal to the surface. If additional anisotropy is present
then the effect takes place even for achiral molecules [29].

16A more detailed description of the great results obtained in the nonlinear response of chiral surfaces goes
beyond the scope of this work.

17The actual expressions in Refs. [28, 27] are for the intensity of specific components of P⃗ (2) (2ω) in terms of

the components of second order susceptibility tensors χ
(2)
ijk.
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where the interference term and therefore also the intensity at the second harmonic are enantiosen-
sitive. This is in contrast to what we have in Eq. (10), where P⃗ (2) (ω1 + ω2) is enantiosensitive

but |P⃗ (2) (ω1 + ω2) |2 is not, and it shows how an achiral (not enantiosensitive) amplitude can
be used to resolve the enantiomers in intensity measurements. Like in any interference effect,
the amount of modulation of the signal will depend on the relative magnitude and on the angle

between P⃗
(2)
chiral and P⃗

(2)
achiral. The enantiosensitivity in systems of uniaxially oriented chiral mole-

cules, not necessarily in a monolayer, will display the same physics (in terms of chirality) as the
monolayers.

In the light of the results of Hicks et al. [26, 27, 28] and coming back to SFG in isotropic media,
Belkin et al. [24] realized that if one takes into account the effect of the magnetic-dipole and the
electric-quadrupole interactions then one also obtains an expression of the form,

P⃗ (2) (ω1 + ω2) = P⃗
(2)
chiral (ω1 + ω2) + P⃗

(2)
achiral (ω1 + ω2) , (13)

where P⃗
(2)
chiral is caused by the electric-dipole interaction and is given by Eq. (10) and P⃗

(2)
achiral is

caused by the magnetic-dipole and electric-quadrupole interactions. Then, they relied on the (at

first sight undesirable) smallness of P⃗
(2)
chiral (ω1 + ω2), which opportunely turns out to be (at least

in some cases) of the same order of magnitude as P⃗
(2)
achiral (ω1 + ω2), to experimentally obtain huge

differences of up to ∼ 30% in the intensities of SFG resulting from opposite enantiomers. One
can show that the interference term will have the form18

2Re
{︂
P⃗

(2)∗
chiralP⃗

(2)
achiral

}︂
= −2Re

{︃
χ(2)∗
ee χ(2)

em

[︂
E⃗∗ (ω1) · B⃗ (ω2)

]︂ [︂
E⃗∗ (ω2) · E⃗ (ω1)

]︂

+ χ(2)∗
ee χ(2)

me

[︂
B⃗ (ω1) · E⃗∗ (ω2)

]︂ [︂
E⃗∗ (ω1) · E⃗ (ω2)

]︂}︃
+ · · · (14)

where each term is the product of a molecular pseudoscalar (e.g. χ
(2)∗
ee χ

(2)
em) associated with the

molecular handedness and a field pseudoscalar (e.g. [E⃗∗ (ω1) · B⃗ (ω2)][E⃗∗ (ω2) · E⃗ (ω1)]) associated
with the field handedness. In comparison with Eqs. (8) and (9) where the field pseudoscalar was
between the electric field and the magnetic field at the same frequency, in this configuration the
field pseudoscalars involve scalar products between the electric field of one frequency with the
magnetic field of the other frequency. There are also electric-quadrupole contributions to Eq.
(14) which we do not write here for simplicity.

A couple of years before the work of Belkin et al. [24], Buckingham and Fischer [30] theoretically
obtained an expression like Eq. (13) but instead of relying on the magnetic-dipole and the

electric-quadrupole to obtain P⃗
(2)
achiral (ω1 + ω2) they relied on a static electric field to obtain

P⃗
(3)
achiral (ω1 + ω2 + 0). In this case, the enantiosensitive signal is linear in the amplitude of the

static electric field and the effect occurs within the electric-dipole approximation. Fischer et al.
then proceeded to confirm this higher-order electro-optic (Pockels) effect experimentally [31] and
with a ∼ 2.5 kV/cm static field they were able to achieve an intensity signal of up to ∼ 20% of

18This requires taking into account that P⃗
(2)
achiral(ω1 +ω2) = χ

(2)
emE⃗ (ω1)×B⃗ (ω2)+χ

(2)
meB⃗ (ω1)× E⃗ (ω2)+ . . . and

some vector algebra.
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the of the SFG signal in the absence of the static electric field. In this case one can show that
the interference term takes the form

2Re
{︂
P⃗

(2)∗
chiral · P⃗

(3)
achiral

}︂
= 2Re

{︃
χ(2)∗χ(3)

1

(︂[︂
E⃗ (ω1) × E⃗ (ω2)

]︂∗
· E⃗ (ω1)

)︂ [︂
E⃗ (ω2) · E⃗2 (0)

]︂

+ χ(2)∗χ(3)
2

(︂[︂
E⃗ (ω1) × E⃗ (ω2)

]︂∗
· E⃗ (ω2)

)︂ [︂
E⃗ (ω1) · E⃗2 (0)

]︂

+ χ(2)∗χ(3)
3

(︂[︂
E⃗ (ω1) × E⃗ (ω2)

]︂∗
· E⃗ (0)

)︂ [︂
E⃗ (ω1) · E⃗2 (ω2)

]︂}︃
(15)

where again each term is the product of a molecular pseudoscalar associated with the molecular
handedness and a field pseudoscalar associated with the field handedness [cf. Eqs. (8), (14)]. A
review of nonlinear optical effects in chiral media discussing the effects we have considered so far
can be found in Ref. [32].

More recently, Patterson et al. [33] conducted an experiment where they exposed a chiral medium

to a static electric field E⃗ (0) and resonantly excited a perturbed rotational level with a linearly

polarized field E⃗ (ω). Once the fields E⃗ (ω) and E⃗ (0) were removed, the oscillating electric field
emitted by the free oscillations of the medium polarization (free induction decay) was measured

(including phase) and its component perpendicular to the fields E⃗ (ω) and E⃗ (0) was observed
to oscillate with opposite phases in opposite enantiomers. Similarly to SFG, if the medium
were achiral the whole system would be reflection symmetric with respect to the plane defined
by E⃗ (ω) and E⃗ (0) and therefore no response perpendicular to this plane could occur. A chiral
medium breaks this symmetry and allows the emergence of such a response. Also like in SFG, the
opposite phase in opposite enantiomers follows from considering the mirror image of the whole
system across the plane defined by the incident fields. The general mechanism leading to this
enantiosensitive free induction decay (FID) will be explained in one of the publications that are
part of this work (see section IV.C.1 in Ref. [15] and Sec. 4.3 here). For the sake of offering a
consistent picture to the reader we anticipate that in this case we found that the amplitude of
the polarization responsible for this effect has the form

∑︂

Mg,Mm,Mn

∑︂

m ̸=n

1

ωmn

[︂
d⃗gn ·

(︂
d⃗nm × d⃗mg

)︂]︂ [︂
E⃗ (0) × E⃗ (ω)

]︂
(16)

where d⃗i,j = ⟨Ji, τi,Mi|d⃗|Jj , τj ,Mj⟩ is the electric-dipole matrix element between asymmetric
rotor states19, |n⟩ and |m⟩ are unperturbed states of the molecule separated by an energy differ-

ence ωmn, and we made no assumption on the polarization of E⃗ (ω) nor on the direction of E⃗ (ω).
Equation (16) is, like Eq. (10), a product between a pseudoscalar that encodes the molecular
handedness, and a pseudovector depending on the incident electric fields. It is also an example of
a chiral setup effect, where the incident electric field is not chiral by itself but the setup defined
by the electric field and the detection scheme together is chiral.

In comparison to Eq. (10) one could say that this is the FID version of the enantiosensitive SFG
in Eq. (10) for one of the frequencies equal to zero, i.e. a FID version of the electro-optic (Pockels)

19See Ref. [34] to learn more about asymmetric rotors.
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effect20. We highlight that the effect takes place only after the incident fields are removed and
therefore cannot be described within a nonlinear optics formalism, where at any time the response
is proportional to some power of the incident fields. Another important difference is that, since
there is only a single frequency involved, there is no phase matching condition that needs to be
satisfied. In comparison with vibrational and electronic transitions, the frequencies in rotational
transitions are such that the extraction of the phase of the FID electric field is relatively simple.

In the same year Patterson and Doyle [35] replaced the static field by an oscillating field to
achieve a resonant SFG scheme with three rotational levels, where the two lowest levels are
resonantly coupled by a linearly polarized field E⃗ (ω1) and the two higher levels are resonantly

coupled by a field E⃗ (ω2) linearly polarized perpendicular to E⃗ (ω1). Then, like for the previous
experiment, they observed a FID signal perpendicular to the plane defined by the incident fields
which had opposite phases for opposite enantiomers, this time at the frequency ω1 + ω2. As
expected from the previous works in nonlinear optics and unlike the previous experiment, the
signal occurs even in the presence of the incident pulses and one can confidently say that they
observed the SFG predicted by Giordmaine (but now for rotational transitions) followed by FID
due to the resonant character of the excitation. In comparison to other SFG experiments probing
vibrational or electronic transitions, their SFG signal benefited from the proximity of the two
upper rotational levels, which could be excited by a field with a wavelength of the order of 1 meter,
ensuring in this way an approximately constant phase relation between the two frequencies across
an interaction region with a scale on the order of centimeters, in spite of the fact that the two
incident fields propagate in perpendicular directions. To illustrate this, consider the total field
resulting from two beams propagating with directions k⃗1 and k⃗2,

E⃗(r⃗, t) = E⃗1 cos(k⃗1 · r⃗ − ω1t) + E⃗2 cos(k⃗2 · r⃗ − ω2t). (17)

If we evaluate it at a different position r⃗ + δ⃗ we get

E⃗(r⃗ + δ⃗, t) = E⃗1 cos[⃗k1 · r⃗ − ω1(t− τ)] + E⃗2 cos[⃗k2 · r⃗ − ω2(t− τ) + ϕ] (18)

where τ = 1
ω1
k⃗1 · δ⃗, ϕ = k2(k̂2 − k̂1) · δ⃗, and k̂i = k⃗i/|ki|. Only when k̂1 = k̂2 we get ϕ = 0 and

a spatial displacement is simply equivalent to a temporal displacement E⃗(r⃗ + δ⃗, t) = E⃗ (r⃗, t− τ)

for any displacement δ⃗, i.e. no extra relative phase is induced by the displacement. For the case
k̂1 ⊥ k̂2 and an arbitrary δ⃗, a small phase ϕ ≪ 1 requires in general that |δ⃗|/λ2 ≪ 1. This
means that two different molecules will see approximately the same relative phase between the
two frequencies as long as the distance δ between them is much smaller than the largest of the
two wavelengths. Unlike in the work of Patterson and Doyle, this was not taken into account in
the very interesting theoretical works of Brumer, Shapiro, and collaborators (see Ref. [36] and
references therein) which we will now consider.

In Ref. [37], Gerbasi, Shapiro, and Brumer showed numerically that it was possible to drive
extremely efficient enantiosensitive population transfer between vibrational levels in isotropic
chiral molecules within the electric-dipole approximation by using three mutually orthogonal

20See e.g. Ref. [21] for the usual Pockels effect.

14



linear polarizations21, setting each polarization at resonance with one of the transitions in a
three level system. Namely, they showed that by controlling the relative phases between the
different frequencies it was possible to move up to 95% of the population to the highest level in
one enantiomer and only 4% of the population to the highest level (and 94% to the middle level)
in the other enantiomer, using the same field and starting in the lowest level in both enantiomers.

Regardless of the interesting details about how the population is transferred from one vibrational
level to the other (see Ref. [37]), the deciding factor for enantiosensitive population transfer in
general is that, by definition, the two enantiomers behave differently when they interact with
the same field. In the light of statement (2) this means that the electric field itself is chiral.
Remarkably, since the effect takes place within the electric-dipole approximation, the chirality
is not encoded in the spatial dependence of the field in space (as for circularly polarized light).
Instead as we show in this thesis, it must be encoded in the time evolution of the field. The tip of
the electric field has to trace a chiral trajectory in (Ex, Ey, Ez)-space as it evolves in time. This
simple fact, which as far as we know has not been pointed out in the literature22 preceding our
work [40] (see Secs. 2.5 and 4.5), underlies the physics of all phenomena occurring in the electric-
dipole approximation where an isotropic sample of chiral molecules leads to a scalar (as opposed
to a vector or a tensor) observable that is enantiosensitive. More on this, and in particular on how
to deal with the problem of the relative phases changing across space when the beams propagate
noncolinearly, is discussed in Ref. [40] (see Secs. 2.5 and 4.5 here).

Coming back to rotational transitions, a couple of years ago Eibenberger et al. [41] added a third
oscillating field to their previous setup in Ref. [35]. This field is linearly polarized perpendicular
to the other two fields and resonantly couples the remaining uncoupled transition in the three
level rotational system they considered earlier in Ref. [35]. Besides the fact that the details (from
the point of view of chirality) of how the population transfer occurs are different, this is the same
level and coupling scheme considered by Gerbasi et al. in Ref. [37] (see also Ref. [42]). It must be
clarified that what is a detail and what is not a detail is evident only in hindsight of our work23

[40] (see Secs. 2.5 and 4.5 here). We stress that the fact that Patterson and Doyle recognized the
importance of keeping the relative phase between the perpendicular polarizations constant [35]
was a game changer which allowed the enantiosensitive population transfer between rotational
levels in Ref. [41] by relying on the proximity (∼ 100 Mhz) of two of the levels. As pointed out in
Refs. [37] and [41], the enantiosensitive population transfer is the result of interference between
two quantum pathways. Using the results that we derived for rotational averaging in Ref. [15]
(see Secs. 2.3 and 4.3 here), one can show that for perturbative fields, the interference term is of
the form

1

3
Re

⎧
⎨
⎩

∑︂

M0,M1,M2

{︂
d⃗0,1 ·

(︂
d⃗1,2 × d⃗2,0

)︂}︂{︂
E⃗ (ω10) ·

[︂
E⃗ (ω21) × E⃗ (ω20)

]︂}︂
⎫
⎬
⎭ , (19)

21Note that this requires at least one of the fields to propagate perpendicular to the other two.
22One could think that this was implicitly suggested by Brumer et al. in Ref. [38], however their comment

regarding the impossibility of achieving a different population in isotropic samples of opposite enantiomers reveals
that they were not considering the full trajectory of the electric field in time and were therefore unaware of the
chirality of the field. Afterwards when they disproved themselves in Ref. [39] regarding such impossibility, they
also did not mention the chirality of the field.

23In fact, at the time when Ref. [41] was published, although Patterson and Doyle were aware of the works by
Brumer, Shapiro, et al. (they cite several of these works in Ref. [33]), they considered their work so different that
they did not cite it in Ref. [41].
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where d⃗i,j = ⟨Ji, τi,Mi|d⃗|Jj , τj ,Mj⟩ is the electric-dipole matrix element between asymmetric
rotor states. As the reader should by now recognize, the expression above is the product of a
molecular pseudoscalar characterizing the handedness of the molecule and a field pseudoscalar
characterizing the handedness of the total electric field at the position of the molecule [cf. Eqs.
(8), (14), (15)]. There is also a previous alternative theoretical description due to Lehmann [43]
for the three works by Patterson et al. [33, 35, 41] we discussed here, however it was developed
specifically to formalize Patterson’s et al. work and is not written in a way that fits into the big
picture that we are trying to convey here.

With this we conclude the discussion of enantiosensitive nonlinear optical phenomena and move
on to the discussion of enantiosensitive effects in photoionization.

1.3.2 Enantiosensitive photoelectron emission

After this brief overview of chiral effects in nonlinear optics it might be surprising to learn that
one can also distinguish opposite enantiomers already in a one-photon process (i.e., first-order
perturbation theory in the semiclassical treatment) within the electric-dipole approximation and
in isotropic media. In 1976 Ritchie [18] theoretically predicted that one-photon ionization of an
isotropic sample of chiral molecules with circularly polarized light (CPL) would yield a photo-
electron angular distribution (PAD) that is asymmetric with respect to the plane of polarization
of the light and where the direction of the asymmetry can be changed by either changing the
rotation direction of the electric field or the handedness of the chiral medium. This effect is
now know as photoelectron circular dichroism (PECD). Crucially, since PECD takes place within
the electric-dipole approximation, Ritchie correctly estimated that it would yield enantiosensi-
tive signals of about 10% of the total signal, much higher than in linear circular dichroism and
optical activity. An example of the effect is shown in Fig. 10. Ritchie’s estimations were first
reproduced by more elaborate numerical models developed by Powis [44] more than two decades
later and then experimentally confirmed by Böwering et al. [45] shortly after. Since then, a very
considerable number of calculations and experiments in several different chiral molecules have
confirmed that the magnitude of the effect consistently reaches magnitudes on the order of 10%
of the total signal and that the asymmetry is remarkably sensitive to molecular details, which
makes it particularly interesting as a diagnostic tool. Reviews of one-photon PECD can be found
in Refs. [13, 46, 47].

Specifically, what Ritchie found was that the PAD resulting from one-photon ionization of
isotropic samples of chiral molecules using CPL has the form

W (θ) = A+B cos θ + C cos2 θ (20)

= b0P0 (cos θ) + b1P1 (cos θ) + b2P2 (cos θ) (21)

where θ is the angle indicating the direction of the photoelectron with respect to the +z axis,
the polarization of the CPL lies in the xy plane (θ = π/2), and B is nonzero for chiral molecules.
The second line shows an equivalent and more commonly used expression in terms of Legendre
polynomials (note that b1 = B), where b0 corresponds to the angle integrated W (θ) and b1/b0
is the parameter usually reported in experiments reaching values of about 0.1. Clearly, any term
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Figure 10: Example of a photoelectron angular distribution in one-photon ionization of an
isotropic medium at a fixed photoelectron energy. The field is circularly polarized in the xy
plane and θ indicates the polar angle measured from the +z direction. The angular distribution
has cylindrical symmetry. L and R stand for the handedness of the chiral medium, ⟳ and ⟲
stand for clockwise and counterclockwise polarization as seen from the +z direction. Note that
the left and the right panels have opposite asymmetries with respect to the xy plane (θ = π/2)
while the central panel, which corresponds to an achiral medium (L+R), displays no asymmetry.

odd in cos θ will cause an asymmetry with respect to the plane of polarization θ = π/2. In
fact, as we pointed out in Ref. [15] (see Secs. 11 and 4.3 here), b1 is proportional to the net
photoelectron current (the vector sum of the currents emitted in all directions). In contrast, in
the absence of molecular chirality the photoelectron current emitted in direction (θ, φ) is exactly
matched by an opposite current in direction (π − θ, φ+ π/2) and therefore, although the total
emitted current (i.e. sum of the magnitudes) is not zero, the net photoelectron current (i.e. the
vector sum) vanishes. Figure 2 in Ref. [15] (see Sec. 4.3 here) explains enantiosensitivity and
dichroism in terms of a “reactants” and “product” symmetry analysis, where the “product” is the
photoelectron current. A useful if rather mechanical analogy due to Powis [46] which captures
the essence of PECD is the behavior of a nut (electron) on a threaded rod (chiral molecular
potential) under the action of a force inducing rotation of the nut (circularly polarized light).
The helical thread transforms the rotational motion of the nut into motion perpendicular to the
the plane of rotation. Because the helical thread is the same for two opposite orientations of
the rod, then clockwise rotation produces motion along the rod in the same direction for both
orientations but in opposite directions for opposite helical threads.

Now that the essence of the phenomenon has been described, we will give an overview of the
underlying theoretical description. In contrast to the effects described in the previous sections,
in photoionization one has to deal with unbound states, i.e., with states that describe the motion
of electrons which are not confined by the Coulomb attraction of the nuclei to a finite region
in space. Because they are unbound, these states form a continuous energy spectrum. And
because they represent states where there is flow of electrons and therefore nonzero probability
currents, their wave function is necessarily complex. As we will see below, this a determining
factor for the emergence of PECD. In photoionization, these states have boundary conditions
such that asymptotically far away from the rest of the molecule (i.e. r → ∞ and the center of

the molecule is located at r = 0) they behave as outgoing plane waves eik⃗·r⃗ when r⃗ points in the
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Figure 11: Two orientations of a diatomic molecule. The black circles indicate the nuclei. The
scattering state depends on the relative angle between the molecular axis and the propagation
direction k⃗ of the outgoing (asymptotically plane) wave. Therefore, while the states |⃗k1⟩ and |⃗k′1⟩
are the same in the molecular frame and are related to each other by a simple rotation in the
laboratory frame, the states |⃗k1⟩ and |⃗k′2⟩ are truly different from each other.

same direction as k⃗. This asymptotic behavior, which corresponds to a photoelectron momentum
p⃗ = ℏk⃗ in the detector, is used to label these states as |⃗k⟩. For smaller r, the behavior of the wave

function ψk⃗(r⃗) ≡ ⟨r⃗|⃗k⟩ differs from molecule to molecule. The outgoing part of the scattering
state requires an incoming part in order to conserve probability, which, since we only observe
outgoing electrons, raises questions about the physical meaning of populating such a state. In
fact, if one takes into account that the radiation has a certain bandwidth then it can be shown
that the ionized wave packet formed by the superposition of the scattering states with different
energies contains only an outgoing component [48] and the incoming wave only plays a role in
the calculation of the transition matrix elements. Besides the continuity of the energy spectrum,
for each energy level E = p2/2me, there are an infinite number of degenerate states |⃗k⟩, each
pointing in a different direction specified by the spherical angles (θk, φk).

For a given photon energy ℏω, photoionization can take place from one or more orbitals provided
the photon energy is high enough so that in general, a single photon energy will yield photo-
electrons with different energies depending on which orbital they came from according to energy
conservation, i.e., higher photoelectron energies correspond to higher energy orbitals. Like for
transitions between bound states, for a given initial state |i⟩ and final state |⃗k⟩, the transition

amplitude within the electric-dipole approximation will be given by d⃗k⃗i · E⃗ (ω), where d⃗k⃗i ≡ ⟨k⃗|d⃗|i⟩
is the electric-dipole transition matrix element and E⃗ (ω) is the Fourier amplitude of the field at

the frequency ω. As mentioned previously, the wave function of the scattering state |⃗k⟩ is complex

and therefore d⃗k⃗i is complex as well. Although a full specification of the state includes information
about the state in which the molecule is left, for simplicity we only indicate the photoelectron
momentum ℏk⃗ in the label of the final state |⃗k⟩. Because nuclear motion is usually much slower
than electronic motion, we can in most cases safely assume that the photoionization takes place
at a fixed molecular orientation. The importance of distinguishing between k⃗ in the molecular
and in the laboratory frame is illustrated in Fig. 11, where we can see that, just like the bound
wave functions are clamped to the nuclei (within the Born-Oppenheimer approximation), the

scattering wave functions for k⃗ fixed in the molecular frame are also clamped to the nuclei. This
in turn means that, provided k⃗ remains constant in the molecular frame, d⃗k⃗i is also clamped to
the nuclei, i.e. it rotates rigidly with the molecule, just like one would expect from any other
purely molecular property. In contrast if one keeps k⃗ fixed in the laboratory frame, the transition
electric-dipole vector for different orientations will not be related to each other in any simple way.
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For a single molecular orientation one can always choose the molecular frame coincident with
the laboratory frame (even when it is not practical to do so). In this case the quantity W (k⃗) =

|d⃗k⃗i · E⃗ (ω) |2 will determine the probability that an electron is ionized and flies away in direction

k⃗ with energy ℏ2k2/2me, i.e. it will determine the photoelectron spectrum. The photoelectron
angular distribution is simply the photoelectron spectrum at a fixed energy. When multiple
orientations must be taken into account one really needs to make a clear distinction between
molecular and laboratory frames. This is the case, for example, when one is interested in the
photoelectron spectrum resulting from an isotropic sample, which requires averaging over all
molecular orientations. As we show in Ref. [15] (see Sec. 4.3 here), the result of such procedure
yields a net photoelectron current of the form24

j⃗ (k) =
1

6

∫︂
dΩk

[︂
k⃗ ·
(︂
d⃗∗
k⃗i
× d⃗k⃗i

)︂]︂ [︂
E⃗∗ (ω) × E⃗ (ω)

]︂
, (22)

where k⃗ is the photoelectron momentum, d⃗k⃗,g = ⟨k⃗|d⃗|g⟩ is the transition matrix element between

the ground state |g⟩ and the scattering state |⃗k⟩, the integral is over all directions of k⃗, and E⃗ (ω)
is the Fourier amplitude of the electric field at frequency ω. Equation (22) makes no assumption

on the polarization of the electric field. The triple scalar product k⃗ · (d⃗∗
k⃗i
× d⃗k⃗i) is non-zero thanks

to the fact that d⃗k⃗i is a complex vector. Like the previous expressions for the effects in Eqs. (10)
and (16), the vector response is the product of a molecular pseudoscalar and a field pseudovector
(in the direction of the spin of the photon). Note that by projecting j⃗ on a reference vector v⃗ref
defined by the detection scheme, the field pseudovector in Eq. (22) turns into the pseudoscalar

v⃗ref · [E⃗∗ (ω) × E⃗ (ω)] which describes the handedness of the chiral setup. Contrary to what is
loosely written unfortunately too often, we stress that the helicity, which is the projection of
the photon’s spin E⃗∗ (ω) × E⃗ (ω) on the propagation direction of the light25, does not play any
role in PECD because PECD occurs in the electric-dipole approximation where the propagation
direction of the light is not taken into account at all. Such misunderstanding may have originated
because v⃗ref is usually chosen parallel to the propagation direction of the light, however v⃗ref is
actually defined by the detector. In fact, one would also obtain PECD in a rotating standing
wave where the propagation direction of the light is undefined, or from the rotating electric field
at a given point resulting from crossing two linearly polarized fields that propagate noncollinearly
and have the same frequency. In the latter case one would need to make sure that the interaction
region is small enough [see Eq. (18)]. A detailed discussion of Eq. (22) can be found in Refs.
[15, 49] (see Secs. 4.3 and 4.4 here).

In 2012 Lux et al. [50] observed PECD in resonantly enhanced multiphoton (three-photon) ion-
ization26 and in (four-photon) above-threshold-ionization27 (ATI) with asymmetries comparable

24Since the expression originally derived by Ritchie for b1 in Ref. [18] is rather unintelligible for the non-specialist
and since in Appendix 5 of Ref. [15] (see Sec. 4.3 here) we proved that Eq. (22) is exactly equivalent to Ritchie’s
expression, we decided not to include Ritchie’s expression here. The interested reader can find it in Eq. (11) of
Ref. [18].

25Note that the k⃗ in Eq. (22) stands for the photoelectron momentum and not for direction of propagation of
the light like in Eqs. (8) and (9).

26Resonantly enhanced multiphoton ionization (REMPI) refers to the process where N photons are absorbed
and there is an integer number of photons n < N such that nℏω is resonant with a transition. This considerably
increases the ionization yield in comparison to the case where there is no intermediate resonance.

27Above threshold ionization (ATI) is the process where electrons absorb more photons than required to escape
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to those found in one-photon ionization. This was important not only because it extended PECD
to the multiphoton regime, but also because, unlike previous experiments, it was achieved using
a table-top femtosecond laser instead of a synchrotron, opening the way for time-resolved exper-
iments on the one hand and making PECD experiments accessible to a much wider community
on the other hand. Since the absorption of N photons by an isotropic sample leads to an angular
distribution with Legendre polynomials Pl (cos θ) of order l up to 2N28, then not only b1, but
also b3, b5, . . . (the coefficients associated with odd powers of cos θ) are enantiosensitive. This
experiment therefore revealed new enantiosensitive observables beyond b1. We can anticipate
that while b1 is associated with a vector observable (the net photoelectron current), higher order
coefficients are associated with tensor observables of rank l describing the correlations between
the photoelectron emission in different directions and encoding molecular information in the form
of higher order scalar (for even l) and pseudoscalar (for odd l) rotational invariants. The expres-
sion for b3 for the case of two-photon absorption through an intermediate state |j⟩ is for example
of the form

b3 = C

{︃∫︂
dΩk [⃗k · (d⃗∗

k⃗j
× d⃗ji)](k⃗ · d⃗ji)(k⃗ · d⃗ji)

}︃{︂[︂
ẑ ·
(︂
E⃗∗ × E⃗

)︂]︂(︂
ẑ · E⃗

)︂(︂
ẑ · E⃗∗

)︂}︂
+ . . . (23)

where C is a constant depending on things such as detuning and bandwidth of the radiation,
and the sum is over terms which are products of molecular pseudoscalars and chiral setup pseu-
doscalars, where we took v⃗ref = ẑ. A discussion of these higher order coefficients is the subject
of a paper in the process of submission.

On the experimental side, the progress of Lux et al. in using table-top lasers to measure PECD
was complemented by the work of Ferré et al. [52] who produced almost circularly polarized
pulses with photon energies on the order of tens of electron volts via high harmonic generation29,
allowing them to observe one-photon PECD with a table-top setup.

Beaulieu et al. [53] observed PECD on the order of 1% in the many-photon tunneling regime30 in
Fenchone, demonstrating that PECD occurs in all ionization regimes (one-photon, multiphoton,
ATI, and tunneling). This result is interesting because while the physics underlying one- and
few-photon ionization is very similar and can be described using standard perturbation theory,
the physics in the presence of the strong non-resonant fields required to reach the tunneling
regime is fundamentally different [55]. Shortly after, Comby et al. [56] performed the first time-
resolved PECD measurement. They used a linear pump - circular probe setup, where the linear
pump excited the molecule into a bound state and the circular probe ionized it. The recorded

the parent ion which leads to several peaks in the photoelectron spectrum at energies En = p2/2me = nℏω − Ip
for n such En > 0, where Ip is the ionization potential.

28This follows from the fact that for N -photon absorption (Nth-order perturbation theory in a semiclassical

treatment), the probability amplitude is proportional to (d⃗ · E⃗)N and the probability to |d⃗ · E⃗|2N . Since d⃗ is a

rank-1 spherical tensor, |d⃗ · E⃗|2N is a superposition of spherical tensors with ranks up to 2N . This means that

when the angular distribution, which is proportional to |d⃗ · E⃗|2N , is written in terms of spherical harmonics Y m
l

(spherical tensors of rank l), the maximum value of l will be 2N . For an introduction to spherical tensors see Ref.
[51].

29High harmonic generation (HHG) is an extremely nonlinear process where a medium is irradiated with intense
light at frequency ω and it emits light at integer multiples of this frequency.

30The tunneling regime refers to ionization in a very strong low frequency field that deforms the potential energy
so much that the electron can tunnel ionize. See Ref. [54] for an introduction.
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enantiosensitive dynamics took place on the order of 1 ps and were attributed to vibrational
relaxation followed by electronic relaxation. A particular complication that arises in this setup
is that the polarization of the linear pump lies in the polarization plane of the circular probe and
therefore breaks the cylindrical symmetry of the system and prevents a proper reconstruction of
a VMI image using the inverse Abel transform.

We remark that in the absence of chiral light, as is the case for PECD effects, the enantiomers can
only differ in their behavior by a phase. While for bound states this is reflected by polarization
oscillations of the same magnitude with opposite phase for opposite enantiomers [see e.g. Eq.
(10)], in photoionization this is reflected as PAD asymmetries of the same magnitude pointing
in opposite directions for opposite enantiomers. This must be clearly distinguished from the
enantiosensitive population dynamics observed in effects involving chiral light, as in e.g. CD and
Refs. [37, 41], where the populations (magnitudes) of the levels differ from one enantiomer to
the other. Note that even if in PECD experiments the light used is usually chiral (CPL), the
chirality of the light does not play any role.

Finally, we would like to bring the attention of the reader to the work of Beaulieu et al. [57]
where they measured angularly resolved photoionization time delays in chiral molecules, the
works of Demekhin et al. [58] and Rozen et al. [59] where they observe novel asymmetries in the
photoionization of chiral molecules, and the work of Goetz. et al. [60] where PECD is optimized
via quantum control techniques. These recent papers inspired our follow-up work devoted to
further development of our theoretical framework. These latest developments are not a part of
this thesis.

2 Summary of publications

2.1 Propensity rules in photoelectron circular dichroism in chiral mol-
ecules. I. Chiral hydrogen

This paper31 stems from our longing to identify physical mechanisms that lead to photoelectron
circular dichroism (PECD), that go beyond the well known (but not particularly insightful) fact
that PECD results from interference between the contribution of partial waves of opposite parity.
In particular we are interested in trying to understand what makes a photoelectron more likely
to go “forwards” than “backwards”, i.e. we are interested in the question of what determines
the sign of the so-called forward-backward asymmetry (FBA) in PECD. Since the calculation of
PECD requires knowledge of the initial and the final state, we are also interested in the question
of what is the simplest chiral wave function. We found elementary chiral wave functions that
result from the superposition of only two hydrogenic orbitals. These wave functions illustrate
three fundamental ways in which chirality can be encoded in a wave function. It can either
appear as i) the combination of static polarization (vector) with a circular probability current

31We begin with this paper, which was the third publication that resulted from this thesis, because it was meant
to be the first one to be published and contains the germ of several key ideas that contributed to all the other
papers that resulted from this thesis.
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(pseudovector) perpendicular to it, ii) a chiral (toroidal-knot) probability current without density
polarization iii) a chiral (torus-link) density with zero probability current. Analogously to how
a standing wave can be constructed from two oppositely directed plane waves, we have shown
how the chiral density can be constructed from two oppositely directed chiral currents. These
hydrogenic chiral wave functions show that achiral systems, like atoms, can be made chiral if
excited appropriately; a first step towards laser-sculpted chiral matter32.

After illustrating the elementary chiral wave functions, we study their photoelectron angular
distributions (PADs) for circularly polarized light. The calculation of the PADs is done exactly
by using the achiral scattering states of hydrogen. This allows us to trace back any chiral effect
to the chirality of the initial wave function. The analysis of these molecular-frame PADs yields
propensity rules which correlate the direction and the magnitude of the FBA to two distinct
features of the chiral wave function. For example, in the case of the chiral probability current
wave functions, the probability current has both an azimuthal and a polar component (see Fig.
2 in the paper), and while the sign of the FBA is determined by the polar component, the
magnitude of the FBA is determined by the relative direction of the azimuthal component with
respect to the spin of the ionizing photon.

We then simulate the different orientations of a chiral molecule by changing the orientation of
the initial state. Since symmetry arguments show that a FBA in an uniaxially aligned system
with the alignment axis either parallel or perpendicular to the polarization plane of the circularly
polarized light can only occur in the presence of chiral molecules (Sec. IV A in Ref. [49]), we can
limit the analysis to uniaxially aligned samples in these configurations33. Continuing with the
example of the chiral probability current wave functions, if we consider two opposite orientations
of the same initial state, they will have opposite azimuthal and opposite polar probability current
components. The opposite polar components will lead to opposite signs of the FBA and the
opposite azimuthal components to opposite magnitudes of the FBA. Since the magnitudes are
different, the FBA of one orientation will not be compensated by that of the opposite orientation,
and there will be a remaining non-zero FBA. Our propensity rules therefore explain how PECD
in aligned samples takes place and how one sign or the other occurs.

If we consider an isotropic sample instead of an aligned one the resulting FBA in our model
vanishes. This is because the scattering states that we are using do not change when we “change
the orientation”. If wanted, this could be remedied by introducing perturbations in the scattering
wave functions so that they become orientation aware.

The elementary chiral wave functions yield a FBA that does not change sign as a function of the
photoelectron energy. However, we show that if one considers chiral wave functions of increasing
complexity, then such sign changes can occur. Such sign changes are due to the fact that as the
complexity of the wave function increases it can accommodate more than a single handedness
(like the helix made of a tighter helix in Fig. 7). Furthermore, if these different handedness
lead to different signs and if they are associated with structures of different scales in the wave
function, the photoelectron energy will probe the structures differently for different photoelectron
energies. Higher photoelectron energies will probe smaller structures more efficiently and lower
photoelectron energies will probe bigger structures more efficiently. This allows for sign changes
of the FBA.

32See also the recent work by Owens et al. [61] in the realm of rotational states.
33This summary will only describe the case where the alignment axis is perpendicular to the polarization plane

of the circularly polarized light. The other case can be found in Appendix 3 of the paper.
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There are basically three distinct paths that can be followed starting from these results. First,
the further development of these chiral states along the lines of e.g. what fields are necessary to
populate them, how they interact with each other and with chiral matter, and what consequences
would bring considering chiral Rydberg atoms. Second, the development of a more elaborate
model based on the ideas presented here, and which takes into account the chirality of the
scattering state. Third, given its single center character, this model is particularly well suited for
the analysis of the strong field regime PECD. This latter path has already been taken and we
are in the process of submission.

2.2 Photoexcitation circular dichroism in chiral molecules

This paper is the result of a theoretical and experimental collaboration where the theoretical
work was divided into an analytical and a numerical component. We restrict this summary to
the analytical results due to my doctoral advisor and myself.

In this paper we consider a pump-probe scheme where a circularly polarized pump excites bound
states of an isotropic ensemble of chiral molecules and a linearly polarized probe ionizes the excited
molecules after a certain time delay. Remarkably, although the ionization step proceeds using
linearly polarized light, PECD with respect to the polarization of the pump pulse is observed. In
very simple terms this means that the photon’s spin in the pump can be recorded in the molecule
and then read out at a later time by applying a linearly polarized probe pulse and looking at the
asymmetry in the photoelectron spectrum.

Consider a simple model with three bound states and one photoelectron level (with infinite energy

degenerate states |⃗k⟩, one for each direction). First, the circularly polarized pump coherently
excites the two excited bound states. This can be done by having a pump with a bandwidth
that covers the energies of both transitions. Once the pulse is over and after taking the isotropy
of the sample into account, the oscillations of the expected value of the electric dipole are a
combination of two types of motion (see inset in Fig. 1 of the paper34). On the one hand, it
displays circular motion in the direction determined by the pump. This circular motion consists of
two frequency components (which produces beating), each corresponding to the energy difference
between the ground state and one of the excited states. This circular motion is identical in
opposite enantiomers. On the other hand, there is a linear motion in the direction perpendicular
to the plane of polarization of the pump with a frequency corresponding to the energy difference
between the two excited states. The expression for this linear motion [Eq. (1) of the paper shows
its time derivative] is proportional to the product between the rotation direction of the electric
field and a molecular pseudoscalar given by the scalar triple product between the transition
electric-dipoles between the three states. At any given time the z component of the expected
value of the electric dipole has opposite signs for opposite enantiomers and fixed polarization
(enantiosensitivity) or fixed enantiomer and opposite polarizations (circular dichroism). The
oscillation of the expected value of the electric dipole leads to the emergence of a current which
oscillates correspondingly (up to a phase delay). We call this effect photoexcitation circular
dichroism35 (PXCD). It is conceivable that photoionization (with linearly polarized light) from

34Note the similarity with the structure of the chiral probability current states presented in in Fig. 2d of the
previous paper.

35At the time we were not aware of Giordmaine’s work [17] and its close relation to PXCD. We became aware
of it during the preparation of the next paper, which was largely motivated by the results we found here.
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such an excited state could lead to a forward-backward asymmetry in the resulting photoelectron
angular distribution.

Consider now photoionization from the excited states using a probe pulse with a bandwidth such
that there is a an energy band in the photoelectron spectrum where there is interference between
the quantum pathway passing through one of the excited states and the quantum pathway passing
through the other excited state. The net photoelectron current in this case [Eq. (3) in the paper]
is given by a product between the rotation direction of the pump and a molecular pseudoscalar
involving the transition electric-dipoles associated with the quantum paths leading to photoion-
ization and the photoelectron momentum itself. Like the PXCD current, it is enantiosensitive
and circularly dichroic. Furthermore, it oscillates as a function of the pump-probe delay with the
same frequency as the PXCD current. We call this effect photoexcitation-photoelectron circu-
lar dichroism (PXECD). In the plane-wave limit for the scattering states, the energy integrated
PXCD and PXECD currents are proportional to each other.

Besides illustrating how PECD-like effect0s can occur even when the ionizing pulse is not cir-
cularly polarized and providing a first example of a vectorial formulation of PECD where the
enantiosensitivity appears explicitly in the form a scalar triple product between molecular vec-
tors, this paper also motivated a thorough investigation of enantiosensitive effects occurring in
the electric-dipole approximation which resulted in the next paper.

2.3 Generalized perspective on chiral measurements without magnetic
interactions

In this paper we present a unified picture of several enantiosensitive effects taking place within
the electric-dipole approximation. A very considerable fraction of the concepts and equations
presented in the introduction of this thesis were originally developed in this paper. The aim
of this paper is to show that there are several novel enantiosensitive effects occurring in physi-
cal situations spanning a somewhat broad spectrum (nonlinear optics, microwave spectroscopy,
photoionization) that have more in common than what the original theoretical descriptions devel-
oped for each of them reveals. We provide a unified picture for five effects: photoelectron circular
dichroism (PECD), enantiosensitive microwave spectroscopy (EMWS), photoexcitation circular
dichroism (PXCD), photoexcitation-photoelectron circular dichroism (PXECD), and enantiosen-
sitive sum-frequency generation (SFG), and derive new expressions for PECD, EMWS, PXCD,
and PXECD, which have the same fundamental structure as that for SFG, and clearly reveal the
similarities between them. With the exception of PXECD all expressions result from first-order
perturbation theory, the PXECD expression results from second-order (PXECD) perturbation
theory.

We begin by discussing the measurement process in enantiosensitive effects, where despite the
chirality of the medium, the quantity that is directly measured is nevertheless a scalar (a click
in a detector). This scalar results from the product of two pseudoscalar quantities. One encodes
the molecular handedness and the other encodes the handedness of the probe. In the case
of circular dichroism (CD), the prototypical chiro-optical effect, the handedness of the probe
is given by the helicity of the circularly polarized light (CPL), which is in turn given by the
projection of the spin of the photon on its propagation direction. Only after we know both
the handedness of the probe and the result of the measurement can we obtain the molecular
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handedness. For the effects of interest here the light is not chiral and therefore the directionality
of the detection setup must be brought into the picture. In the case of PECD, where the output is
a net photoelectron current pointing in one of the two directions perpendicular to the polarization
plane, the detector must consist of two plates, one in each perpendicular direction. Although
these plates are otherwise indistinguishable, we treat them asymmetrically because, in order to
calculate the net photoelectron current, we must subtract the output of one of them (usually
called backward) from the output of the other (usually called forward). This effectively defines
a reference vector v̂ref that allows us to assign a sign to the photoelectron current. The spin of
the photon projected on the reference vector is what defines the handedness of the setup used to
probe the chiral medium. Crucially, the fact that we use such a directional detector follows from
the fact that we are measuring a vector observable. All the electric-dipole effects discussed here
rely on the measurement of such a vector observable. Furthermore, we show that a symmetry
analysis of how a vector observable resulting from interaction between CPL and a chiral isotropic
medium reveals that vector observables are automatically enantiosensitive and circularly dichroic.
Vector observables have the same magnitude but opposite directions when either the enantiomer
or the polarization is swapped, and are invariant under simultaneous swapping of enantiomer
and polarization. This can be extended to other polarization schemes such as e.g. two different
frequencies linearly polarized at a certain angle. In that case a change of π in the phase of one
of the frequencies plays the role of changing the rotation direction of CPL.

Two clarifications are due here. First, although a typical CD experiment may seem directional
in the sense that the detector must be put behind the sample, the measurement of CD does not
in principle require a directional detection, as one can simply surround the sample by a single
spherical detector and count the fluorescence photons in all directions. Second, although in PECD
the reference vector is usually taken to coincide with the propagation direction of the light, which
leads to the deceitful name “forward-backward asymmetry”, the FBA is in reality defined with
respect to how the detectors are labeled and is fully independent of the direction of propagation
of the light. To convince yourself of this, note that PECD can in principle be achieved using a
standing rotating wave, where the direction of propagation of the light is undefined.

Having established the global picture we proceed to the derivation of the expressions for each of
the effects. In the case of PECD we begin by showing that b1 is simply the signed magnitude
of the net photoelectron current. As far as we know, this simple but insightful fact has not
been stated previously in the literature. Then, taking into account that, similarly to a bound
wave function, the scattering wave function rotates rigidly with the molecule, we choose to keep
the photoelectron momentum k⃗ fixed in the molecular frame throughout the derivation (see
introduction of this thesis). This allows us to apply the orientation averaging techniques in Ref.
[14] (see also Appendix 2 of the present paper), which are well known in the nonlinear optics and in
the CD communities but apparently not in the photoionization community. After a few relatively
simple steps which we explain in detail in the paper we obtain Eq. (22) [Eq. (14) in the paper].
This equation is valid for any polarization and has the promised structure. In comparison,36 the
expression originally derived by Ritchie [18] is expressed, as usual for photoionization, in terms
of sums over several indices which result from a partial wave expansion of the scattering wave
function and a fair amount of angular momentum algebra that produces a product of several
3j-symbols. As pioneering as it is, it is a rather complicated expression that can very unlikely
be appreciated as having anything in common with that describing the enantiosensitive SFG [see

36A rather unfair comparison given that Ritchie derived this almost 50 years earlier!
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Eq. (10)] found by Giordmaine [17] a decade earlier. The equivalence of our expression and
Ritchie’s original expression is demonstrated in Appendix 5 of the paper.

We then move on to a general description of the PXCD effect introduced in the previous paper [62].
In this case, we begin by pointing out that in order to form a molecular pseudoscalar that encodes
the molecular handedness it is necessary to have at least three molecular vectors (equivalently
one vector and one pseudovector). Any enantiosensitive effect must somehow probe these vectors
in such a way that they end up forming a triple product. In the case of photoionization these
vectors are the photoelectron momentum and the real and imaginary parts of the transition
electric-dipole. For bound transitions, where there is no scattering direction and the transition
electric-dipoles can be chosen real, one can instead rely on the three transition electric-dipole
vectors in a three-level system37. We derive an expression for the expected value of the electric-
dipole which results from coherent excitation of the two excited states for arbitrary polarizations.
The expression derived in the previous paper for PXCD is a particular case of the expression in
this paper. This expression shows that the interference term, which is second order in the field
amplitudes, is enantiosensitive and describes an oscillation in a direction perpendicular to the
polarization vectors defined by the incident fields at the frequency corresponding to the energy
difference between the two excited states. In essence this is the free induction decay (FID)
version of the enantiosensitive difference-frequency generation (DFG) predicted by Giordmaine
[17]. Nevertheless, besides occurring in the absence of the exciting fields, the fact that one can
use a broad band pulse centered at a single frequency to populate both excited states coherently
requires a rather relaxed interpretation of what DFG means.

We also show that the DFG variant of the EMWS results obtained by Patterson et al. in Ref.
[35] for rotational transitions can be written in virtually the same way as the PXCD signal [cf.
Eqs. (17) and (22) in the paper38]. In other words, PXCD and EMWS are essentially the
electronic/vibrational and rotational expressions of the same underlying phenomenon. While in
hindsight this might seem evident, the noteworthy aspect of this is that, while for PXCD the
molecular orientation is treated as a parameter of the wave function, in EMWS the orientation
itself is the main degree of freedom of the wave function. The equations required to achieve
this equivalence are derived in Appendix 3 of this paper. Furthermore, the expressions derived
using the usual machinery for rotational states [43], which were specifically derived to account
for Patterson’s et al. experiment, hardly reveal this connection.

The expression presented in the introduction [Eq. (16)] for the enantiosensitive effect obtained
by Patterson et al. [33] with the static electric field is also derived in this paper. Furthermore we
show that it works not only for rotational but also for electronic and vibrational states [cf. Eq.
(28) in the paper].

Finally, we derive the expression for the PECD net photoelectron current in pump probe setups
with two intermediate states for arbitrary polarizations of pump and probe [see Eqs. (30)-(35)
in the paper]. The equations for PXECD derived in the previous paper are a particular case
of the equations in this paper. Unlike the previous expressions where there is a single product
between a molecular pseudoscalar and a field pseudovector, in these expressions we obtain a
sum of such products. This happens because this photoionization scheme probes five molecular

37An enantiosensitive effect is achieved with only two levels in CD because there the transition magnetic-dipole
pseudovector is taken into account.

38There is a typo in Eq. (22). The M superscripts on the transition dipoles should be replaced by L superscripts.
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vectors (four transition dipoles and the photoelectron momentum) and there are ten ways to form
different pseudoscalars with five vectors. In fact, we have recently learned that only six of this ten
pseudoscalars are really independent from each other [see Eq. (24) in Ref. [14]]. Nevertheless,
the expressions in this paper are written in a particularly practical form that connects a single
molecular pseudoscalar with a single field pseudovector [see Eq. (31) in Ref. [14]]. Even for six
instead of ten different pseudoscalars, our expressions reveal how rapidly the complexity of the
enantiosensitive response increases by adding a second photon. This complexity makes Eqs. (30)-
(35) very valuable because they show which combinations of the pump and probe polarizations
address which molecular pseudoscalars. In Eqs. (33)-(35) we classify these terms according to
their polarization selection rules in three main groups. The first group is nonzero only for chiral
fields and has not yet been tested experimentally. The second group is nonzero for circular or
elliptical fields. The third group contains the remaining contributions. In particular, the third
group shows that two-photon PECD can occur even when the pump and probe pulses are both
linearly polarized, provided the fields are neither parallel nor orthogonal to each other [see Eq.
(35)]. This third group has not been tested experimentally yet. Importantly, the contributions to
the interference term do not depend on the relative phase between the two pulses and therefore
the pump and probe do not need to be phase-locked. Nevertheless, it must be kept in mind that
we ignore any nuclear motion between pump and pulse, and therefore the expressions are valid
only for short enough pump-probe time delays.

In summary, besides recognizing the importance of measuring vectors (as opposed to scalars)
that allow the use of chiral setups in the absence of chiral light, we have achieved a clear common
theoretical framework enantiosensitive effects occurring within the electric-dipole approximation
across the fields of nonlinear optics, photoionization, and microwave spectroscopy. A further
generalization of the reasoning presented in this work towards the topic of tensor observables [see
e.g. Eq. (23)] is in the process of submission.

2.4 Propensity rules in photoelectron circular dichroism in chiral mol-
ecules. II. General picture

This paper reveals the geometrical origin of photoelectron circular dichroism, which becomes ev-
ident from the structure of the expression we found for photoelectron circular dichroism (PECD)
in the previous paper. In contrast to the original expression derived by Ritchie in Ref. [18], our
expression accentuates the underlying physics and attenuates the technicalities without aban-
doning scientific rigor. Here we take a closer look at this expression and discuss the physics it
encodes.

We begin by demonstrating that the k⃗-dependent vector field that results from the vector product
between the photoionization transition electric-dipole vector and its complex conjugate encodes
the absorption circular dichroism corresponding to a transition from the ground state to the scat-
tering state with photoelectron momentum k⃗. Each component of this vector field is associated
with a particular orientation of the circularly polarized light in the molecular frame. Then we
show that this vector field is mathematically analogous to the Berry curvature in a two-band solid
and that the net photoelectron current in PECD can be therefore interpreted as resulting from
a Hall-like conductivity given by the flux of this Berry-like field across the surface of radius k in
the space of photoelectron momentum (kx, ky, kz). The connection of the Berry-like field with
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the angular momentum associated with the photoionization transition is also derived. Propensity
rules, like those discussed in part I of this paper for the particular case of chiral hydrogen, are
encoded in this Berry-like field.

Next, using our expression for one-photon PECD, we demonstrate that the net photoelectron
current resulting from full orientation averaging can be obtained by limiting the averaging to
only six orientations. Then we discuss the symmetry properties of unaxially aligned samples
interacting with circularly polarized light when the alignment axis is either perpendicular or
parallel to the polarization plane of teh light and show that, except for a very anomalous case,
these aligned samples can only display PECD if the sample is chiral. The circular dichroism in the
angular distribution displayed by achiral oriented samples is also discussed (see also Refs. [63]).
In particular it is shown that the vectorial observables resulting from achiral oriented samples
lies in the polarization plane of the light while that resulting from aligned chiral molecules is
perpendicular to the polarization plane of the light.

Finally, we derive formulas for PECD in the presence of molecular uniaxial alignment described
by an arbitrary function alignment distribution w (β), where β is the angle between the labo-
ratory axis and the molecular axis being aligned. This means that all situations from perfect
alignment to perfect anti-alignment are taken into account. The formulas reduce to our PECD
expression discussed before in the isotropic limit where w (β) = 1. Alignment perpendicular
to the polarization plane as well as alignment parallel to the polarization plane are considered.
These formulas, which constitute a vast generalization of the isotropic formula, clearly show that
the effect of alignment is to produce an effective stretching of the Cartesian components of the
propensity field. The enhancement of the PECD effect via alignment will then be determined by
the relative magnitudes and signs of the different Cartesian components of the propensity field.
PECD of anisotropic samples has been recently measured [64] and our results appear to be in
line with the experimental findings.

A continuation of this work in the direction of a numerical investigation of the structure of the
propensity Berry-like fields of molecules is in progress.

2.5 Synthetic chiral light for efficient control of chiral light matter in-
teraction

This paper originated from efforts towards a high harmonic generation (HHG) based enantiosen-
sitive effect taking place in the electric-dipole approximation and from the realization that the
key physical element necessary for enantiosensitivity at the level of total number of photons ab-
sorbed or emitted in this approximation is the chirality of the electric field. This summary will
be mostly restricted to the latter point, which is the one I contributed to.

First we point out the difference between measurements which rely on light’s chirality, as e.g.
circular dichroism (CD), and measurements which rely on chiral setups and occur in the absence
of chiral light, as e.g. optical activity (OA) and photoelectron circular dichroism (PECD). As
discussed in the introduction of this thesis and as originally formulated in Ref. [15] (see Sec. 2.3),
chiral setups rely on vector observables. Such directionality of the observable is not required in
effects which rely on the chirality of the light. The main point of this paper is that the chirality
of light, which in the case of circularly polarized light relies on its spatial dependence, can instead
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be entirely encoded in the temporal dependence of the electric field. That is, in the form of a
chiral polarization, where the electric field traces a chiral trajectory in (Ex, Ey, Ez) space as it
oscillates39. This type of chirality does not rely on the spatial dependence of the field and it
is therefore local in space and hence, unlike circularly polarized light, it has an enantiosensitive
effect on chiral matter even within the electric-dipole approximation. We call this type of light
locally chiral light (LCL). We show that the handedness of the LCL can be characterized via the
pseudoscalars that can be formed with its vector Fourier components, and its sign can be reversed
by changing the relative phase between the different frequencies. As shown in the introduction [see
Eq. ([41])], these field pseudoscalars emerge naturally in interference terms in the perturbative
description of light-matter interaction and can be used to control the enantiosensitive response
of chiral matter already at the interference between one-photon and two-photon transitions.

Although this type of chirality has not been recognized before, LCL was unknowingly present in
the works of Gerbasi et al. [37] and Eibenberger et al. [41]. However, only now it is clear that
LCL was the key physical element explaining the enantiosensitive population transfer in those
works. On the one hand, Gerbasi et al. did not recognize that the relative phase between the
frequencies (and therefore the handedness) would typically change rapidly across the interaction
region, condemning experimental measurements to failure. On the other hand, Eibenberger et
al. knew of this problem but their solution is severely limited to having one of the wavelengths
considerable bigger than the interaction region. Here we show that a chiral electric field can
be obtained with only two frequencies ω and 2ω, where ω is elliptically polarized and 2ω is
linearly polarized perpendicular to the plane defined by the ω ellipse. In addition, we devise an
experimental setup consisting of two noncollinear beams that keeps the handedness of the field
constant across space (i.e. it is globally chiral) without imposing restrictions on the frequencies.
Since the enantiosensitivity takes place within the electric-dipole approximation and the setup
is not restricted in terms of frequencies, our work unlocks the full potential of light to control
the enantiosensitive response of chiral matter at the level of angle-integrated signals, i.e. without
relying on the directionality of the detection (chiral setup).

As an example of what can be achieved using the proposed setup this paper shows calculations
of HHG where a given set of even harmonics display perfect destructive interference in one
enantiomer, and perfect constructive interference in the opposite enantiomer. The behavior can
be completely reversed by reversing the handedness of the field. This corresponds to perfect
chiral discrimination, an accomplishment unparalleled in the field of chiro-optical techniques.

Because of the generality of our findings, we expect our work to have a strong impact on the field
of chiral discrimination as a whole, and in particular to the investigation of ultrafast processes
in chiral molecules. The experimental confirmation of our results is underway.

3 Conclusions and outlook

We have discussed a broad range of effects that take place within the electric-dipole approxima-
tion, which are typically orders of magnitude stronger than optical activity and circular dichroism.
Several of these effects were introduced here.

39In fact we have already seen how one of these trajectories may look like when we considered PXCD (see inset
of Fig. 1 in Ref. [62]), where it described the FID of the expected value of the electric dipole after the pump.
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We have introduced elementary instances of chiral wave functions which exemplify three basic
forms in which chirality can be encoded in a wave function. These chiral wave functions can be
formed as superpositions of atomic states, which points the way towards laser-sculpted chirality
of initially achiral systems. Using these chiral wave functions we found a concrete mechanism
showing how the interplay of two propensity rules can lead to the formation of net photoelectron
currents (forward-backward asymmetries) in the photoionization of aligned chiral systems.

We have developed an analytical formulation that reveals helical (more precisely torus-knot-like)
electronic currents formed in isotropic chiral molecules after excitation with a circularly polarized
electric field. This formulation was extended to describe how net photoelectron currents (forward-
backward asymmetries) result from subsequent photoionization with linearly polarized and even
unpolarized light.

We have introduced a classification of chiral effects that distinguishes two groups. The first group
relies on the chirality of the electromagnetic field and yields enantiosensitive scalar observables.
The second group relies on the chirality of the setup, can take place in the absence of chiral
electromagnetic fields, and yields enantiosensitive vector observables.

We have derived new mathematical expressions for the description of several chiral effects taking
place within the electric-dipole approximation and relying on chiral setups and vector observables.
These expressions are considerably simpler than previous ones, provide a deeper physical insight
into each of these chiral effects, and reveal the intimate connection between all these chiral effects.

The expression we derived for photoelectron circular dichroism reveals that the net photoelectron
current results from the k⃗-averaged absorption circular dichroism encoded in the propensity
field id⃗∗

k⃗i
× d⃗k⃗i (d⃗k⃗i is the transition electric-dipole). The propensity field turns out to have

the same form as the Berry curvature in two-band solids. First, this reveals an unexpected
connection to solid state physics and the property often referred to as geometrical magnetism
(Berry curvature) which ultimately leads to topological phases of matter. Second, it also reveals
the geometrical origin of photoelectron circular dichroism. Furthermore, the generalization of our
PECD expression to aligned samples shows how alignment is equivalent to an effective stretching
of the propensity field.

We introduced a new type of chirality of light which is fully encoded in the Lissajous figure traced
by the electric field at a single point in space. The local character of this chirality means that it
can interact with the molecular chirality within the electric-dipole approximation. We introduced
chiral measures to quantify the chirality of this light and propose an experimental arrangement
for its production. Furthermore, we show that it can be made to have the same chirality at
every point across the focus, and have numerical evidence of its incredible potential to control
the enantiosensitive response of chiral matter.

All of these advancements provide a rather broad range of directions that can be followed in the
future. These include:

• First, the development of laser-sculpted chiral matter from achiral matter using locally-
chiral light.

• Second, the application of locally-chiral light to nanostructured materials to explore the
interplay between chirality-ordering in matter and in light.
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• Third, the investigation of geometrical and topological features of the propensity field in
chiral molecules and its connections to effects in condensed matter physics.

• Fourth, the analysis of second and higher rank tensor observables and their application to
chiral discrimination.

• Fifth, the application of locally-chiral light to different intensity regimes and spectral re-
gions.

• Sixth, the exploration of chiral distillation techniques using locally-chiral light.

• Seventh, the application of coherent control techniques with locally-chiral light setups.

• Eight, the investigation of ultrafast processes occurring in chiral molecules using locally-
chiral light.

• Finally, it is important to explore other locally-chiral light setups.

This list suggests that the work described in this thesis has the potential to open a new and rich
field of research based on the concepts introduced here, namely synthetic chiral matter, synthetic
chiral light, chiral setups, and the connection between geometrical/topological effects and chiral
effects.
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Photoelectron circular dichroism results from one-photon ionization of chiral molecules by circu-
larly polarized light and manifests itself in forward-backward asymmetry of electron emission in the
direction orthogonal to the light polarization plane. What is the physical mechanism underlying
asymmetric electron ejection? How “which way” information builds up in a chiral molecule and
maps into forward-backward asymmetry?

We introduce instances of bound chiral wave functions resulting from stationary superpositions of
states in a hydrogen atom and use them to show that the chiral response in one-photon ionization
of aligned molecular ensembles originates from two propensity rules: (i) Sensitivity of ionization to
the sense of electron rotation in the polarization plane. (ii) Sensitivity of ionization to the direction
of charge displacement or stationary current orthogonal to the polarization plane. In the companion
paper [Phys. Rev. A 99, 043417 (2019)] we show how the ideas presented here are part of a broader
picture valid for all chiral molecules and arbitrary degrees of molecular alignment.

I. INTRODUCTION

Photoelectron circular dichroism (PECD) [1–4] her-
alded the “dipole revolution” in chiral discrimination:
chiral discrimination without using chiral light. PECD
belongs to a family of methods exciting rotational [5–
8], electronic, and vibronic [9, 10] chiral dynamics with-
out relying on relatively weak interactions with magnetic
fields. In all these methods the chiral response arises
already in the electric-dipole approximation and is sig-
nificantly higher than in conventional techniques, such
as e.g. absorption circular dichroism or optical rotation,
known since the XIX century (see e.g. [11]). The connec-
tion between these electric-dipole-approximation-based
methods is analyzed in [12]. The key feature that dis-
tinguishes them from standard techniques is that chiral
discrimination relies on a chiral observer - the chiral refer-
ence frame defined by the electric field vectors and detec-
tor axis [12]. In PECD, ionization with circularly polar-
ized light of a non-racemic mixture of randomly-oriented
chiral molecules results in a forward-backward asymme-
try (FBA) in the photoelectron angular distribution and
is a very sensitive probe of photoionization dynamics and
of molecular structure and conformation [13, 14]. PECD
yields a chiral response as high as few tens of percent of
the total signal and the method is quickly expanding from
the realm of fundamental research to innovative applica-
tions, becoming a new tool in analytical chemistry [15–
17]. PECD is studied extensively both experimentally
[4, 18–44] and theoretically [2, 3, 12, 45–57] and was re-
cently pioneered in the multiphoton [58–67], pump-probe
[68], and strong-field ionization regimes [69, 70].

∗ ordonez@mbi-berlin.de
† smirnova@mbi-berlin.de

In this work we focus on the physical mechanisms un-
derlying the chiral response in one-photon ionization at
the level of electrons and introduce “elementary chiral in-
stances” - chiral electronic wave functions of the hydrogen
atom.
In molecules, with the exception of the ground elec-

tronic state, the chiral configuration of the nuclei is not
a prerequisite for obtaining a chiral electronic wave func-
tion. Thus, one may consider using a laser field to im-
print chirality on the electronic wave function of an achi-
ral nuclear configuration. The ability to create a chiral
electronic wave function in an atom via a chiral laser
field [71] implies the possibility of creating perfectly ori-
ented (and even stationary) ensembles of synthetic chiral
molecules (atoms with chiral electronic wave functions)
with a well defined handedness in a time-resolved fashion
from an initially isotropic ensemble of atoms. Such time-
resolved chiral control may open new possibilities in the
fields of enantiomeric recognition and enrichment if the
ensemble of synthetic chiral atoms is made to interact
with actual chiral molecules. From a more fundamental
point of view, the elementary chiral instances could be
excited in atoms arranged in a lattice of arbitrary sym-
metry to explore an interplay of electronic chirality and
lattice symmetry possibly leading to interesting synthetic
chiral phases of matter.
Here our goal is to understand how molecular proper-

ties such as the probability density and the probability
current give rise to PECD and how they affect the sign
of the FBA in the one-photon ionization regime. In a
forthcoming publication we will use the hydrogenic chiral
wave functions to extend this study into the strong-field
regime. As a first step towards our goal, we consider the
case of photoionization from a bound chiral state into an
achiral Coulomb continuum, and restrict the analysis to
aligned samples.
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As can be seen in Fig. 2 of [12] and in Figs. 3 and
5 of the companion paper [1], within the electric-dipole
approximation, the photoelectron angular distribution of
isotropic or aligned samples can display a FBA only if the
sample is chiral. This is in contrast with other dichroic
effects observed in oriented or aligned achiral systems
(see e.g. [72, 73]).

An isotropic continuum such as that of the hydrogen
atom cannot yield a FBA in an isotropically oriented en-
semble (see [45] and Appendix VIIA), because in this
case the continuum is not able to keep track of the molec-
ular orientations and therefore the information about the
chirality of the bound state is completely washed out by
the isotropic orientation averaging. However, this does
not rule out the emergence of the FBA in an aligned en-
semble, where only a restricted set of orientations comes
into play. Therefore, the fact that we use an isotropic
continuum shall not affect our discussion on the origins
of PECD in any way beyond what is already obvious,
namely, that the FBA we discuss relies entirely on the
chirality of the bound state and that it vanishes if we
include all possible molecular orientations.

In Sec. II we introduce the chiral hydrogenic states.
In Sec. III we use the chiral hydrogenic states to fo-
cus on physical mechanisms underlying PECD in aligned
molecules. In Sec. IV we discuss effects on the FBA
that result from increasing the complexity of the initial
state. In the companion paper [1] we show that optical
propensity rules also underlie the emergence of the chiral
response in photoionization in the general case of arbi-
trary chiral molecules and arbitrary degree of molecular
alignment, and we also expose the link between the chiral
response in aligned and unaligned molecular ensembles.
Section V concludes this paper.

II. HYDROGENIC CHIRAL WAVE FUNCTIONS

We will describe three types of hydrogenic chiral wave
functions. The first type (p-type) is of the form

⃓⃓
χ±
p

⟩︁
=

1√
2
(|3p±1⟩+ |3d±1⟩) , (1)

where |nlm⟩ denotes a hydrogenic state with principal
quantum number n, angular momentum l, and magnetic
quantum number m. χ+

p (r⃗) is shown in Fig. 1. The su-
perposition of states with even and odd values of l breaks
the inversion symmetry and leads to a wave function po-
larized (hence the subscript p) along the z axis, which is
indicated by an arrow pointing down in Fig. 1. m = ±1
implies a probability current in the azimuthal direction
and is indicated by a circular arrow in Fig. 1. The com-
bination of these two features results in a chiral wave
function, as is evident from its compound symbol. The
sign of m determines the enantiomer and, as usual, the
two enantiomers are related to each other through a re-

Figure 1. Top: contour map of χ+
p (r⃗) [Eq. (1)] on the y = 0

plane, where it only takes real values. Dashed (solid) lines
indicate negative (zero or positive) contours. Bottom: iso-
surface

⃓⃓
χ+
p (r⃗)

⃓⃓
= 0.01 a.u. colored according to the phase.

The chiral symbol on the upper left corner indicates the po-
larization of the density (vertical arrow) and the probability
current in the azimuthal direction (curved arrow).

flection; in this case, across the x = 0 plane, as follows
from the symmetry of spherical harmonics1.
The second type (c-type) is given by

⃓⃓
χ±
c

⟩︁
=

1√
2
(|3p±1⟩+ i |3d±1⟩) , (2)

which differs from |χp⟩ only in the imaginary coeffi-
cient in front of |3d±1⟩. At first sight, since ⟨r⃗|3p±1⟩ and

1 We could have also defined opposite enantiomers through an in-
version, and in this case instead of changing m we would change
the relative sign between |3p1⟩ and |3d1⟩. Both definitions of the
opposite enantiomer are equivalent and are related to each other
via a rotation.
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Figure 2. (a) Cut of χ+
c (r⃗) [Eq. (2)] on the y = 0 plane. The black lines indicate the contours of

⃓⃓
χ+
c (r⃗)

⃓⃓
while the colors

indicate its phase. The white arrows indicate the direction of the component of the probability current in the y = 0 plane.
(b) Isosurfaces

⃓⃓
χ+
c (r⃗)

⃓⃓
= 0.011 a.u. and (c)

⃓⃓
χ+
c (r⃗)

⃓⃓
= 0.005 a.u. colored according to the phase. (d) Trajectory followed by

an element of the probability fluid
⃓⃓
χ+
c (r⃗)

⃓⃓2. The rotation around the z axis is counterclockwise. The radial distance in this
specific trajectory varies between 1 and 18.5 a.u.

⟨r⃗|3d±1⟩ are complex functions, one would not expect im-
portant differences between p and c states, however, as
shown in Fig. 2, the p and c states are qualitatively dif-
ferent. We can see that instead of the polarization along
z, there is probability current circulating around a nodal
circle of radius 6 a.u. in the z = 0 plane, as indicated
by the two circular arrows in Fig. 2 (a). Analogously
to the p states, where the polarization of the probability
density is determined by the relative sign between |3p±1⟩
and |3d±1⟩, in the c states the direction of the proba-
bility current is determined by the relative sign between
|3p±1⟩ and i |3d±1⟩. This out-of-plane (polar) current
combined with the in-plane (azimuthal) current due to
m = ±1 leads to a chiral probability current (hence the c
subscript), visualized in Fig. 2 (d) via the trajectory fol-
lowed by an element of the probability fluid |χ+

c |
2. This

single trajectory (also known as a streamline in the con-
text of fluids) clearly shows how, although pure helical
motion of the electron is not compatible with a bound
state, helical motion can still take place in a bound state
via opposite helicities in the inner and outer regions2. As
can be inferred from the cut of χ+

c (r⃗) in the y = 0 plane
[Fig. 2 (a)], trajectories passing far from the nodal cir-
cle, like that shown in Fig. 2 (d), circulate faster in the
azimuthal direction than around the nodal circle while
those close to the nodal circle have the opposite behavior
and look like the wire in a toroidal solenoid. Interestingly,
a probability current with the same topology was found
in Ref. [74] when analyzing the effect of the (chiral) weak
interaction on the hydrogenic state 2p1/2.

So far we have only considered wave functions with
achiral probability densities whose chirality relies on non-

2 We will say that a point is in the inner/outer region if the z
component of its probability current is positive/negative.

zero probability currents. The helical phase structure of
χ±
c (r⃗) [see Figs. 2 (b) and (c)] suggests that we can

construct a wave function χ±
ρ (r⃗) with chiral probability

density (hence the subscript ρ) by taking the real part of
χ±
c (r⃗), i.e.

⃓⃓
χ±
ρ

⟩︁
=

1√
2

(︁⃓⃓
χ±
c

⟩︁
+ c.c.

)︁
(3)

=
1

2
(|3p±1⟩+ i |3d±1⟩ − |3p∓1⟩+ i |3d∓1⟩)

=
1√
2
[∓ |3px⟩+ |3dyz⟩] .

It turns out that this wave function is not chiral. Nev-
ertheless, increasing the l values by one results in the
wave function we are looking for3. The third type (ρ-
type) of chiral wave function is given by

⃓⃓
⃓χ±

ρ(421)

⟩︂
=

1√
2

(︂⃓⃓
⃓χ±

c(421)

⟩︂
+ c.c.

)︂
(4)

=
1

2
(|4d±1⟩+ i |4f±1⟩ − |4d∓1⟩+ i |4f∓1⟩)

=
1√
2

(︁
∓ |4dxz⟩+

⃓⃓
4fyz2

⟩︁)︁

3 It is also possible to obtain a chiral ρ state without increasing the
value of l by replacing the c state in Eq. (3) by a superposition
of the p [Eq. (1)] and c [Eq. (2)] states. However, the resulting
state is less symmetric and does not provide any more insight
than the one obtained in Eq. (4) so we decided to skip it in favor
of clarity.
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Figure 3. Isosurfaces χ+
ρ(421) (r⃗) = ±0.001 a.u. (left) and

χ+
ρ(421) (r⃗) = ±0.008 a.u. (right) [Eq. (4)] viewed along the
x (top) and z (bottom) axes.

Figure 4. Top: cut of χ+
c(421) (r⃗) [Eq. (6)] on the y = 0

plane. The black lines indicate the contours of |χ+
c(421) (r⃗) |

while the colors indicate its phase. The white arrows indicate
the direction of the component of the probability current in
the y = 0 plane. Bottom: isosurfaces |χ+

c(421) (r⃗) | = 0.001 a.u.

(left) and |χ+
c(421) (r⃗) | = 0.004 a.u. (right) colored according

to the phase.

and is shown in Fig. 3 for m = 1. In Eq. (4) we
introduced the notation

⃓⃓
⃓χ±

p(nl|m|)

⟩︂
≡ 1√

2
(|n, l,± |m|⟩+ |n, l + 1,± |m|⟩) (5)

⃓⃓
⃓χ±

c(nl|m|)

⟩︂
≡ 1√

2
(|n, l,± |m|⟩+ i |n, l + 1,± |m|⟩) (6)

⃓⃓
⃓χ±

ρ(nl|m|)

⟩︂
≡ 1√

2

(︂⃓⃓
⃓χ±

c,(nl|m|)

⟩︂
+ c.c.

)︂
, l ≥ 2, (7)

which includes straightforward modifications to the
simplest cases in Eqs. (1), (2), and (4) that we
have already considered. Figure 4 shows χ+

c(421) (r⃗),
which was used in Eq. (4), and Figs. 5 and 6
the m = 2 variations χ+

c(422) (r⃗) and χ+
ρ(422) (r⃗) =(︁

⟨r⃗|4dx2−y2⟩ − ⟨r⃗|4fxyz⟩
)︁
/
√
2 4, which will be used for

the analysis of PECD in the next subsection. As can
be seen in Figs. 3 and 6, like the c states, the ρ states
also have helical structures of opposite handedness in the
inner and outer regions.
The ρ states are particularly meaningful because they

mimic the electronic ground state of an actual chiral
molecule in the sense that unlike the p and the c states,
their chirality is completely encoded in the probability
density and does not rely on probability currents. The
decomposition of ρ states into c states is the chiral ana-
logue of the decomposition of a standing wave into two
waves traveling in opposite directions, and, as we shall see
in the next subsection, it will provide the corresponding
advantages.
Finally, note that according to Barron’s definition of

true and false chirality [75], the p states display false chi-
rality because a time reversal yields the opposite enan-
tiomer, while the c and ρ states display true chirality
because a time-reversal yields the same enantiomer.

III. THE SIGN OF THE
FORWARD-BACKWARD ASYMMETRY IN

ALIGNED CHIRAL HYDROGEN

Now we consider photoionization from the chiral bound
states just introduced via circularly polarized light. For
this, we require the scattering wave function ψ

(−)

k⃗
. In

the case of hydrogen, this wave function is known an-
alytically [76]. ψ

(−)

k⃗
(r⃗) has cylindrical symmetry with

respect to k⃗ and is shown in Fig. 7 for k = 0.3 a.u. in a

4 Interestingly, when plotted as in Fig. 6, the states χ±
ρ(l+1,l,l)

(r⃗)

form a topological structure known as torus link with linking
number ±l.
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Figure 5. Top: cut of χ+
c(422) (r⃗) [Eq. (6)] on the y = 0

plane. The white arrows indicate the direction of the compo-
nent of the probability current in the y = 0 plane. Bottom:
isosurfaces |χ+

c(422) (r⃗) | = 0.003 a.u. (left) and |χ+
c(422) (r⃗) | =

0.005 a.u. (right) colored according to the phase.

Figure 6. Isosurfaces χ+
ρ(422) (r⃗) = ±0.001 a.u. (left) and

χ+
ρ(422) (r⃗) = ±0.006 a.u. (right) [Eq. (7)] viewed along the
x (top) and z (bottom) axes.

Figure 7. Absolute value (top) and phase (bottom) of the
scattering wave function ψ(−)

k⃗
(r⃗) evaluated in a plane contain-

ing k⃗ for k = 0.3 a.u. r∥ and r⊥ are the coordinates parallel
and perpendicular to k⃗, respectively.

plane containing k⃗. Since only hydrogenic functions are
involved, the calculation of the transition dipole matrix
element ⟨ψ(−)

k⃗
|r⃗ |χ⟩ can be carried out analytically. The

angular integrals reduce to 3-j symbols [77] and the radial
integrals can be calculated using the method of contour
integration described in [76].
The angle-integrated photoelectron current j⃗ (k) can

be extracted from the angular and energy dependent ion-
ization probability Wσ ≡ |⟨ψ(−)

k⃗
|r⃗ · ˜⃗Eσ |χ⟩ |2, where ˜⃗E is

the Fourier transform of the field and σ = ±1 indicates
the rotation direction of the field (see also Ref. [12]).
First we do a partial wave expansion of Wσ,

Wσ(k⃗) =
∑︂

l,m

bl,m (k, σ)Y m
l (k̂), (8)

and then we replace it in the expression for the z com-
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ponent of the angle-integrated photoelectron current,

jz (k, σ) =

ˆ

dΩkWσ(k⃗)kz =

√︃
4π

3
kb1,0 (k, σ) . (9)

For normalization purposes, one can also consider the
radial component of the angle-integrated photoelectron
current, which yields

jr (k, σ) =

ˆ

dΩkWσ(k⃗)k =
√
4πkb0,0 (k, σ) (10)

Figures 8 (a), 8 (b), and 9 show jz (k, σ) and jr (k, σ)
for the case of photoionization from the initial states
|χ±

p(311)⟩ [see Eq. (1)] with their z molecular axis per-
pendicular to the plane of polarization of the ionizing
light. We can clearly see two propensity rules that also
hold for any other |χ±

p(nlm)⟩ state: (i) the direction of jz
is determined by the electronic polarization direction of
χ±
p(nlm)(r⃗) and (ii) the magnitudes of jr and jz are bigger

when the bound electron rotates in the same direction as
the electric field in comparison to when they rotate in
opposite directions. The first propensity rule is a con-
sequence of the non-plane-wave nature of the continuum
wave function ψ

(−)

k⃗
(r⃗) (see Fig. 7), which resembles a

bound polarized structure and leads to improved overlap
between ψk⃗ (r⃗) and χ±

p(nlm) (r⃗) in the dipole matrix el-
ement when the direction of electronic polarization and
the direction of the photoelectron coincide as compared
to when they are opposite to each other. The polar-
ized structure of ψ(−)

k⃗
(r⃗) decays monotonously with in-

creasing k and vanishes in the plane-wave limit, which
explains the monotonous decay of jz (k). The second
propensity rule is well known in the 1-photon-absorption
atomic case [76]. This rule changes with the ionization
regime [73, 78, 79].

In the aligned case, thanks to the vector nature of the
photoelectron current, it is enough to consider only two
opposite orientations (see Sec. III in our companion pa-
per [1]). In view of the first propensity rule we have
that for the two opposite orientations the polarization
will point in opposite directions and therefore jz will have
opposite signs. However, since for opposite orientations
the bound electron current also rotates in opposite di-
rections while the light polarization remains fixed, the
magnitude of jz will be different for each orientation,
thus avoiding a complete cancellation of the asymmetry.
Furthermore, as can be seen in Fig. 8 (c), the sign of
the orientation-averaged jz will be that of the orientation
where the electron co-rotates with the electric field of the
light. That is, the propensity rule for the aligned case is
that the total photoelectron current j⃗ = jz ẑ will point in
the direction of electronic polarization associated to the
orientation where the bound electronic current co-rotates
with the ionizing electric field.

A similar analysis can be carried out for the case of
photoionization from the initial states |χ±

c(nlm)⟩, shown

Figure 8. Photoelectron current along z as a function of pho-
toelectron momentum resulting from photoionization of a p-
type chiral state [see Eq. (5)] via light circularly polarized
in the xy plane. (a) Diagrams indicating the electronic po-
larization (vertical arrow) and the electronic current (circular
arrow) in the p-type chiral states for two opposite enantiomers
and two opposite orientations. R̂π

x is the operator that rotates
the wave function by π radians around the x axis. (b) Pho-
toelectron current [Eq. (9)] for different enantiomer, orien-
tation, and light polarization combinations. The enantiomer
and its orientation is indicated by the diagrams explained in
(a), and the light polarization is indicated by the circular
arrows after the plus signs. Note that the sign of jz is deter-
mined by the direction of the electronic polarization and that
the magnitude of jz is determined by the relative direction
between the electronic current and the light polarization. (c)
Photoelectron current averaged over two opposite orientations
(equivalent to the aligned case) for different combinations of
enantiomer and light polarization. There is no cancellation of
the asymmetry because for one orientation the bound electron
co-rotates with the field, while for the opposite orientation it
counter-rotates. The calculations shown are for the states
χ±
p(311) but the conclusions are valid for any χ±

p(nlm) state.
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Figure 9. Total photoelectron current resulting from pho-
toionization of a p-type chiral state [see Eq. (5)] via light
circularly polarized in the xy plane for different enantiomer,
orientation, and light polarization combinations. Diagrams
are explained in Fig. 8 (a). Only the relative direction be-
tween the bound electronic current and the rotating electric
field determines jr. The calculations shown are for the states
χ±
p(311) but the conclusions are valid for any χ±

p(nlm) state.

in Fig. 10 for the specific case where (nlm) = (422)
but valid for any other values of (nlm). The only dif-
ference is that in this case the role which was played by
the electronic polarization in the p-type states is now
played by the vertical component of the electronic cur-
rent in the inner region. Like before, this result can be
understood by considering the overlap between the initial
and final states. The polarized structure of the contin-
uum state determines the region contributing more to
the dipole matrix element (see |ψ(−)

k⃗
(r⃗)| in Fig. 7) and

the relative direction between the probability currents in
the initial and final states in this region determines the
amount of overlap. When the direction of the probability
current of χ+

c(nlm) (r⃗) in the inner region (which is where

|ψ(−)

k⃗
(r⃗) | is greatest) is parallel to the direction of k⃗ the

overlap is maximized. Therefore, the propensity rule in
this case is that the sign of jz is positive/negative when
the out-of-plane component of the electronic current in
the inner region points up/down. The non-monotonous
behavior of jz as a function of k obeys the fact that this
propensity rule not only relies on the polarized nature
of |ψ(−)

k⃗
(r⃗) |, but also on the direction of the continuum

probability current, therefore, for k → 0, although the
density of the continuum state is maximally polarized,
its probability current tends to zero, rendering it unable
to distinguish the direction of the probability current of
the bound state, which is the feature responsible for the
FBA in the first place. At an intermediate photoelectron
momentum k ≈ 0.1 a.u. the probability current of the
continuum state matches that of the bound state and
the sensitivity of the continuum state to the direction

Figure 10. Same as Fig. 8 but for the c-type chiral states [see
Eq. (6)]. The role played by the electronic polarization in
the p-type states is replaced by the out-of-plane component
of the probability current in the inner region in the c-type
states. The results in (c) are also valid for photoionization
from ρ-type chiral states (see text). The calculations shown
are for the states χ±

c(422) but the conclusions are valid for any
χ±
c(nlm) state.

of the probability current of the bound state is optimal.
For larger values of k, the match worsens and the con-
tinuum also becomes less and less polarized leading to a
monotonic decay of the FBA. The other propensity rule
regarding the relative rotation of the bound current and
the electric field remains the same as in the case of the p
states and, again, the contributions from opposite orien-
tations to jz do not completely cancel each other.
Finally, in the case where the photoionization takes

place from the states |χ±
ρ(nlm)⟩ [see Eq. (7)], there is

neither any probability current nor any net polarization
that we can rely on. Furthermore, one can see from Figs.
3 and 6 that the wave function χ±

ρ(nlm) (r⃗) is invariant
with respect to rotations by π either around the x or the
y axis, so that jz is the same for both orientations. Thus
the situation appears to be quite different from what we
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had for the states |χ±
p(nlm)⟩ and |χ±

c(nlm)⟩. However, we
know that the chiral probability density of |χ±

ρ(nlm)⟩ is
the result of the superposition of the chiral currents from
|χ±

c(nlm)⟩ and its complex conjugate. These two chiral
currents flow in opposite directions therefore, when we
subject |χ±

ρ(nlm)⟩ to a field circularly polarized in the xy
plane, one part of |χ±

ρ(nlm)⟩ will be counter-rotating and
the other part will be co-rotating with the field. One
part will have an upwards out-of-plane current in the
inner region and the other will have a downwards out-of-
plane current in the inner region. Thus the situation for
a single orientation of |χ±

ρ(nlm)⟩ is very similar to what
we had before when we considered two opposite orienta-
tions of |χ±

c(nlm)⟩. In fact, as shown in Appendix VIIB,
both situations are exactly equivalent in the case of an
isotropic continuum like that of hydrogen. That is, the
z component of the photoelectron current resulting from
photoionization from the state |χ±

ρ(nlm)⟩ is equal to that
obtained from |χ±

c(nlm)⟩ after averaging over two opposite
orientations. The results plotted in Fig. 10 (c) are not
only those obtained for |χ±

c(422)⟩, but also those obtained
for |χ±

ρ(422)⟩. This shows that although the ρ-type states
do not display any bound probability current, we can
still make sense of the sign of the FBA displayed by their
photoelectron angular distribution through their decom-
position into c-type states.

An example of how to use these propensity rules for the
less symmetric cases where the orientation of the molecu-
lar z axis is in the plane of the light polarization is given
in Appendix VIIC.

IV. EXTENSIONS OF THE MODEL

So far we have restricted our discussion to bound wave
functions involving only two different consecutive angu-
lar momenta l with a specific phase between them of 0, π
(p-type states), or ±π/2 radians (c-type states). To get
an idea of how increasing the complexity of the bound
wave function may affect the FBA and the correspond-
ing propensity rules we will consider what happens when
we introduce either a third l component or an arbitrary
phase shift between the two l components.

A third l component simply introduces the possibil-
ity of having a single wave function with more than one
handedness (like a helix made of a tighter bound helix)
and therefore a FBA which may change sign as a function
of energy, a feature seen in actual molecules but absent in
the simplest possible chiral wave functions we have pre-
sented. Consider for example the c-type wave function
with three l values given by

|χ+−
c ⟩ =

√︃
9

19

{︃
i

3
|4p1⟩+ |4d1⟩+ i|4f1⟩

}︃
, (11)

which is a superposition of |4p1⟩ and the state |χc(421)⟩

Figure 11. Cut of χ+−
c (r⃗) [Eq. (11)] on the y = 0 plane. The

white arrows indicate the direction of the component of the
probability current in the y = 0 plane. The extra loops in
the innermost region (cf. Fig. 4) allow for an extra degree
of handedness. One handedness is associated to the big loops
(+) and the other to the small loops (−).

Figure 12. Normalized photoelectron current [Eqs. (9) and
(10)] as a function of photoelectron momentum resulting from
photoionization of the initial state |χ+−

c ⟩ in Eq. (11) (solid
red line) via light left circularly polarized (rotating counter-
clockwise as viewed from the +z direction) and alignment per-
pendicular to the light polarization plane. The FBA changes
sign as a function of photoelectron energy k2/2 reflecting the
ambivalent handedness of |χ+−

c ⟩ (see Fig. 11). The dashed
lines show the corresponding currents for the ‘single-handed’
states that make up |χ+−

c ⟩.

[see Eq. (6)]. A plot of this wave function on the plane
y = 0 is shown in Fig. 11 (compare with Fig. 4). Un-
like the states |χ±

c(nml)⟩, where the chiral current displays
a single handedness, the state |χ+−

c ⟩ displays two possi-
ble handedness, one associated with the big current loops
and the other one associated with the small current loops
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Figure 13. Normalized photoelectron current [Eqs. (9) and
(10)] as a function of photoelectron momentum resulting from
photoionization of the initial state |χ+

p(311)⟩ + |χ+
c(311)⟩ (solid

red line) via light left circularly polarized (rotating counter-
clockwise as viewed from the +z direction) and alignment per-
pendicular to the light polarization plane. The FBA changes
sign as a function of photoelectron energy k2/2 reflecting the
p-like (lower dashed line) and c-like character (upper dashed
line) at lower and higher photoelectron energies, respectively.

in Fig. 11. Since the two chiral currents are confined to
regions of different sizes, high (low) energy photoelec-
trons will probe more efficiently the chirality associated
to the smaller (bigger) loops, and therefore one may ob-
serve a change of sign in the FBA as the photoelectron
energy is increased. Figure 12 shows how each chiral
component contributes to the total FBA. An analogous
behavior is observed for the case of p-type states.

Clearly, closed current loops like those shown in Fig.
11 can only occur around a zero of the wave function,
and the emergence of the small loops in Fig. 11 is as-
sociated with the emergence of a zero at r ≈ 4.4 a.u.,
θ = π/2. At the same time, the change of sign of the
FBA is linked to the existence of the small loops, which
suggests an interesting link between the topology of the
wave function (zeros and currents around them) and the
zeros of the FBA as a function of photoelectron energy.
Further investigation of this point will be presented in a
forthcoming publication.

Introduction of phases differing from zero or π/2 be-
tween consecutive l components simply means that in-
stead of having a pure p- or a pure c-type state we have
a superposition of both. This can also lead to a FBA
that changes sign as a function of energy because the
behavior of the FBA as a function of energy is different
for p and c states. For example, as shown in Fig. 13, a
state |χ+

p(311)⟩ + |χ+
c(311)⟩ displays a FBA which is neg-

ative at lower energies and positive at higher energies,

i.e. it reflects the p character at lower energies and the c
character at higher energies.
Although the concepts of polarization, current, and

wave-function overlap, underlying the propensity rules
are general, the assignment of specific propensity rules
to chiral molecules can be impeded due to their consid-
erably more complex electronic structure than the ele-
mentary chiral wave-functions introduced here. In the
companion paper [1] we develop an alternative route, by-
passing the specific propensity rules and introducing a
more general measure, which simply indicates the pres-
ence thereof. This measure –propensity field– controls
the sign of forward-backward asymmetry in PECD.

V. CONCLUSIONS

We have introduced three families of hydrogenic chiral
wave functions that serve as basic tools for the analysis
of electronic chiral effects. The chirality of these wave
functions may be due either to a chiral density, a chiral
probability current, or a combination of achiral density
and achiral probability current.
We have used the chiral hydrogenic wave functions as

a tool to explore the basic physical mechanisms under-
lying the chiral response in photoionization at the level
of electrons. We have shown that two basic photoioniza-
tion propensity rules determine the sign of the forward-
backward asymmetry in photoelectron circular dichroism
(PECD) in aligned molecules. One propensity rule se-
lects the molecular orientations in which the electron and
the electric field rotate in the same direction, and the
other propensity rule determines whether the photoelec-
trons are emitted preferentially forwards or backwards.
This simple picture illustrates that the propensity rules
lie at the heart of photoelectron circular dichroism. In
the companion paper [1] we show how these ideas can
be extended to the case of randomly oriented molecules,
where another layer of effects of geometrical origin add
to this simple picture.
Note added in proof. Recently, the authors have been

made aware of Ref. [80], where perturbed superposi-
tions of two c-type states yield wave functions with nodal
structures that display links and trefoils.
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VII. APPENDIX

A. Vanishing of the FBA for an orientation-independent continuum and an isotropically oriented ensemble

In this appendix we give a simple demonstration that an orientation-independent continuum yields a zero FBA when
all molecular orientations are equally likely (see also [45]). Consider the lab-frame orientation-averaged photoelectron
angular distribution

Wσ(k⃗) =

ˆ

dλ
⃓⃓
⃓
⟨︂
ψ
(−)

k⃗

⃓⃓
⃓ϵ̂σ

⃓⃓
⃓D̂(λ)χ

⟩︂⃓⃓
⃓
2

, (12)

where ϵ̂σ ≡ (x̂+ σiŷ), σ = ±1, and D̂ (λ) is the operator that rotates the bound wave function χ(r⃗) by the Euler
angles λ ≡ αβγ. We assumed that the scattering wave function ψ(−)

k⃗
(r⃗) is independent of the molecular orientation

λ and therefore there is no need to rotate it. Here we consider rotations in the active sense, i.e. we always have
the same frame of reference (the lab frame) and we rotate the functions. If we expand the bound wave function in
spherical harmonics as

χ (r⃗) =
∑︂

l,m

ul,m (r)Y m
l (r̂) , (13)

then the rotation operator D̂ (λ) acts on χ (r⃗) through the Wigner D-matrices D(l)
m′,m (λ) according to

D̂ (λ)χ (r⃗) =
∑︂

l,m,m′

D
(l)
m′,m (λ)ul,m (r)Y m′

l (r̂) =
∑︂

l,m,m′

D
(l)
m′,m (λ)χl,m,m′ (r⃗) . (14)

Replacing this expansion in the expression for the photoelectron angular distribution we obtain

Wσ(k⃗) =
∑︂

l1,m1,m′
1,l2,m2,m′

2

[︃
ˆ

dλD
(l2)∗
m′

2,m2
(λ)D

(l1)
m′

1,m1
(λ)

]︃⟨︂
ψ
(−)

k⃗

⃓⃓
⃓ϵ̂σ

⃓⃓
⃓χl2,m2,m′

2

⟩︂∗ ⟨︂
ψ
(−)

k⃗

⃓⃓
⃓ϵ̂σ

⃓⃓
⃓χl1,m1,m′

1

⟩︂
.

=
∑︂

l1,m1,m′
1

8π2

2l1 + 1

⃓⃓
⃓
⟨︂
ψ
(−)

k⃗

⃓⃓
⃓ϵ̂σ

⃓⃓
⃓χl1,m1,m′

1

⟩︂⃓⃓
⃓
2

(15)

where we used the orthogonality relation for the Wigner D-matrices [77]. Now we expand the scattering wave
function in spherical harmonics with respect to k̂

ψ
(−)

k⃗
(r⃗) =

∑︂

l,m

ψk,l,m (r⃗)Y m∗
l (k̂), (16)

and replace it in the expression for the photoelectron angular distribution

Wσ(k⃗) =
∑︂

l,m,l1,m1,m′
1

8π2

2l1 + 1

⃓⃓
⃓
⟨︁
ψk,l,m

⃓⃓
ϵ̂σ
⃓⃓
χl1,m1,m′

1

⟩︁
Y m
l (k̂)

⃓⃓
⃓
2

=
∑︂

l,m

fσ,l,m (k)
⃓⃓
⃓Y m

l (k̂)
⃓⃓
⃓
2

(17)

where

fσ,l,m(k) =
∑︂

l1,m1,m′
1

8π2

2l1 + 1

⃓⃓⟨︁
ψk,l,m

⃓⃓
ϵ̂σ
⃓⃓
χl1,m1,m′

1

⟩︁⃓⃓2
. (18)

Since |Y m
l (k̂)|2 is symmetric with respect to the xy plane for every l and m, Eq. (17) shows that Wσ(k⃗) is also

symmetric with respect to the xy plane, and thus exhibits no FBA, irregardless of the values of the coefficients
fσ,l,m(k) which encode the information about the chiral bound state and the light polarization. Any deviation from
an orientation-independent scattering wave function will introduce cross-terms in Eqs. (15) and (17), and therefore
will open the possibility of non-zero FBA.
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B. Absence of m-coupling in the photoelectron current for isotropic continua

Consider the photoelectron angular distribution resulting from a single molecular orientation

Wσ(k⃗) =
⃓⃓
⃓
⟨︂
ψ
(−)

k⃗

⃓⃓
⃓ϵ̂σ

⃓⃓
⃓χ
⟩︂⃓⃓
⃓
2

, (19)

where ϵ̂σ ≡ (x̂+ σiŷ), σ = ±1, χ is the bound wave function that has already been rotated by the Euler angles
λ ≡ αβγ, and the scattering wave function is molecular-orientation independent, i.e. it only depends on the relative
direction between the position vector r⃗ and the photoelectron momentum k⃗. Both wave functions can be expanded
as

χ (r⃗) =
∑︂

l,m

χl,m (r⃗) (20)

ψ
(−)

k⃗
(r⃗) =

∑︂

l,m

ψl,m (k, r⃗)Y m∗
l (k̂), (21)

where χl,m (r⃗) = ul,m (r)Y m
l (r̂) and ψl,m (k, r⃗) = vl,m (k, r)Y m

l (r̂). Replacing these expansions in Wσ(k⃗) we get

Wσ(k⃗) =
∑︂

l1,m1,l2,m2,l′1,l
′
2

⟨︁
ψl′1,m1+σ

⃓⃓
ϵ̂σ
⃓⃓
χl1,m1

⟩︁∗ ⟨︁
ψl′2,m2+σ

⃓⃓
ϵ̂σ
⃓⃓
χl2,m2

⟩︁
Y m1+σ∗
l′1

(k̂)Y m2+σ
l′2

(k̂) (22)

where we used the selection rulesm′
1 = m1+σ andm′

2 = m2+σ for the electric-dipole transitions. The product of the
spherical harmonics Y m1+σ∗

l′1
Y m2+σ
l′2

can be rewritten as a superposition of spherical harmonics Y m
l withm = −m1+m2,

and the calculation of jz only requires the term l,m = 1, 0 [see Eq. (9)]. Therefore we must only consider the terms
in Eq. (22) where m1 = m2, which means that the different m components in the bound wave function χ do not
interfere in jz. That is, the calculation of jz for a coherent superposition χl1,m1

+χl2,m2
yields the same result as the

sum of the jz’s obtained for each state of the superposition separately.

C. An example of propensity rules for the in-plane orientation.

Consider the state |χ+
p(311)⟩ when the molecular frame is related to the lab frame by a rotation of π/2 around ŷL.

In this case, the electronic polarization points along −x̂L and the bound probability current is in the ŷLẑL plane. For
light circularly polarized in the x̂LŷL plane, neither the asymmetry of the initial state (i.e. its electronic polarization)
is along the direction perpendicular to the light polarization nor the bound probability current is in the plane of the
light polarization. Nevertheless, with the help of the Wigner rotation matrices [77] we can write the rotated spherical
harmonics in terms of unrotated spherical harmonics as

R̂π/2
y Y 1

1 =
1

2
Y 1
1 +

1√
2
Y 0
1 +

1

2
Y −1
1 , (23)

R̂π/2
y Y 1

2 = −1

2
Y 2
2 − 1

2
Y 1
2 +

1

2
Y −1
2 +

1

2
Y −2
2 . (24)

Replacing Eqs. (23) and (24) in the expression for χ+
p(311) [Eq. (1)] and using R̂π

yY
m
l = (−1)

l+m
Y −m
l we obtain

R̂π/2
y χ+

p(311) =
1

2

1√
2

[︁
R3,1Y

1
1 −R3,2Y

1
2 −R3,2Y

2
2

]︁
+

1

2

1√
2

[︁
R3,1Y

−1
1 +R3,2Y

−1
2 +R3,2Y

−2
2

]︁
+

1

2
R3,1Y

0
1

=
1

2
R̂π

yχ
−
p(311) +

1

2
χ−
p(311) +

1√
2
Φ (25)
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where Rn,l (r) are the bound radial functions of hydrogen and we defined

Φ (r⃗) =
1√
2

{︃
R3,1 (r)Y

0
1 (r̂) +

1√
2
R3,2 (r)

[︁
Y −2
2 (r̂)− Y 2

2 (r̂)
]︁}︃

. (26)

In analogy to what we did before with the ρ state, we separated the wave function according to the direction of
its probability current with respect to the z axis, i.e. into positive, negative, and zero m’s. In general, this is as far
as we can go with the simplification, and at this point we must only figure out the sign of the asymmetry that the
part co-rotating with the electric field yields to tell the sign of the FBA asymmetry that the full wave function yields.
However, in this particularly simple case we can recognize that not only the m = 0 but also the m = ±2 terms do
not contribute to the chirality of neither the co-rotating nor the counter-rotating parts. We have grouped this achiral
terms into Φ. Furthermore, the remaining terms can be rewritten in terms of p states with their polarizations pointing
along ẑL and −ẑL.

From the discussion of the propensity rules in Sec. III and from Fig. 8 we already know the jLz that will result
from each of the p states appearing in Eq. (25). Furthermore, from Appendix VIIB we know that each m component
will have an independent effect on jz. Therefore, although the unrotated state χ+

p(311)

(︁
r⃗L

)︁
exhibits a negative jLz for

both left and right circularly polarized light, once we rotate this state by π/2 around ŷL Eq. (25) shows that it will
exhibit a negative/positive jLz for right/left circularly polarized light because the signal from the second/first term
will dominate.

We can also use Eq. (25) to verify that jz vanishes in the isotropically-oriented case [see Eq. (17) of the companion
paper [1]] by taking into account the 6 orientations of |χ+

p(311)⟩ displayed in Fig. 2 of [1]

jz =
1

6

[︂
jz

(︁
χ+
p

)︁
+ jz

(︂
R̂π

yχ
+
p

)︂
+ 4jz

(︂
R̂π/2

y χ+
p

)︂]︂
(27)

=
1

6

[︂
jz

(︁
χ+
p

)︁
+ jz

(︂
R̂π

yχ
+
p

)︂
+ jz

(︂
R̂π

yχ
−
p

)︂
+ jz

(︁
χ−
p

)︁]︂

= 0

where the arguments of jz on the right hand side of Eq. (27) indicate the orientation of the initial wave function,
and from symmetry we know that the four orientations where ẑM lies on the x̂LŷL plane yield the same photoelectron
current.
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Chirality is ubiquitous in nature and fundamental in science, from particle physics to metamate-
rials. The standard technique of chiral discrimination - photoabsorption circular dichroism - relies
on the magnetic properties of a chiral medium and yields an extremely weak chiral response. We
propose and demonstrate a new, orders of magnitude more sensitive type of circular dichroism in
neutral molecules: photoexcitation circular dichroism. It does not rely on weak magnetic effects, but
takes advantage of the coherent helical motion of bound electrons excited by ultrashort circularly
polarized light. It results in an ultrafast chiral response and the efficient excitation of a macroscopic
chiral density in an initially isotropic ensemble of randomly oriented chiral molecules. We probe this
excitation without the aid of further chiral interactions using linearly polarized laser pulses. Our
time-resolved study of vibronic chiral dynamics opens a way to the efficient initiation, control and
monitoring of chiral chemical change in neutral molecules at the level of electrons.

The macro-world gives us many examples of chiral dy-
namics created by helical structures which convert rota-
tions in a plane into translational motion orthogonal to
it, from the Archimedes screw to plane propellers and
household fans. In the micro-world, the electrons bound
inside chiral molecules should develop a similar helical
motion when excited by planar rotation of the electric
field of circularly polarized light. Electronic excitation
by circularly polarized light has been used to distin-
guish right-handed from left-handed molecules since 1896
[1]. This technique, called the photoabsorption circular
dichroism (CD) [2], is based on the difference in the ab-
sorption of left- and right-circularly polarized light in chi-
ral molecules and remains the go-to tool [3] for analysing
properties of biological molecules, providing indispens-
able information on their structure, kinetics and thermo-
dynamics, interaction with their environment and with
other molecules. However, it does not rely on the helical
nature of bound electron currents, but uses the helical
pitch of the light wave instead. This pitch, given by the
wavelength of the absorbed light, λ ≳ 2500Å (1Å = 10−8

cm), is barely noticeable on the molecular scale of ∼ 1Å,
leading to very weak signals, three to four orders of mag-
nitude less than the light absorption itself. Formally, the
chiral-sensitive part of the light-induced excitation re-
quires the excited electrons to respond to both the elec-
tric and the magnetic field of the light wave, see Fig.
1(a).
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Remarkably, in spite of extraordinary recent advances
in developing new methods for chiral discrimination that
do not rely on the magnetic properties of the medium
[4–15], none has relied on using the helical motion of
bound electrons. Is it possible to excite and probe such
motion without the help of magnetic field effects?

Exciting chiral dynamics in bound states
A hallmark of helical motion of bound electrons is the
appearance of an induced dipole orthogonal to the po-
larization plane of the exciting circular light. We first
show that an ultrashort pulse creates such a dipole in a
randomly oriented molecular ensemble. Let the electric
field of the pulse, rotating in the x-y plane, coherently ex-
cite two electronic states (Fig. 1(b)) of a chiral molecule.
As shown in the Methods, the orientation-averaged in-
duced dipole acquires the desired component along the
light propagation direction z:

dPXCD
z ∝ σ[d⃗01 × d⃗02] · d⃗12 sin(∆E21t), (1)

Here σ = ±1 is the light helicity, d⃗01, d⃗02 and d⃗12 are the
dipole transition vectors connecting the ground |0⟩ and
the two excited electronic states |1⟩, |2⟩ (Fig. 1(b)), ∆E21

is the energy spacing between the two excited states. For
more than two states, Eq. (1) will contain the sum over
all pairs of excited states n,m, leading to oscillations at
all relevant frequencies ∆Enm. As a function of time the

induced dipole vector d⃗PXCD maps out a helix (Fig. 1(b))
and the z-component of the helical current is

jPXCD
z ∝ σ[d⃗01 × d⃗02] · d⃗12∆E21 cos(∆E21t). (2)

Both dPXCD
z and jPXCD

z are quintessential chiral observ-
ables (see e.g. [16, 17]). Indeed, both are proportional
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FIG. 1. Chiral discrimination schemes in randomly
oriented molecular ensembles. The complex conju-
gated diagrams, complementing those presented, are omitted.
Down-arrows denote complex-conjugation of driving fields.
(a) CD requires an electric dipole transition up and a mag-
netic dipole transition down and vice-versa. (b) PXCD (Eq.
(1)) requires a coherent excitation of two states by ultrashort
circularly polarized pulse. The excitation dipole transition to
state |2⟩ is followed by a dipole transition to state |1⟩ and
a stimulated dipole transition to state |0⟩. Inset: Induced
dipole maps out a helix as a function of time. (c) In PXECD
(Eq. (3)) the two excited states |1⟩ and |2⟩ are connected by
Raman-type transitions via the continuum, stimulated by a
linearly polarized probe pulse. (d) PECD requires circularly
polarized light and a photoelectron scattering in a chiral Vch

(right panel) or non-spherically symmetric Vns potential (left
panel). Red arrows indicate a torque (imparted on the emit-
ted photoelectron) which survives the orientational averaging
and induces the chiral response in PECD.

to the light helicity σ = ±1 and to the triple prod-

uct of three vectors [d⃗01 × d⃗02] · d⃗12. The latter prod-
uct is a pseudo-scalar and as such presents a funda-
mental measure of chirality: it changes sign upon re-
flection and thus has an opposite sign for left and right
enantiomers. For randomly oriented non-chiral molecules
dPXCD
z = jPXCD

z = 0.

Eqs. (1,2) lead to the following conclusions. First,
the coherent excitation of electronic states leads to a
charge displacement along the light propagation direc-
tion. Hence, a macroscopic dipole dPXCD

z and the corre-
sponding chiral density are created in the excited states,
with a chiral current oscillating out of phase for the
two enantiomers. Second, PXCD requires no magnetic
or quadrupole effects, and so, it is orders of magnitude
stronger than standard photoabsorption CD. While pho-
toabsorption CD exploits the helical pitch of the laser
field in space, PXCD takes advantage of the sub-cycle
rotation of the light field in time and is inherently ultra-

fast. PXCD arises only if the excitation dipoles d⃗01, d⃗02
are non-collinear: for the angle ϕ between the two tran-

sition dipoles, the PXCD (Eqs. (1,2)) is proportional to
σ sin(ϕ). Since σ = ±1, σ sin(ϕ) = sin(σϕ) = sin(σωτ),
where ω is the light frequency and τ = ϕ/ω is the time re-
quired by the light field to rotate by the angle ϕ. PXCD
vanishes if the coherence between excited states |1⟩ and
|2⟩ is lost and it reflects the dynamical symmetry break-
ing in an isotropic medium. Our compact formulation of
chiral response forms a common basis for understanding
and linking together several different phenomena involv-
ing rotational [11] and bound-continuum dipole transi-
tions [4] for chiral discrimination or dichroic phenomena
[18]. The common requirement linking all of them is the
non-collinearity of the excitation dipoles.
Is it possible to create PXCD from purely vibrational

excitation of a chiral molecule? Theoretically, vibrational
states within the same electronic state can also fulfil the
PXCD condition as long as their dipoles are not collinear,
see Eqs. (1,2). As shown in the Supplementary Infor-
mation (SI), this requires the breakdown of the Franck-
Condon approximation, i.e. strong dependence of the
electronic wave-function on the position of the nuclei. In
turn, such dependence leads to the appearance of elec-
tronic currents stimulated by the nuclear motion, which
is triggered by the pump pulse. Thus, vibrational PXCD
is intertwined with the underlying chiral motion of elec-
trons. The PXCD current can be induced with circularly
polarized light either by direct coherent excitation of elec-
tronic states or by vibrational excitations with a strong
coupling between electronic and vibrational degrees of
freedom.
We now show that time-resolving PXCD does not

require a chiral probe. The coherence underlying PXCD
allows a chiral object to ’interact with itself’, albeit in
a different quantum state, thus mimicking interaction
with ”another chiral object” and removing any need for
other chiral interactions during the probe step (Fig. 1).
One such non-chiral probe, termed PhotoeXcitation-
induced photo-Electron Circular Dichroism (PXECD),
is introduced below.

Probing chiral dynamics in bound states
One way to probe the excited chiral density is to promote
the chiral wave-packet to the electronic continuum using
a linearly polarized pulse (Fig. 1(c)). As shown in the
Methods, the standard photoionization observable, the
photoelectron current averaged over molecular orienta-
tions, is:

JPXECD
z (k) ∝ σ[d⃗01 × d⃗02] · D⃗r

12(k) sin(∆E21τ)

+σ[d⃗01 × d⃗02] · D⃗i
12(k) cos(∆E21τ), (3)

with JPXECD
x (k) = JPXECD

y (k) = 0. Here τ is the
pump-probe delay, k is the photoelectron momentum,

D⃗12(k) = D⃗r
12(k)+ iD⃗i

12(k) is the Raman-type photoion-
ization vector (see Fig. 1(c) and the Methods) which
connects the excited bound states via the common con-
tinuum and plays the role of d⃗12 of Eqs. (1,2).
The electron current Eq. (3) contains two triple prod-

ucts. Just like the triple product [d⃗01 × d⃗02] · d⃗12 earlier,

2



FIG. 2. Theoretical analysis of the electron chiral dynamics in (1S)-(+)-fenchone. (a) Momentum space electron
density underlying PXCD. The asymmetry resulting from the chirality of the electron density is formed along the light propa-
gation direction z. (b) Temporal evolution of the x-, y- and z-components of the macroscopic dipole associated with the (3s,3p)
Rydberg wave-packet created by the pump pulse (the shaded area). Only the z-component, along the direction of propagation
of the pump and probe pulses, survives orientational averaging. (c) Momentum space PXECD signals at various pump-probe
delays t calculated with a probe duration of 36 fs (FWHM in intensity).

both [d⃗01× d⃗02] ·D⃗r
12 and [d⃗01× d⃗02] ·D⃗i

12 will change sign
upon reflection. Thus, the electron current in Eq. (3) is
a pseudo-scalar observable; it reverses its direction if the
handedness σ of the pump pulse or of the enantiomer is
swapped, showing that PXECD is a genuine chiral effect.
The chiral nature of the response arises only if the par-
ticipating bound states are coherently excited. Once the
coherence is lost, the chiral signal will also disappear.

Importantly, the state of the continuum does not need
to be chiral, as it only provides a link between the two
chiral bound states |1⟩ and |2⟩ (Fig. 1(c)). JPXECD

z (k)
remains chiral even for a plane wave continuum (see the

Methods), in this case D⃗12(k) only has an imaginary com-
ponent:

JPXECD
z,PW (k) ∝ −σ[d⃗01 × d⃗02]D⃗

i,PW
12 (k) cos(∆E21τ). (4)

Note also that the total PXECD photoelectron current
JPXECD
tot ≡

∫︁
JPXECD
z,PW (k)dk measures the helical current

excited in bound states jPXCD
z (Eq. 2), i.e. JPXECD

tot ∝
jPXCD
z (see the SI), because −1/2

∫︁
D⃗i,PW

12 (k)dk ≡
∆E12d⃗12. In particular, for ∆E12 = 0 both the PXCD
bound and the PXECD continuum currents vanish.

One might think that partial alignment of the excited
molecular ensemble could already be fully responsible for
enabling non-chiral probes of chiral dynamics. However,
it is not true in our case. Indeed, the effect of alignment
persists for a single excited electronic state and for the
two excited electronic states with collinear dipoles, but
in both cases it leads to zero PXECD current. Finally,
removing the effect of partial alignment shows that the

PXECD current remains chiral for every k (see the Meth-
ods).

Probing the created chiral excitation using photo-
electron imaging with linearly polarized light constitutes
yet another new phenomenon. The PXECD is reminis-
cent of the Photoelectron Circular Dichroism (PECD)
[4–6, 13–15, 19], which arises when circularly polarized
light is used to photoionize a chiral molecule. However,
there is a fundamental difference. PECD can only exist if
the molecular potential felt by the emitted electron is ei-
ther chiral [4] or, at least, non-spherically symmetric[20]
(both effects quickly disappearing for photoelectron en-
ergies above 10 to 20 eV), while the initial orbital may or
may not be chiral at all [21] (see Fig. 1(d) and the SI).

In contrast to PECD, PXECD requires neither chiral
light, nor chiral or asymmetric scattering of the photo-
electron. It can be observed both at low and high photo-
electron energies. If one chooses to observe it at low
energies, the chiral continuum may affect imaging of the
bound chiral current. Nevertheless, if the bound dynam-
ics is excited but the PXCD helical current (electronic or
vibronic) is absent, i.e. the excited dynamics is not chiral,
its measurement with linear light will yield zero chiral re-
sponse. Thus, if the experiment detects time dependent
chiral signal, it demonstrates the presence of bound chi-
ral dynamics: the PXECD measurement detects PXCD.
This contrasts PXECD with time-resolved PECD mea-
surement, which uses circularly polarized probe: it will
yield non-zero chiral response even if the excited dynam-
ics is not chiral.

Since time-resolved PXECD does not require the tech-
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nically challenging use of ultrashort circularly polarized
XUV pulses [22–26], it opens unique perspectives for ul-
trafast chiral-sensitive measurements using readily avail-
able ultrashort linearly polarized XUV light.

We shall now confirm both numerically and ex-
perimentally that our scheme provides a sensitive
time-resolved probe of chiral molecular dynamics in
bound states.

FIG. 3. PXECD in fenchone molecules. (a) Artist view
of PXECD. Absorption of circularly polarized femtosecond
pulse at 201 nm with helicity σ = ±1 promotes an elec-
tron from the highest occupied molecular orbital to Rydberg
bands, creating a chiral vibronic wave-packet. A linearly
polarized femtosecond probe pulse at 405 nm photoionizes
the molecule, revealing the chiral asymmetry of the Rydberg
wave-packet in the angular distribution of the photoelectrons.
The absorption spectrum of fenchone is adapted from [39] (b)
Experimental images of (L+R) image (PES) and (L−R) im-
ages (PXECD) at the 200 fs pump-probe delay for (1S)-(+)-
fenchone and (1R)-(+)-camphor. The characteristic forward-
backward asymmetry of the photoelectron is observed along
the light propagation direction z. The PXECD image of (1R)-
(-)-fenchone is shown in the figure 4 of the SI.

Theoretical analysis in fenchone
To quantify the PXECD effect we performed quantum
mechanical calculations on fenchone molecules (see the

FIG. 4. Time-resolved PXECD in fenchone and cam-
phor. (a) Legendre polynomials decomposition of the PX-
ECD image for (1S)-(+)-Fenchone at 200 fs pump-probe de-
lay. The α, α′ coefficients, already normalized to the maxi-
mum value of (L + R)/2 image, are multiplied by their as-
sociated Legendre polynomials Pi(θ): P1 = cos(θ), P3 =
(5/2 · cos3(θ) − 3/2 · cos(θ)) to reconstruct the PXECD im-
age. (b) Evolution of the PES and PXECD coefficients as
a function of the pump-probe delay and the photoelectron
kinetic energy, in (1S)-(+)-fenchone with a 201 nm pump,
(1R)-(+)-camphor with a 202 nm pump or with a 200 nm
pump. The black dotted lines represent the kinetic energy
of the photoelectron corresponding to the maximum of PES.
The decay times of the main PES component are 3.28± 0.05
and 2.36± 0.07 ps for fenchone and camphor respectively

SI). First, we simulated the PXCD phenomenon and
calculated the excitation of the s- and p-manifold of
Rydberg states in fenchone by a circular pump pulse.
Upon averaging over random initial orientation of
molecules, the resulting electron density of the Rydberg
wave-packet is asymmetric in the z-direction in the
momentum space. The asymmetry reverses if the
helicity of the pump pulse or the handedness of the
molecule is reversed. The strength of the PXCD can
be quantified by the magnitude of the chiral compo-
nent of the excited electron density. It is obtained by
subtracting the momentum space density D obtained
with right (R) and left (L) circularly polarized light:
PXCD = 2(D(L) −D(R))/(D(L) +D(R)). The calcu-
lated PXCD reaches very high values (35%, Fig. 2(a)).
The asymmetry of the charge distribution describes a
macroscopic dipole moment dPXCD

z which reaches 3 De-
bye (Fig. 2(b)) and oscillates at frequencies determined
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by the energy differences between the states forming
the electronic wave-packet. The pump-probe PXECD
signal, calculated as (D(L) − D(R)) and normalized to
the maximum of (D(L) + D(R))/2, reveals temporal
oscillations (Fig. 2(c)) and 6% asymmetry, thanks to
the short duration of the probe pulse (36 fs FWHM
in intensity). The asymmetry scales with the probe

bandwidth ∆WFWHM as e−[∆E12

√
ln 2/∆WFWHM]2 (see the

SI), decreasing for longer probe pulses such as used in
the experiment.

FIG. 5. Sensitivity of PXECD in (1S)-(+)-fenchone
to the evolution of the chiral molecular structure. (a)
The equilibrium geometries of the ground (dark) and 3s (shad-
owed) electronic states, and the PXECD signal computed at
t = 370 fs using the ground state geometry for both the pump
excitation and the probe ionization. (b) The representation
of the geometries are exchanged and the PXECD is now cal-
culated for a probe ionization that occurs from a vibronic
wave-packet localised at the 3s equilibrium geometry. The
PXECD image is averaged over random molecular orienta-
tions and calculated with a 36 fs duration of the probe pulse.

Observation of PXECD in fenchone
In our experiment, a circularly polarized femtosecond
pump pulse at 201 nm (6.17 eV photon energy, 80 meV
at 1/e2 electric field bandwidth) photoexcites enantiop-
ure fenchone molecules from a supersonic gas jet in the
interaction zone of a velocity map imaging spectrome-
ter. The molecules are excited to Rydberg bands through
single-photon absorption (Fig. 3(a), see the SI). A time-
delayed, linearly polarized probe pulse at 405 nm (3.1
eV photon energy, 85 meV at 1/e2 of the electric field
bandwidth) induces one-photon ionization of the excited
molecules. The cross-correlation of the pump and the
probe pulses is 170 fs. The photoelectrons are acceler-
ated and projected by an electrostatic lens onto a set
of dual microchannel plates and imaged by a phosphor

screen and a CCD camera. The (L) and (R) photoelec-
tron images are recorded alternatively using left and right
circularly polarized pump pulses respectively. The dif-
ference (L-R) and sum (L+R) of these two images are
fitted by a linear combination of Legendre polynomi-
als using a least-square fitting algorithm (p-Basex, see
the SI for details). The PXECD is given by (L-R) im-
age while the (L+R) image reflects the angle resolved
photoelectron spectrum (PES). These two images shown
in Fig. 3(b) for a 200 fs pump-probe delay are both
normalized by the peak of the (L+R)/2 image. As ex-
pected, a significant amplitude of the PXECD image is
observed, reaching 2%. The asymmetry reverses for the
other enantiomer of (1S)-(+)-fenchone, (see Fig. 4 in the
SI), proving the enantio-sensitivity of the effect, originat-
ing from the pseudo-scalar nature of the PXECD current,
see Eq. (3). The forward-backward asymmetry, i.e. the
normalized difference of photoelectron counts between
the forward and the backward hemispheres relative to
the z-axis is −1.86% ± 0.14% for (1S)-(+)-fenchone and
+1.68%± 0.34% for (1R)-(-)-fenchone, at 700 fs delay.

The photoelectron spectrum, obtained from the
first even term of the Legendre decomposition (see
SI), contains a single broad component in energy,
corresponding to ionization from the outermost orbital
(vertical ionization potential 8.72 eV). This component
does not shift in energy with the pump-probe delay
(Fig. 4(b)) and decays exponentially in 3.3 ps, reflecting
a simple vibronic relaxation of the Rydberg population
onto lower states which cannot be photoionized by
one probe photon alone. The temporal evolution of
the PXECD image shows much richer spectroscopic
features, which can be analyzed by decomposing it in
odd Legendre polynomials (Fig. 4(a)). We note that
a sum of first- and third-order Legendre polynomials,
with coefficients α and α′, is enough to fit the PXECD
images. Both coefficients maximize around ∼50 meV be-
low the maximum of the PES. The PXECD signal (Fig.
4(b)) can be decomposed into two components: below
and above the maximum of the PES. The low-energy
component of α undergoes a rather smooth decay. On
the contrary, its high-energy component decays very
quickly and even changes sign around 1 ps. For α′ the
behaviour is opposite, i.e. the high-energy component
shows much slower dynamics than the low-energy part.
Such time- and electron energy- dependent behaviour
is characteristic of internal vibrational torsional motion
and may indicate the change of the chiral structure
of the molecule induced by such motion. Indeed, the
electronic excitation of the molecules is expected to
be accompanied by a significant vibrational excitation,
since the equilibrium geometries of Rydberg states are
quite different from that of the ground state. The
molecules will tend to relax towards the equilibrium
geometry of the Rydberg states, and oscillate around it.
Figure 5 illustrates the influence of this change of molec-
ular geometry on the calculated PXECD signal. Even
small bond length changes (≤ 7%) lead to significant
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modification of the PXECD signal. This demonstrates
the remarkable sensitivity of PXECD to molecular
vibrations, which follow the electronic excitation. The
ensuing vibrational dynamics will inevitably blur the
purely electronic oscillations shown in Fig. 2(c). At 4 ps
(not shown), the PXECD completely vanishes while the
Rydberg population is still 30% of its initial value. This
result unambiguously reflects the loss of wave-packet
coherence which halts chiral dynamics in our experiment.

Observation of PXECD in camphor
According to numerical simulations (see the SI), the
coherence between the two Rydberg bands could eventu-
ate in fenchone. However, the s- and p- Rydberg bands
of camphor are upshifted by additional several tens of
meV compared to fenchone, preventing direct excitation
of the p- states by the pump pulse. The experiment still
reveals a strong PXECD signal, indicating that a chiral
vibronic wave-packet has been created in camphor.
Both PXCD and PXECD are highly molecular specific
(Fig. 3(b)): the PXECD images from the two isomers
(camphor and fenchone) are drastically different. The
α′ coefficients in camphor and fenchone are of opposite
sign as seen in multiphoton [27] and one-photon PECD
[14]. In our experiment, this could be a consequence of
PXECD sensitivity to isomerism (see Fig. 5 to gauge the
sensitivity to nuclear configuration), but it might also be
a signature of the different nature of the excited chiral
electronic currents in fenchone and camphor. Changing
the excitation wavelength from 202 nm to 200 nm does
not affect the monoexponential decay of the PES. In
contrast, a strong change is observed in the PXECD: the
α′ magnitude is almost twice as large and it is shifted
in energy towards the red wing of the photoelectron
spectrum. The drastic change observed in the PXECD
signal in camphor once the pump photon energy is in-
creased by only 60 meV illustrates the extreme sensitivity
of this measurement to the excited vibrational dynamics.

Conclusions and outlook
The ensemble-averaged chiral charge density arising in
PXCD implies asymmetry in the charge distribution
along the light propagation direction, induced by the pla-
nar rotation of light polarization but not by light’s helical
structure. Depending on the medium density, this could
lead to a very large coherently oscillating macroscopic
dipole. The phase of this oscillation is opposite for two
enantiomers, leading to macroscopic enantio-sensitive ef-
fects. The existence of the enantio-sensitive macroscopic
dipole, which also occurs for purely rotational excitation
[11, 28], opens a way to laser-driven separation of enan-
tiomers in isotropic racemic mixtures in the gas phase.
The application of a linearly polarized X-ray probe in

PXECD would enable genuine probing of ultrafast chi-
ral bound dynamics, since PXECD does not require chi-
ral interaction in the continuum, which becomes negligi-
ble for sufficiently high-energy electrons. Therefore, the
PXCD phenomenon opens the way to direct visualiza-
tion of chiral electronic density using time-resolved X-ray
diffraction imaging, both in the gas and condensed phase.
Intense ultrafast sources of X-ray radiation, such as Free
Electron Lasers, combined with measurements sensitive
to valence-shell dynamics in the gas phase [29] should
lead to few-fs time resolution of chiral charge dynamics.
Finally, PXCD could be used to drive molecular reac-

tions in chiral systems in a stereo-specific way, by im-
printing a chiral torque via the helicity of the exciting
circularly polarized pulse. The ultrafast charge dynam-
ics triggered by coherent electronic excitation is remi-
niscent of ultrafast charge migration triggered by photo-
ionization [30–33, 35–37] recently observed in ref. [38]
and speculated to underlie charge-directed reactivity in
cations [34]. Chiral electron stereo-dynamics in neutral
molecules may open similar opportunities for controlling
charge and energy flow in molecules at the level of elec-
trons, offering new perspectives for such intriguing prob-
lems as asymmetric synthesis, a major challenge in stere-
ochemistry.
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METHODS

A. Exciting Chiral Currents.

To derive Eqs. (1,2) for the z components of the induced dipole and current we use standard time-dependent perturbation theory,
assuming two excited states i = 1, 2 coupled to the ground state. The pump field in the laboratory frame (superscript L) is:

E⃗L (t) =
1√
2
F (t) ε̂Lσe

−i(ωt+δ) + c.c., (5)

where ω is the carrier frequency, F (t) is the field amplitude, δ is the carrier-envelope phase, and

ε̂Lσ =
x̂L + σiŷL√

2
(6)

describes the pulse polarization. The excitation amplitudes are:

ai (ϱ) = −i
[︂
R (ϱ) ε̂Lσ · d⃗i,0

]︂
E (ωi0) , (7)

where i = 1, 2 labels the excited states, E (ωi0) are the spectral amplitudes at the transition frequencies ωi0, d⃗i,0 are the excitation dipole
matrix elements in the molecular frame, and the pump field is rotated into the molecular frame via the rotation matrix R (ϱ), with the
Euler angles ϱ ≡ (α, β, γ) (see SI for explicit expressions). The induced dipole in the molecular frame is:

d⃗ϱ (τ) =

2∑︂

i,j=0

a∗i (ϱ) aj (ϱ) e
−iωjiτ d⃗i,j . (8)

where d⃗i,j = ⟨i| ˆ⃗d|j⟩ and ωij = ωi − ωj . Transforming to the lab frame and averaging over all orientations ϱ yields

d⃗L (τ)=

∫︂
dϱRt (ϱ) d⃗ϱ (τ)

=

2∑︂

i,j=0

e−iωjiτ

{︃∫︂
dϱ a∗i (ϱ) aj (ϱ)R

t (ϱ)

}︃
d⃗i,j , (9)

where Rt = R−1 is the transpose of the rotation matrix R. Details of the integration are presented in the SI. The final result is:

d⃗L(τ) =
1

3

⎛
⎜⎜⎜⎝

√
2
[︂
|E (ω10)| (d1,0)2 cos

(︁
ω10τ − ϕ1 − π

2

)︁
+ |E (ω20)| (d2,0)2 cos

(︁
ω20τ − ϕ2 − π

2

)︁]︂

σ
√
2
[︂
|E (ω10)| (d1,0)2 sin

(︁
ω10τ − ϕ1 − π

2

)︁
+ |E (ω20)| (d2,0)2 sin

(︁
ω20τ − ϕ2 − π

2

)︁]︂

|E (ω10)| |E (ω20)|σ
[︂
d⃗1,0 × d⃗2,0

]︂
· d⃗1,2 sin (ω21τ − ϕ21)

⎞
⎟⎟⎟⎠ , (10)

where E(ωi0) = |E(ωi0)| exp(iϕi), ϕ21 = ϕ2 −ϕ1. The π/2 phase shift reflects the resonance. Eq. (1) of the paper shows the z-component,
for ϕ21 = 0. Note that dLz is a time-even pseudo-scalar, i.e. the quintessential chiral observable. Together with the x and y components,
which describe rotation in the polarization plane, dLz describes the helical charge motion induced in a randomly oriented chiral ensemble.
The planar rotation stems from the coherence with the ground state, the motion along the z-axis from the coherence between the excited
states. The bound current is obtained by differentiating the dipole:

j⃗L(τ) =
1

3

⎛
⎜⎜⎜⎝

−
√
2
[︂
|E (ω10)|ω10 (d1,0)

2 sin
(︁
ω10τ − ϕ1 − π

2

)︁
+|E (ω20)|ω20 (d2,0)

2 sin
(︁
ω20τ − ϕ2 − π

2

)︁]︂

σ
√
2
[︂
|E (ω10)|ω10 (d1,0)

2 cos
(︁
ω10τ − ϕ1 − π

2

)︁
+|E (ω20)|ω20 (d2,0)

2 cos
(︁
ω20τ − ϕ2 − π

2

)︁]︂

|E (ω10)| |E (ω20)|ω21σ
[︂
d⃗1,0 × d⃗2,0

]︂
· d⃗1,2 cos (ω21τ − ϕ21)

⎞
⎟⎟⎟⎠ . (11)

The strength of the chiral response in PXCD depends on the efficiency of conversion of the planar current excited by the pump field into
the helical current with the chiral component along the z axis. The conversion is performed by the chiral molecule itself. In the example
shown in the SI (Fig. 1) the conversion is 100%.

B. Probing Chiral Currents.

The photoelectron current Eq. (3) is derived by applying perturbation theory to the coherent excitation amplitudes calculated above.
The ionizing probe field with frequency ω′ is linearly polarized along the laboratory x̂L axis and is delayed (delay τ) from the pump field.

The current for the photo-electron momentum k⃗ in the molecular frame is

J⃗(k⃗) =
1

2
a∗
k⃗
a
k⃗
k⃗ + c.c. (12)

where the population amplitude of the continuum state |⃗k⟩ is (see the SI)

a
k⃗
= −

(︂
R(ϱ)ε̂Lσ · d⃗1,0

)︂(︂
R(ϱ)x̂L · D⃗1

)︂
e−iω1τE (ω1) E ′(ω′

k⃗1
)−

(︂
R(ϱ)ε̂Lσ · d⃗2,0

)︂(︂
R(ϱ)x̂L · D⃗2

)︂
e−iω2τE (ω2) E ′(ω′

k⃗2
) (13)
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Here E ′(ω
k⃗,i

) is the spectral amplitude of the probe at the required transition frequency, D⃗i(k⃗) are bound-free transition dipoles in the

molecular frame.
The current includes both diagonal contributions and the Raman-type coupling of states i = 1, 2 via the continuum. Only the latter

survives the orientation averaging (see the SI). Substituting expressions for the continuum amplitudes, and keeping only the off-diagonal
terms, we obtain the current in the molecular frame:

J⃗(k⃗, ϱ) =
(︂
R(ϱ)ε̂L−σ · d⃗∗2,0

)︂(︂
R(ϱ)x̂L · D⃗∗

2

)︂
×

(︂
R(ϱ)ε̂Lσ · d⃗1,0

)︂(︂
R(ϱ)x̂L · D⃗1

)︂
× E

(︁
ω, ω′)︁ eiω21τ k⃗ + c.c. (14)

where the E (ω, ω′) includes all spectral amplitudes of the pump and probe pulses for the relevant transition frequencies,

E
(︁
ω, ω′)︁ = E∗ (ω2) E (ω1) E ′∗(ω′

k⃗2
)E ′(ω′

k⃗1
) (15)

Note that J⃗(k⃗) is independent of the carrier-envelope phase δ of the pump. Hence, it also does not matter whether the probe is linearly
polarized along the x or the y axis.

After transforming the current into the laboratory frame J⃗L(k⃗, ϱ) = Rt(ϱ)J⃗ , averaging over all molecular orientations, and over all

directions of k⃗ we obtain:
JL
z (k) = − σ

60
E
(︁
ω, ω′)︁ [︂d⃗1,0 × d⃗2,0

]︂
· D⃗12(k)e

i(ω21τ−π
2 ) + c.c. (16)

JL
x (k) = JL

y (k) = 0, (17)

D⃗12(k) =

∫︂
dΩkD⃗12(k⃗) (18)

and the Raman-type photoionization vector D⃗12(k⃗) is defined below. Writing D⃗12(k) as a sum of its real and imaginary parts, we
obtain Eq. (3), up to constant factors (omitted there for compactness):

JL
z (k) = − σ

60

⃓⃓
E
(︁
ω, ω′)︁⃓⃓ [︂d⃗1,0 × d⃗2,0

]︂
·
(︂
D⃗r

12(k) + iD⃗i
12(k)

)︂
× ei(ω21τ+ϕ(ω,ω′)−π

2 ) + c.c.

= − σ

30

⃓⃓
E
(︁
ω, ω′)︁⃓⃓ [︂d⃗1,0 × d⃗2,0

]︂
·
[︃
D⃗r

12(k) sin
(︁
ω21τ + ϕ

(︁
ω, ω′)︁)︁+ D⃗i

12(k) cos
(︁
ω21τ + ϕ

(︁
ω, ω′)︁)︁

]︃
(19)

Here the phases and amplitudes of the pump and probe fields are denoted ϕ (ω, ω′) and |E (ω, ω′)|. For D⃗12(k⃗) we find (see the SI)

D⃗12(k⃗) = −4
(︂
D⃗1 · D⃗∗

2

)︂
k⃗ +

(︂
D⃗∗

2 · k⃗
)︂
D⃗1 +

(︂
D⃗1 · k⃗

)︂
D⃗∗

2 (20)

This general expression shows that every available vector (D⃗1, D⃗∗
2 , k⃗) can be used to “complete” the triple product. We show below that

the last two terms in this equation can be associated with partial alignment of the molecular ensemble by the pump pulse, and disappear
if the unpolarized probe is used. However, the PXECD effect remains due to the first term in the above equation.

C. PXECD for unpolarized probe pulse

Theoretically, it is instructive to consider completely unpolarized light as a probe of the excited chiral dynamics. Since the probe is
completely isotropic, it can not be sensitive to the initial alignment by the pump. Thus, considering an unpolarized probe, we can find
out how a partial alignment of the initially isotropic ensemble by the pump transition affects the chiral continuum current (the PXECD
effect). Below we show that the PXECD effect does not vanish, if the alignment by the pump is excluded. Thus, the PXECD effect does
not originate solely from a partial alignment by the pump pulse.

Consider an arbitrary direction of the linear probe in the laboratory frame. Instead of a single vector characterizing the direction of
polarization x̂L of the probe pulse, we introduce

p̂L =

⎛
⎝

sin θp cosφp

sin θp sinφp

cos θp

⎞
⎠

Then the current in Eq. (14) takes the form

J⃗
(︂
k⃗, ϱ, p̂L

)︂
=

∑︂

i,j

(︂
R (ϱ) ε̂L−σ · d⃗2,0

)︂(︂
R (ϱ) ĵL∗ · D⃗∗

2

)︂(︂
R (ϱ) ε̂Lσ · d⃗1,0

)︂(︂
R (ϱ) îL · D⃗1

)︂
pip

∗
jE

(︁
ω, ω′)︁ k⃗eiω21τ + c.c., (21)

where i and j take values x, y, z. From this expression we can see that cross terms i ̸= j vanish after averaging over probe-polarization
directions, therefore we only need to calculate the terms corresponding to a probe polarized along directions x̂L, ŷL and ẑL independently.
We already calculated the expression for a probe polarized along x̂L and demonstrated that it is valid for all probe polarizations in the
xLyL plane, and in particular to probe polarization along ŷL. For a probe polarized along ẑL we obtain expressions identical to Eqs.
(16,17,18,19) for the current, except that D⃗12 in Eq. (20) is now given by

D⃗12(k⃗, ẑ
L) = −2

[︂(︂
D⃗1 · D⃗2

)︂
k⃗ + D⃗1

(︂
D⃗∗

2 · k⃗
)︂
+ D⃗∗

2

(︂
D⃗1 · k⃗

)︂]︂
. (22)

From Eqs. (20), (21), and (22), the expression for the current in the lab frame reads as

JL
z (k⃗, p̂L) = − σ

60

⃓⃓
E
(︁
ω, ω′)︁⃓⃓ (︂d⃗1,0 × d⃗2,0

)︂
· D⃗12

(︂
k⃗; p̂L

)︂
ei(ω21τ−π

2
+ϕ(ω,ω′)) + c.c.+ cross terms, (23)
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D⃗12(k⃗, p̂
L) =

(︂
|px|2 + |py |2

)︂
D⃗12

(︂
k⃗, x̂L

)︂
+ |pz |2 D⃗12

(︂
k⃗, ẑL

)︂

= −2

[︃
2−

(︂
n̂L · p̂L

)︂2
]︃(︂
D⃗1 · D⃗∗

2

)︂
k⃗ +

[︃
1− 3

(︂
n̂L · p̂L

)︂2
]︃ [︂(︂

D⃗∗
2 · k⃗

)︂
D⃗1 +

(︂
D⃗1 · k⃗

)︂
D⃗∗

2

]︂
, (24)

where n̂L = ẑL is the propagation direction of the pump. The coefficient [1− 3(n̂L · p̂L)2] vanishes after averaging over orientations of the
probe and we obtain the simple expression

D⃗u
12

(︂
k⃗
)︂
=

∫︂
dφp

∫︂
dθp sin θpD⃗12

(︂
k⃗, p̂L

)︂
= −10

3

(︂
D⃗1 · D⃗∗

2

)︂
k⃗, (25)

which, once integrated over orientations of k⃗ [see Eq. (18)], gives the Raman-type photoionization vector that goes into the final expression

for the current Eq. (19). Note that, once the partial alignment by the pump is excluded, only the vector k⃗ can be used to “complete” the
triple product.

D. PXECD in the plane wave continuum.

So far, all our calculations have been general. We now consider the case of the plane wave continuum, eliminating any possibility of chiral
contributions from the continuum (i.e. the photoelectron scattering from the chiral potential of the core). We write the photoionization
dipoles in the velocity gauge,

D⃗i = ⟨k⃗|p⃗|ψi⟩ = k⃗ψ̃i(k⃗), i = 1, 2 (26)

The photoionization matrix elements are proportional to the wave functions of the excited states in the momentum space, ψ̃i(k⃗). Putting
these expressions in Eq. (20), we obtain

D⃗12

(︂
k⃗
)︂
= −2k2ψ̃1(k⃗)ψ̃

∗
2(k⃗)k⃗ (27)

Thus, the Raman-type photoionization vector D⃗12(k) =
∫︁
dΩkD⃗12(k⃗) becomes:

D⃗PW
12 (k) = −2

∫︂
dΩkk

2ψ̃1(k⃗)ψ̃
∗
2(k⃗)k⃗. (28)

We now show that D⃗PW
12 (k) is purely imaginary. We split the electronic wave-functions ψ1,2(r⃗) of the bound states |1⟩, |2⟩ in coordinate

space into their symmetric and antisymmetric components:

ψ1,2(r⃗) = ψS
1,2(r⃗) + ψA

1,2(r⃗) (29)

Their Fourier transforms are

ψ̃1,2(k⃗) ≡
∫︂
dr⃗ψ1,2(r⃗)e

ik⃗r⃗ =

∫︂
dr⃗ψS

1,2(r⃗) cos(k⃗ · r⃗) + i

∫︂
dr⃗ψA

1,2(r⃗) sin(k⃗ · r⃗) ≡ ψ̃S
1,2(k⃗) + iψ̃A

1,2(k⃗), (30)

where both ψ̃A
1,2(k⃗) and ψ̃S

1,2(k⃗) are real functions. After simple algebra we get:

D⃗PW
12 (k) = 2i

∫︂
dΩkk

2
(︂
ψ̃S
1 (k⃗)ψ̃

A
2 (k⃗)− ψ̃A

1 (k⃗)ψ̃S
2 (k⃗)

)︂
k⃗ (31)

Thus, D⃗PW
12 (k) is purely imaginary:

D⃗PW
12 (k) = iD⃗i,PW

12 (k) (32)

Taking into account Eq. (32) and using explicitly the imaginary component of the Raman-type photoionization vector D⃗i,PW
12 (k) we obtain

Eq. (4) of the main text:

JL,PW
z (k) = − σ

30

|E (ω, ω′)|
ω′
k⃗1
ω′
k⃗2

[︂
d⃗1,0 × d⃗2,0

]︂
· D⃗i,PW

12 (k) cos
(︁
ω21τ + ϕ

(︁
ω, ω′)︁)︁ . (33)

The constants as well as the phases and amplitudes of the pump and probe fields ϕ (ω, ω′), |E (ω, ω′) | at the excitation and probe
frequencies, appearing in Eq. (33), were omitted in Eq. (4) of the main text for compactness and clarity of our equations. Importantly,
Eq. (33) shows that the PXECD current remains chiral for every k, even when the effects of chirality in the continuum are removed by
using a plane wave continuum. Thus, PXECD can be used as a probe exclusively sensitive to chiral bound dynamics.

We now establish the relationship between the PXCD current and the total PXECD current integrated over all k. First, we compare
the Raman-type photoionization vector integrated over all k (dk⃗ ≡ dΩkk

2):

−1

2

∫︂
dkD⃗PW

12 (k) ≡
∫︂
dk⃗ψ̃1(k⃗)ψ̃

∗
2(k⃗)k⃗, (34)

and the bound transition dipole between the two excited states d⃗1,2. The latter can be written in a strikingly similar form:

iω21d⃗1,2 ≡
∫︂
dk⃗ψ̃1(k⃗)ψ̃

∗
2(k⃗)k⃗ (35)

11



The right hand sides of Eqs. (34,35) are equivalent. Thus, iω21d⃗1,2 and −
∫︁
dkD⃗PW

12 (k)/2 are also equivalent. If ω21 = 0, the Raman-type
photoionization vector integrated over all k is also zero.

Thus we recover a simple connection between the bound transition dipole d⃗1,2 and the integrated Raman-type photoionization vector:

ω21d⃗1,2 ≡ −1

2

∫︂
dkD⃗i,PW

12 (k) (36)

Here we explicitly used that D⃗PW
12 (k) is purely imaginary. This is evident from Eqs. (32,35). Using this simple connection and integrating

the continuum current over all k (assuming adjustable strength of the probe pulse at all frequencies, so that CE = 1
5

E′∗(ω′
k⃗2

)E′(ω′
k⃗1

)

ω′
k⃗1

ω′
k⃗2

is

independent of k) we obtain a simple relationship between the bound and total (integrated over all k) continuum currents:

JPXECD
tot ≡

∫︂
dkJL,PW

z (k), (37)

JPXECD
tot = CEjPXCD

z . (38)

Here we used Eqs.(11,33,36). Despite its simplicity, Eq. (38) is important for understanding the PXECD phenomenon. It shows that even
if one explicitly removes the effects associated with the chirality of the molecular continuum or effects associated with the non-spherical
symmetry of the molecular continuum (by using a plane wave continuum instead), the PXECD current remains chiral, not only for every
k (see Eq. (33)), but also integrally for all k, because in this case it directly reflects the chirality of the bound PXCD current. If the bound
current is equal to zero (e.g. when the two bound states are degenerate), then the total continuum current is also equal to zero.

E. The nature of the PXECD current.

We can now address the question about the mechanisms leading to the PXECD current more broadly. The PXECD continuum current
may arise due to the following reasons: (a) due to bound PXCD current; (b) due to partial alignment of the molecular ensemble by the
pump pulse, (c) due to the degenerate PXECD process, even in the absence of bound PXCD current, i.e. when ω12 = 0. Degenerate
PXECD is the PXECD for degenerate excited states.

Eq. (19) is general, it contains all three effects. The set of examples that we have considered in previous subsections allows us to
identify and to isolate each of these effects. The effect of partial alignment due to the pump pulse can be ”removed” by considering an
unpolarized probe. Eq. (25) shows that chiral response does not vanish in this case. Finally, to isolate the degenerate PXECD process,
one can remove the effects (a,b) by considering unpolarized light and setting ω12 = 0. When the effects (a,b) are removed, for ω12 = 0
and an unpolarized probe, the Raman-type photoionization vector is

D⃗u
12

(︂
k⃗
)︂
= −10

3

(︂
D⃗1(k⃗) · D⃗∗

2(k⃗)
)︂
k⃗ (39)

and the PXECD current is:

JL
z (k) =

σ

9

⃓⃓
E
(︁
ω, ω′)︁⃓⃓

∫︂
dΩk

[︂
d⃗1,0 × d⃗2,0

]︂
· k⃗ ·

(︂
D⃗i

1(k⃗) · D⃗r
2(k⃗)− D⃗r

1(k⃗) · D⃗i
2(k⃗)

)︂
(40)

In this expression, for simplicity we set the phases ϕ (ω, ω′) = 0.
In the previous subsection we have demonstrated that in the case of a plane wave continuum, the total PXECD current (integrated

over all k) vanishes if we set ω12 = 0. However, each momentum component of this current remains finite as long as the excited states |1⟩
and |2⟩ do not have definite parity, and d12 ̸= 0. Note that the triple product in Eq. (40) is formed by the two bound dipoles and the

vector k⃗ of the continuum electron.

F. Inverse Abel transform of the two-photon chiral signal.

Here we show how the Abel-inverted quantities α and α′ (Fig.4 of the main text) are connected to the conventional asymmetry
parameters of the 3D photo-electron signal.

Experimentally, the photo-electron spectrum closely follows the spectrum of the probe: the spectra are located within a bell-shaped
3D sphere G0(k, k0), where E0 = k20/2 is the central energy, with width ∆E ≪ E0. In the geometry of our experiment, the 3D chiral
asymmetry signal can be written as

RPXECD
3D = CG0(k, k0)

[︁
q1,0P

0
1 (cos θ) + q2,−2P

2
2 (cos θ) sin(2ϕ) + q3,0P

0
3 (cos θ) + q3,2P

2
3 (cos θ) cos(2ϕ)

]︁
(41)

where C depends on the gas density, etc. The Legendre polynomials P 2
2 and P 2

3 reflect the geometry of the experiment, where the
pump field is propagating along the z axis. The parameters q2,−2 and q32 appear due to the breaking of the cylindrical symmetry in
our experimental setup; q32 reflects the chiral asymmetry, changing sign with changing light helicity or enantiomer handedness. The
3D signal is projected onto the 2D x-z plane, simulating the measurement, and then raised back to 3D, simulating the reconstruction.
The modeling is done numerically using the experimentally measured G0(k, k0). The analytical model will be described elsewhere. The
presence of q32 modifies the reconstructed 3D image in two ways. First, α and α′ (Fig. 4 of the main text) contain q32: α = q10 + 6q32
and α′ = q10 − 6q32. Secondly, a characteristic signal ∝ q32(k/k0)P 0

1 (cos θ) for k < k0 lying outside of the spectral bandwidth of the pulse
may appear as signature of q32. This background allows us to give the upper estimate to q32 from the 3D images directly obtained via
the inverse Abel transform of the measured 2D spectra (see SI).
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G. Numerical simulations.

The numerical results for PXCD and PXECD in fenchone, presented in Figs. 2 and 4, have been obtained using perturbative quantum-
mechanical calculations which mimic the experimental pump-probe setup. These calculations employ bound and continuum Configuration-
Interaction Single (CIS) states in the framework of frozen nuclei and single-active electron approximations. Our simulations have shown
that molecular chiral Rydberg wavepackets can be formed by absorption of a circularly polarized photon. In addition, (i) the population
of this wavepacket does not depend on the helicity within the dipole approximation, (ii) this wavepacket is inherently chiral, as imaged by
the photoexcitation circular dichroism which survives orientation averaging within a set of randomly aligned targets as long as there is an
electronic coherence between the excited states, (iii) when a linearly polarized probe is switched on, this chiral dichroism is transferred into
the continuum and mapped onto the (usual) photoelectron circular dichroism, even in the plane-wave approximation, (iv) the electronic
beating between the underlying wavepacket states is noticeable in the excitation and the related ionization dichroisms, as function of the
pump-probe delay, but the beating is blurred in the total photo-ionization signal. All of this sheds new light on the origin of chirality,
whose signature is no more constrained to molecular ionization but extends to the whole electronic spectrum, within the usual and intuitive
dipole approximation. Extended details regarding the simulations are given in Section III of the SI.

H. Vibrational coherence in PXECD.

Section V of the SI discusses the role that the excitation of the vibrational wavepackets plays in PXECD. Our analytical results
presented above are general and can be applied to both electronic and vibrational (vibronic) states. However, the non-collinearity of the
excitation dipoles required in PXCD leads to the following conditions for observing vibrational PXECD. Firstly, it requires the breakdown
of the Franck-Condon approximation. This is expected to be the case for large molecules exhibiting broad vibrational lines. Indeed, the
essence of this approximation is that the vibrational wave-functions are sufficiently compact in coordinate space, so that the electronic
transition dipoles do not change as a function of the vibrational coordinates within this compact region. If, however, the vibrational
wave-functions spread over considerable distances, the breakdown of the Franck-Condon approximation is expected and natural. Secondly,
it requires multidimensional, at least two dimensional, potential energy surfaces (PES), which is certainly the case for chiral molecules.

Data availability The data that support the plots within this paper and other findings of this study are available from the corresponding
author upon reasonable request.

13



Photoexcitation Circular Dichroism in Chiral Molecules: Supplementary
Information

S. Beaulieu1,2, A. Comby1, D. Descamps1, B. Fabre1, G. A. Garcia3,
R. Géneaux4, A. G. Harvey5, F. Légaré2, Z. Mašín5, L. Nahon3, A. F.

Ordonez5,6, S. Petit1, B. Pons1, Y. Mairesse1, O. Smirnova5,6, V. Blanchet1

1Université de Bordeaux - CNRS - CEA,
CELIA, UMR5107, F33405 Talence, France

2 Institut Natinal de la Recherche Scientifique, Varennes, Quebec, Canada
3 Synchrotron Soleil, l’orme des Merisiers,

BP48, St Aubin, 91192 Gif sur Yvette, France
4 LIDYL, CEA, CNRS, Université Paris-Saclay,

CEA Saclay, 91191 Gif-sur-Yvette France.
5 Max-Born-Institut, Max-Born-Str. 2A, 12489 Berlin.
6 Technische Universität Berlin, Ernst-Ruska-Gebäude,

Hardenbergstr. 36A,10623, Berlin, Germany.

This Supplementary Information describes the details of the analytical, numerical and experimen-
tal analysis of PhotoeXcitation Circular Dichroism (PXCD) and its probing.

First, we show how helical electron motion can be excited in an isotropic ensemble of randomly
oriented neutral chiral molecules without the help of magnetic or quadrupole interactions. The
underlying ensemble-averaged chiral charge displacement and chiral electron density in excited states
of neutral molecules constitute a new phenomenon we call PXCD. We derive Eqs. (1,2) of the main
text, which prove that PXCD is a quintessential chiral effect, as its observables, such as the induced
dipole and current, are time-even pseudoscalars.

Second, we show how PXCD can be probed without the aid of further chiral interactions. We
derive Eqs. (3,4) of the main text, which describe one such probe – PhotoeXcitation induced
photoElectron Circular Dichroism (PXECD). We prove that the averaged over molecular orientations
photo-electron current - the PXECD observable - is also a time-even pseudoscalar. We demonstrate
the unique sensitivity of PXECD to chiral dynamics in bound states.

Third, we give some technical details about the experimental conditions and we describe the
analysis of the experimental images presented in Fig.4 of the main text. PXECD images recorded
in the two enantiomers of fenchone are also shown.

Fourth, we present the numerical quantum-mechanical calculations that describe the PXCD and
PXECD phenomena in fenchone, mimicking the experiments performed at CELIA. These calcula-
tions reveal how the absorption of a circularly polarized photon leads to the formation of a Rydberg
wavepacket in fenchone molecules whose chiral dynamics is mapped onto the continuum through
absorption of a second, linearly polarized, photon.

Finally, we discuss the role that the excitation of vibrational wavepackets plays in PXECD.

I. EXCITING CHIRAL CURRENTS

In this section we show how macroscopic chiral electron currents can be excited in neutral molecules
without the help of magnetic field or quadrupole interactions. Specifically, we show how the inter-
action of an ultrashort circularly polarized light (pump pulse) and a randomly oriented ensemble of
chiral molecules results in the helical motion of the ensemble-averaged induced electric dipole and
the excitation of an ensemble-averaged coherent helical current.
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We derive Eqs. (1,2) of the main text, which describe the components of the induced dipole
and current in the propagation direction z of the circularly polarized pump pulse. Eqs. (1,2)
of the main text show that the z components of the induced dipole and current are time-even
pseudoscalars, i.e. are quintessential chiral observables. Here we also derive other components
(x, y) of the induced dipole and current, which also survive the orientational averaging. These two
components of the dipole and the current describe rotation in the polarization plane and together
with the chiral-sensitive component along the z-axis describe helical charge motion in a randomly
oriented ensemble of chiral molecules, arising upon excitation by the pump pulse (see Fig. 1 below
and Fig. 1 (b) of the main text).

Fundamentally, the excitation of a chiral current and density in an initially isotropic ensemble
using circularly polarized light without relying on light’s chiral properties is due to the coherent
excitation of a superposition of chiral eigenstates. We call this new phenomenon PhotoeXcited
Circular Dichroism (PXCD). PXCD is an example of spontaneous symmetry breaking, which has a
dynamical origin. We show how ultrafast pulses can be used to induce it and to resolve it in time.
Spontaneous symmetry breaking plays a key role in understanding many-body phenomena (see e.g.
[1]) and often has a dynamical origin: from the "inversion" of the ammonia molecule to temporal
variations of the shape of atomic nucleus. In such cases one needs an ultrafast camera to catch its
ever evolving image. It is very exciting to imagine the role that ultrafast measurements can play
in time-resolving this ubiquitous phenomenon in many-body systems.

We now turn to the formal description of the PXCD phenomenon. Due to the resonant nature of the
excitation, the molecule is modeled as a three level system and the interaction between the electric
field and the molecule is treated using first order perturbation theory and the dipole approximation.

We define the pump field in the laboratory reference frame as:

E⃗L (t) = F (t)
[︁
cos (ωt+ δ) x̂L + σ sin (ωt+ δ) ŷL

]︁
(1)

where ω is the carrier frequency, F (t) includes the field amplitude and the envelope, and the carrier-
envelope phase δ determines the orientation of the electric field vector at the moment t = 0. Finally,
the helicity σ = ±1 determines whether the field is left or right polarized. This pump field can be
written in the compact notation

E⃗L (t) =
1√
2
F (t) ε̂Lσe

−i(ωt+δ) + c.c. (2)

where the rotation of the field is characterized by the operator

ε̂Lσ =
x̂L + σiŷL√

2
(3)

The superscript L indicates vectors in the laboratory (lab) frame, while the vectors in molecular
frame do not have a superscript. The transformation of vectors from the lab frame to the molecular
frame is performed according to v⃗ = R (ϱ) v⃗L where

R (ϱ) = Z (α)Y (β)Z (γ)
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=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

cosα cosβ cos γ − sinα sin γ − cosα cosβ sin γ − sinα cos γ cosα sinβ

sinα cosβ cos γ + cosα sin γ − sinα cosβ sin γ + cosα cos γ sinα sinβ

− sinβ cos γ sinβ sin γ cosβ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(4)

with ϱ ≡ (α, β, γ) the Euler angles in the z-y-z convention. Using perturbation theory, after the
end of the pump pulse of duration T1, we find the wave function at a time τ :

ψϱ (τ) = a0ψ0e
−iω0τ + a1 (ϱ)ψ1e

−iω1τ + a2 (ϱ)ψ2e
−iω2τ , (5)

where a0 ≈ 1 and the expressions for the excitation amplitudes are standard:

ai (ϱ) = −i
[︂
R (ϱ) ε̂Lσ · d⃗i,0

]︂
E (ωi0) (6)

i = 1, 2 labels the excited states, d⃗i,0 are the transition dipole matrix elements to these states from
the ground state, in the molecular frame, and the pump field is rotated into the molecular frame
via the rotation matrix R (ϱ). The excitation amplitude is proportional to the spectral component
of the pump at the corresponding transition frequency ωi0, E (ωi0).

The induced dipole is:

d⃗ϱ (τ) = ⟨ψϱ (τ)| ̂⃗d |ψϱ (τ)⟩ =
2∑︂

i,j=0

a∗i (ϱ) aj (ϱ) e
−iωjiτ d⃗i,j . (7)

where d⃗i,j = ⟨i| ̂⃗d |j⟩ and ωij = ωi − ωj .

Now we move to the lab frame and average over all molecular orientations

d⃗L (τ) =

ˆ

dϱ d⃗Lϱ (τ)

=

ˆ

dϱRt (ϱ) d⃗ϱ (τ)

=

2∑︂

i,j=0

e−iωjiτ

{︃
ˆ

dϱ a∗i (ϱ) aj (ϱ)R
t (ϱ)

}︃
d⃗i,j , (8)

where
́

dϱ ≡ 1
8π2

́ 2π

0
dα
́ π

0
dβ
́ 2π

0
dγ sinβ and Rt = R−1 is the transpose of the rotation matrix

R, 8π2 is the normalization coefficient.
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Let us begin with the evaluation of the term i, j = 0, 0. In the perturbative regime, a0 ≈ 1 and
therefore the only dependence on ϱ in the integrand is in Rt (ϱ). Inspection of R (ϱ) in Eq. (4)
shows that the integral vanishes.

The terms i = 0, j = 1, 2 arising due to coherence between the ground |0⟩ and excited states |1⟩, |2⟩
of the molecule, read

[︂
d⃗L (τ)

]︂
i=0;j=1,2

≡ e−iωj0τ

{︃
ˆ

dϱ aj (ϱ)R
t (ϱ)

}︃
d⃗0,j

= iE (ωj0) e
−iωj0τ

{︃
ˆ

dϱ
[︂
R (ϱ) ε̂Lσ · d⃗j,0

]︂
Rt (ϱ)

}︃
d⃗0,j

=
iE (ωj0) e

−iωj0τ

3
√
2

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

(︂
d⃗j,0

)︂
x

(︂
d⃗j,0

)︂
y

(︂
d⃗j,0

)︂
z

iσ
(︂
d⃗j,0

)︂
x

iσ
(︂
d⃗j,0

)︂
y

iσ
(︂
d⃗j,0

)︂
z

0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

d⃗0,j

=
iE (ωj0) e

−iωj0τ

3
√
2

(dj,0)
2

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

1

iσ

0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (9)

where we made use of d⃗i,j = d⃗j,i ∈ R3, i.e. all components of transition dipole vectors are real
quantities.

Now we add the complex conjugate of the expression above, to obtain the final result for the
averaged induced dipole between the ground and excited states (corresponding to the terms j = 0,
i = 1, 2):

[︂
d⃗L (τ)

]︂
i=0;j=1,2

+
[︂
d⃗L (τ)

]︂
i=1,2;j=0

=
[︂
d⃗L (τ)

]︂
i=0;j=1,2

+ c.c.

=

√
2

3
|E (ωj0)| (dj,0)2

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

cos
(︁
ωj0τ − ϕj − π

2

)︁

σ sin
(︁
ωj0τ − ϕj − π

2

)︁

0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(10)

where E (ωj0) = |E (ωj0)| eiϕj . Note that this term corresponds to a dipole in the xy plane rotating
in the same direction as the field, with frequency ωj0, and delayed by ϕj + π

2 , where
π
2 appears due
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to the resonance nature of the interaction with the pump pulse.

Finally, the terms i = 1, 2, j = 1, 2 involving only the coherence induced between the excited states
yield:

[︂
d⃗L (τ)

]︂
i=1,2;j=1,2

= e−iωjiτ

{︃
ˆ

dϱ a∗i (ϱ) aj (ϱ)R
t (ϱ)

}︃
d⃗i,j

= E∗ (ωi0) E (ωj0) e
−iωjiτ

{︃
ˆ

dϱ
[︂
R (ϱ) ε̂L−σ · d⃗i,0

]︂ [︂
R (ϱ) ε̂Lσ · d⃗j,0

]︂
Rt (ϱ)

}︃
d⃗i,j

=
i

6
E∗ (ωi0) E (ωj0) e

−iωjiτσ

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 0 0

0 0 0

[︂
d⃗i,0 × d⃗j,0

]︂
x

[︂
d⃗i,0 × d⃗j,0

]︂
y

[︂
d⃗i,0 × d⃗j,0

]︂
z

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

d⃗j,i

=
i

6
E∗ (ωi0) E (ωj0) e

−iωjiτ

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

0

0

σ
[︂
d⃗i,0 × d⃗j,0

]︂
· d⃗i,j

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (11)

From the triple product in the result we see that the diagonal terms i = j vanish, while the sum of
the cross terms reads

[︂
d⃗L (τ)

]︂
i=1,j=2

+
[︂
d⃗L (τ)

]︂
i=2;j=1

=
[︂
d⃗L (τ)

]︂
i=1,j=2

+ c.c.

=
1

3
|E (ω10)| |E (ω20)| sin (ω21τ − ϕ21)

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

0

0

σ
[︂
d⃗1,0 × d⃗2,0

]︂
· d⃗1,2

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(12)

Combining Eqs. (10,12) we obtain the expression for the molecular-orientation-averaged electric
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Figure 1. Trajectory of the dipole during the first period (2π/ω21 ∼ 8 fs) of linear oscillation along
z for ω20 = 6.6 eV, ω10 = 6.1 eV, σ = 1, ϕ1 = ϕ2 = 0. The ×’s are equally spaced in time,
which means that the higher the density of ×’s the lower the velocity. The coordinates are scaled

according to d′x =

[︃
2
√
2

3
|E1 (ω)|

(︂
d⃗1,0

)︂2
]︃−1 [︂

d⃗L (τ)
]︂
x
, d′y =

[︃
2
√
2

3
|E1 (ω)|

(︂
d⃗1,0

)︂2
]︃−1 [︂

d⃗L (τ)
]︂
y
, d′z =

[︂
1
3
|E1 (ω)|2

[︂
d⃗1,0 × d⃗2,0

]︂
· d⃗1,2

]︂−1 [︂
d⃗L (τ)

]︂
z
.

dipole in the lab frame:

d⃗L=
1

3

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

√
2
[︂
|E (ω10)| (d1,0)2 cos

(︁
ω10τ − ϕ1 − π

2

)︁
+ |E (ω20)| (d2,0)2 cos

(︁
ω20τ − ϕ2 − π

2

)︁]︂

σ
√
2
[︂
|E (ω10)| (d1,0)2 sin

(︁
ω10τ − ϕ1 − π

2

)︁
+ |E (ω20)| (d2,0)2 sin

(︁
ω20τ − ϕ2 − π

2

)︁]︂

|E (ω10)| |E (ω20)|σ
[︂
d⃗1,0 × d⃗2,0

]︂
· d⃗1,2 sin (ω21τ − ϕ21)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(13)
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Note that chirality is encoded in the z-component of the averaged dipole, which contains the
triple product of the three transition dipole vectors "connecting" three states of a chiral molecule.
This pseudoscalar vanishes for achiral molecules, and changes sign for opposite enantiomers or
alternatively for opposite helicity of the pump pulse. Eq. (1) of the main text reproduces this
result for the z-component of the averaged induced dipole and for the specific case when ϕ21 = 0.
Pump field components at the excitation frequencies |E (ω10)| |E (ω20)| appearing in the expression
for the z-component were omitted in Eq. (1) of the main text for compactness and clarity of our
equations.

In the case of our experiment, the energy separation between the excited states is small compared
to the separation between each excited state and the ground state. Thus, we have ω21 ≪ ω10 and
ω21 ≪ ω20, which means a "low" frequency linear oscillation of the dipole along z combined with
the "high" frequency circular rotation in the xy plane, which corresponds to helical-like motion of
the charge density. This motion switches helicity each half period π/ω21 because the dipole along
z direction changes sign every half period of linear oscillation while the direction of rotation in xy
remains the same, as it is determined only by the helicity of the pump pulse (see Figure 1). In left
and right enantiomers the induced dipoles would map out the helices of opposite helicity for every
given half-period of motion along the z-axis. Assuming ω10 ≈ ω20, E (ω10) ≈ E (ω20), ϕ12 = 0 and(︂
d⃗1,0

)︂2

≈
(︂
d⃗2,0

)︂2

, we obtain a simplified expression for the induced dipole:

d⃗L (τ) ≈ 1

3

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

2
√
2 |E (ω10)|

(︂
d⃗1,0

)︂2

cos(ω21

2 τ) cos
(︁
ω10τ − ϕ1 − π

2

)︁

σ2
√
2 |E (ω10)|

(︂
d⃗1,0

)︂2

cos(ω21

2 τ) sin
(︁
ω10τ − ϕ1 − π

2

)︁

|E (ω10)|2 σ
[︂
d⃗1,0 × d⃗2,0

]︂
· d⃗1,2 sin (ω21τ)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (14)

By definition, the expressions for the chiral current are obtained by differentiating the expression
for the dipole wrt time. Thus, from Eq. (13) we obtain the expressions for the helical current:

j⃗L=
1

3

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

−
√
2
[︂
|E (ω10)|ω10 (d1,0)

2
sin

(︁
ω10τ − ϕ1 − π

2

)︁
+|E (ω20)|ω20 (d2,0)

2
sin

(︁
ω20τ − ϕ2 − π

2

)︁]︂

σ
√
2
[︂
|E (ω10)|ω10 (d1,0)

2
cos

(︁
ω10τ − ϕ1 − π

2

)︁
+|E (ω20)|ω20 (d2,0)

2
cos

(︁
ω20τ − ϕ2 − π

2

)︁]︂

|E (ω10)| |E (ω20)|ω21σ
[︂
d⃗1,0 × d⃗2,0

]︂
· d⃗1,2 cos (ω21τ − ϕ21)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

(15)

In the next section, we show how the chiral dynamics induced by the pump pulse in the excited states
of randomly oriented molecules can be probed without the help of any further chiral interactions.
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II. PROBING CHIRAL CURRENTS

In this section we derive Eqs. (3,4) of the main text. We show how chiral electron currents excited in
neutral molecules can be probed without the aid of further chiral interactions. Specifically, we show
that when a coherent superposition of states is excited with a circularly polarized pump pulse in
a randomly oriented ensemble of chiral molecules, photoionization from such a superposition with
a linearly polarized probe pulse into the electron continuum leads to the appearance of a chiral
photo-electron current. The chiral photoelectron current has been detected in our experiment. We
call this new phenomenon PhotoeXcitation-induced photoElectron Circular Dichroism (PXECD).

In Section II-C we show that the PXECD current remains chiral even for a plane wave continuum,
i.e. when photoelectron scattering from a chiral potential is fully excluded. This important result
emphasizes that probing chiral bound dynamics does not require further chiral interactions: neither
the application of chiral light, nor photoelectron scattering from the chiral potential of the core.
The initial (ground) state (|0 >, see Fig 1(c) of the main text) also does not have to be chiral. As
such, PXECD presents a genuine probe of chiral dynamics in bound states. We also show that the
total PXECD current is proportional to PXCD current in bound states.

In Section II-B we show that the partial alignment of the excited molecular ensemble induced by
the pump pulse is not responsible for creating the chiral signal in PXECD.

In Section II-D we analyze the nature of the PXECD current and compare it with the PECD current.
To perform such comparison we derive PECD current using our newly developed formalism.

In Section II-E we link our formalism applied to PECD to earlier studies of the PECD and discuss
Fig. 1(d) of the main text.

A. Derivation of the chiral PXECD current

In this subsection we derive Eq. (3) of the main text. To calculate the PXECD photoelectron current
resulting from the photoionization of excited states, we need to consider the bound-free transitions
due to the probe field, linearly polarized along the laboratory x̂L axis, carried at the frequency ω′,
and delayed by a time τ from the pump field. The population amplitude of a continuum state k⃗
after the end of the probe pulse, assuming that the pump and the probe do not overlap, is

ak⃗ = −ia1e
−iω1τ

(︂
R(ϱ)x̂L · D⃗1

)︂
E ′

(︂
ω′
k⃗1

)︂
− ia2e

−iω2τ
(︂
R(ϱ)x̂L · D⃗2

)︂
E ′

(︂
ω′
k⃗2

)︂
(16)

where E ′
(︂
ωk⃗,i

)︂
is the spectral amplitude of the probe at the required transition frequency and

D⃗i(k⃗) are bound-free transition dipoles in the molecular frame, k⃗ is electron momentum vector in
molecular frame. Substituting the expressions for the excitation amplitudes a1 and a2 (see eq. (6))
into the expression for ak⃗ we obtain

ak⃗ = −
(︂
R(ϱ)ε̂Lσ · d⃗1,0

)︂(︂
R(ϱ)x̂L · D⃗1

)︂
e−iω1τE (ω1) E ′

(︂
ω′
k⃗1

)︂
(17)
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−
(︂
R(ϱ)ε̂Lσ · d⃗2,0

)︂(︂
R(ϱ)x̂L · D⃗2

)︂
e−iω2τE (ω2) E ′

(︂
ω′
k⃗2

)︂

We can now use these expressions to calculate the photo-electron current in the asymptotic region
far away from the core, defined as

J⃗(k) =

ˆ

dΩk

⃓⃓
ak⃗

⃓⃓2
k⃗. (18)

Let us look at the contribution associated with the electron momentum k⃗

J⃗(k⃗) =
1

2
a∗
k⃗
ak⃗k⃗ + c.c. (19)

Substituting expressions for the continuum amplitudes, we obtain the current in the molecular
frame:

J⃗(k⃗, ϱ) =
1

2

∑︂

i,j

(︂
R(ϱ)ε̂L−σ · d⃗∗i,0

)︂(︂
R(ϱ)x̂L · D⃗∗

i

)︂(︂
R(ϱ)ε̂Lσ · d⃗j,0

)︂(︂
R(ϱ)x̂L · D⃗j

)︂
(20)

×E∗ (ωi) E (ωj) E ′∗
(︂
ω′
k⃗i

)︂
E ′

(︂
ω′
k⃗j

)︂
eiωijτ k⃗ + c.c.

Note that J⃗(k⃗) is independent of the phase δ of the pump field, i.e. the results do not require
carrier-envelope phase stabilization or phase-locking of the pulses. In other words, it does not
matter whether the probe pulse is linearly polarized along the x axis or the y axis and, vice-versa,
the specific direction of the electric field vector of the circular pump pulse at the time of arrival of
the probe pulse does not influence our results.

The diagonal terms do not contribute to the molecular-orientation-averaged current in the lab
frame, as they correspond to probing a stationary chiral state with a linearly polarized field. This
will also become clear from the derivation below. Therefore, we leave only the cross-terms

J⃗(k⃗, ϱ) =
(︂
R(ϱ)ε̂L−σ · d⃗∗2,0

)︂(︂
R(ϱ)x̂L · D⃗∗

2

)︂(︂
R(ϱ)ε̂Lσ · d⃗1,0

)︂(︂
R(ϱ)x̂L · D⃗1

)︂

E (ω, ω′) eiω21τ k⃗ + c.c. (21)

where the E (ω, ω′) includes all spectral amplitudes of the pump and probe pulses for the relevant
transition frequencies,

E (ω, ω′) = E∗ (ω2) E (ω1) E ′∗
(︂
ω′
k⃗2

)︂
E ′

(︂
ω′
k⃗1

)︂
(22)

So far the current is written in the molecular frame, and now we shall transform it into the laboratory
frame J⃗L(k⃗, ϱ) = Rt(ϱ)J⃗ and average over molecular orientations: J⃗L(k⃗) =

́

dϱRt(ϱ)J⃗(k⃗, ϱ). This
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yields the following result:

JL
x (k⃗) = 0 (23)

JL
y (k⃗) = 0 (24)

JL
z (k⃗) = − 1

60
|E (ω, ω′)|σ

[︂
d⃗1,0 × d⃗2,0

]︂
· D⃗12(k⃗)e

i(ω21τ+ϕ(ω,ω′)−π
2 ) + c.c. (25)

where we have now explicitly defined the phase and the amplitude of the spectral component
E (ω, ω′). Here the vector D⃗12(k⃗) is given by the product of a second-order tensor D̂12(k⃗) and the
vector k⃗:

D⃗12(k⃗) = D̂12(k⃗)k⃗, (26)

The tensor arises due to partial alignment of the initially isotropic ensemble by a pump pulse. The
components of the second-order tensor D̂12(k⃗) are given by Cartesian components of photoionization
dipoles. The off-diagonal D12

ij = D12
ji components of the tensor D̂12(k⃗) are:

D12
xy = D1xD

∗
2y +D1yD

∗
2x

D12
xz = D1xD

∗
2z +D1zD

∗
2x

D12
yz = D1yD

∗
2z +D1zD

∗
2y (27)

while the diagonal components are:

D12
xx = −2

(︁
D1,xD

∗
2,x + 2D1,yD

∗
2,y + 2D1,zD

∗
2,z

)︁

D12
yy = −2

(︁
2D1,xD

∗
2,x +D1,yD

∗
2,y + 2D1,zD

∗
2,z

)︁

D12
zz = −2

(︁
2D1,xD

∗
2,x + 2D1,yD

∗
2,y +D1,zD

∗
2,z

)︁
(28)

Averaging over all orientations of k⃗ we obtain the final result for the lab frame PXECD current:

JL
z (k) = − σ

60
|E (ω, ω′)|

[︂
d⃗1,0 × d⃗2,0

]︂
· D⃗12(k)e

i(ω21τ+ϕ(ω,ω′)−π
2 ) + c.c. (29)

where the Raman-type photoionization vector is

D⃗12(k) =

ˆ

dΩkD⃗12(k⃗). (30)

The Raman-type photoionization vector can be written as a sum of its real and imaginary parts,
D⃗12(k) = D⃗r

12(k) + iD⃗i
12(k), leading to the following final expression for the orientation-averaged

current along the laboratory z-axis, i.e. orthogonal to the polarization plane of the pump pulse:

JL
z (k)= − σ

60
|E (ω, ω′)|

[︂
d⃗1,0 × d⃗2,0

]︂
·
(︂
D⃗r

12(k) + iD⃗i
12(k)

)︂
ei(ω21τ+ϕ(ω,ω′)−π

2 ) + c.c.
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= − σ

30
|E (ω, ω′)|

[︂
d⃗1,0 × d⃗2,0

]︂

·
[︂
D⃗r

12(k) sin (ω21τ + ϕ (ω, ω′)) + D⃗i
12(k) cos (ω21τ + ϕ (ω, ω′))

]︂
(31)

Up to constant multipliers, Eq. (31) reproduces Eq. (3) of the main text. The phases of the pump
and probe fields ϕ (ω, ω′) as well as these field components at the excitation frequencies |E (ω, ω′)|
appearing in the expression for the z-component of the PXECD current JL

z (k) were omitted in Eq.
(3) of the main text for compactness and clarity of our equations.

The triple products
[︂
d⃗1,0 × d⃗2,0

]︂
· D⃗r,i

12 (k) are characteristic measures of chirality. As pseudoscalars,
they must change sign upon reflection with respect to any plane, e.g. with respect to the polariza-
tion plane of the pump pulse. Since such reflection transforms a random ensemble of left-handed
molecules into a random ensemble of right-handed molecules, the triple-products will have oppo-
site signs for left-handed and right handed ensembles. For ensembles of non-chiral molecules, the
current is equal to zero. Indeed, reflection in the polarization plane will not change the ensemble
and hence the z-component of the current must remain the same.

Below we derive a compact form for the vector D⃗12 in Eq. (26). First, note that the tensor D̂12 in
Eqs. (26), (27), (28) can be written as

D̂12 = −4
(︂
D⃗1 · D⃗∗

2

)︂
I+ D⃗1 ⊗ D⃗∗

2 + D⃗∗
2 ⊗ D⃗1 (32)

where ⊗ stands for the outer product. Multiplication by k⃗ leads to

D⃗12(k⃗) = −4
(︂
D⃗1 · D⃗∗

2

)︂
k⃗ +

(︂
D⃗∗

2 · k⃗
)︂
D⃗1 +

(︂
D⃗1 · k⃗

)︂
D⃗∗

2 (33)

Note that this general expression shows that every available vector (D⃗1, D⃗
∗
2 , k⃗) can be used to

"complete" the triple product.

General expression for the PXECD current [Eq. (31)] shows that the chiral asymmetry also depends
on the balance between the pulse bandwidth and the energy spacing between the excited states. For
example, in case of two states with energy spacing ∆E12, the reduction of asymmetry due to the
narrowing of the pulse bandwidth will be minimal for the continuum energy Ek = Ek1+Ek2

2 , where
Ekj are the energies, corresponding to the peaks of the spectrum for the ionization from states
j = |1 >, |2 > respectively. For the Gaussian pulse with spectral amplitude e−ω2/2∆W 2

, where
2∆W = ∆WFWHM/

√
ln 2 Eq. (31) yields the current ∝ e−[∆E12

√
ln 2/∆WFWHM ]2 at the continuum

energy Ek. Using shorter pulses, one takes maximal advantage of the ultrafast chiral asymmetry,
excited in randomly oriented molecules. Naturally, the asymmetry can also be probed with longer
pulses. Such pulses probe slower chiral dynamics, involving more closely spaced states.
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B. PXECD for unpolarized probe pulse

Theoretically, it is very instructive to consider completely unpolarized light as a probe of the
excited chiral dynamics. Since the probe is completely isotropic, it can not be sensitive to the
initial alignment by the pump. Thus, considering an unpolarized probe we can find out how partial
alighnement of the initially isotropic ensemble by the pump pulse affects the chiral continuum
current (the PXECD effect). Below we show that the PXECD effect does not vanish, if the alignment
by the pump is excluded. Thus, the PXECD effect does not originate solely from partial alignment
by the pump pulse. Consider an arbitrary direction of the linear probe in the laboratory frame.
Instead of a single vector characterizing the direction of polarization x̂L of the probe pulse, we
introduce

p̂L =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

sin θp cosφp

sin θp sinφp

cos θp

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

Then the current in Eq. (21) takes the form

J⃗
(︂
k⃗, ϱ, p̂L

)︂
=

∑︂

i,j

(︂
R (ϱ) ε̂L−σ · d⃗2,0

)︂(︂
R (ϱ) ĵL∗ · D⃗∗

2

)︂(︂
R (ϱ) ε̂Lσ · d⃗1,0

)︂(︂
R (ϱ) îL · D⃗1

)︂

pip
∗
jE (ω, ω′) k⃗eiω21τ + c.c., (34)

where i and j take values x, y, z. From this expression we can see that cross terms i ̸= j vanish
after averaging over probe-polarization directions, therefore we only need to calculate the terms
corresponding to a probe polarized along directions x̂L, ŷL and ẑL independently. We already
calculated the expression for a probe polarized along x̂L and demonstrated that it is valid for all
probe polarizations in the xLyL plane, and in particular to probe polarization along ŷL. For a probe
polarized along ẑL we obtain expressions identical to Eqs. (23)-(25) and (31) for the current, except
for D⃗12 in Eq. (33) which is now given by

D⃗12(k⃗, ẑ
L) = −2

[︂(︂
D⃗1 · D⃗2

)︂
k⃗ + D⃗1

(︂
D⃗∗

2 · k⃗
)︂
+ D⃗∗

2

(︂
D⃗1 · k⃗

)︂]︂
. (35)

From Eqs. (33), (34), and (35), the expression for the current in the lab frame reads as

JL
z (k⃗, p̂

L) = − σ

60
|E (ω, ω′)|

(︂
d⃗1,0 × d⃗2,0

)︂
· D⃗12

(︂
k⃗; p̂L

)︂
ei(ω21τ−π

2 +ϕ(ω,ω′)) + c.c.

+ cross terms, (36)

D⃗12(k⃗, p̂
L) =

(︂
|px|2 + |py|2

)︂
D⃗12

(︂
k⃗, x̂L

)︂
+ |pz|2 D⃗12

(︂
k⃗, ẑL

)︂
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= −2
[︂
2−

(︁
n̂L · p̂L

)︁2]︂ (︂
D⃗1 · D⃗∗

2

)︂
k⃗

+
[︂
1− 3

(︁
n̂L · p̂L

)︁2]︂ [︂(︂
D⃗∗

2 · k⃗
)︂
D⃗1 +

(︂
D⃗1 · k⃗

)︂
D⃗∗

2

]︂
, (37)

where n̂L = ẑL is the propagation direction of the pump. The coefficient [1− 3(n̂L · p̂L)2] vanishes
after averaging over orientations of the probe and we obtain the simple expression

D⃗u
12

(︂
k⃗
)︂
=

ˆ

dφp

ˆ

dθp sin θpD⃗12

(︂
k⃗, p̂L

)︂

= −10

3

(︂
D⃗1 · D⃗∗

2

)︂
k⃗, (38)

which, once integrated over orientations of k⃗ [see Eq. (30)], gives the Raman-type photoionization
vector that goes into the final expression for the current Eq. (31).

Note that once partial alignment by the pump is excluded, only vector k⃗ can be used to "complete"
the triple product.

We note that from the experimental point of view, probing with an unpolarized fsecemtosecond
pulse is technically challenging. Indeed, femtosecond laser pulses are initially linearly polarized.
Linearly polarized pulse can be turned into unpolarized by transmission in a diffusing medium, but
this would strongly affect the femtosecond duration, making the pulse much longer. Another way
would be to use a UV phase and polarization shaper to encode a random polarization output, but
this would also destroy the short pulse duration.

C. PXECD in the plane wave continuum

So far, all our calculations have been general. We now consider the case of the plane wave contin-
uum, eliminating any possibility of chiral contributions from the continuum state (i.e. photoelectron
scattering from the chiral potential of the core). In the case of plane wave continuum, the pho-
toionization matrix elements evaluated in the velocity gauge, are known to yield asymptotically
correct results for the ground state of the hydrogen atom. The length gauge matrix elements are
asymptotically different by a factor of 4 for the same bound state. Thus, to achieve the most accu-
rate representation of photoionization dipoles in case of plane wave continuum, we use the velocity
gauge, where the photoionization matrix elements are proportional to the wave functions of the
excited states in momentum space

D⃗i = ⟨k⃗|p⃗|ψi⟩ = k⃗ψ̃i

(︂
k⃗
)︂
, i = 1, 2 (39)

Replacing these expressions in Eq. (33) we obtain

D⃗12

(︂
k⃗
)︂
= −2k2ψ̃1

(︂
k⃗
)︂
ψ̃∗
2

(︂
k⃗
)︂
k⃗ (40)
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The Raman-type photoionization vector in the case of the plane wave continuum then becomes:

D⃗PW
12 (k) = −2

ˆ

dΩkk
2ψ̃1(k⃗)ψ̃

∗
2(k⃗)k⃗. (41)

It is easy to show that D⃗PW
12 (k) is purely imaginary. Let us split the electronic wave-functions

ψ1,2(r⃗) of bound states |1⟩, |2⟩ in coordinate space into symmetric and antisymmetric components:

ψ1,2(r⃗) = ψS
1,2(r⃗) + ψA

1,2(r⃗) (42)

Their Fourier transforms are then given by

ψ̃1,2(k⃗) ≡
ˆ

dr⃗ψ1,2(r⃗)e
ik⃗r⃗=

ˆ

dr⃗ψS
1,2(r⃗) cos(k⃗ · r⃗) + i

ˆ

dr⃗ψA
1,2(r⃗) sin(k⃗ · r⃗)

≡ ψ̃S
1,2(k⃗) + iψ̃A

1,2(k⃗), (43)

where both ψ̃A
1,2(k⃗) and ψ̃S

1,2(k⃗) are real functions. After simple algebra we get

D⃗PW
12 (k) = 2i

ˆ

dΩkk
2
(︂
ψ̃S
1 (k⃗)ψ̃

A
2 (k⃗)− ψ̃A

1 (k⃗)ψ̃
S
2 (k⃗)

)︂
k⃗. (44)

Thus, we have proved that D⃗PW
12 (k) is purely imaginary:

D⃗PW
12 (k) = iD⃗i,PW

12 (k) (45)

Taking into account Eq. (45) and using explicitly the imaginary component of the Raman-type
photoionization vector D⃗i,PW

12 (k) we obtain Eq. (4) of the main text:

JL,PW
z (k) = − σ

30

|E (ω, ω′)|
ω′
k⃗1
ω′
k⃗2

[︂
d⃗1,0 × d⃗2,0

]︂
· D⃗i,PW

12 (k) cos (ω21τ + ϕ (ω, ω′)) . (46)

The constants, the phases of the pump and probe fields ϕ (ω, ω′) as well as the field components at
the excitation and probe frequencies |E (ω, ω′) | appearing in the expression for z-component of the
PXECD current JL,PW

z (k) were omitted in Eq. (4) of the main text for compactness and clarity of
our equations. Importantly, Eq. (46) shows that the PXECD current remains chiral for every k,
even when the effects of chirality in the continuum are removed (by using a plane wave continuum
instead). Thus, PXECD can be used as a probe exclusively sensitive to chiral bound dynamics.

It is instructive to compare the Raman-type photoionization vector integrated over all k (dk⃗ ≡
dΩkk

2):

−1

2

ˆ

dkD⃗PW
12 (k) ≡

ˆ

dk⃗ψ̃1(k⃗)ψ̃
∗
2(k⃗)k⃗, (47)
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and the bound transition dipole between the two excited states d⃗1,2. The latter can be written in
a strikingly similar form:

iω21d⃗1,2 ≡
ˆ

dk⃗ψ̃1(k⃗)ψ̃
∗
2(k⃗)k⃗ (48)

The right hand sides of Eqs. (47,48) are equivalent. Thus, iω21d⃗1,2 and −
́

dkD⃗PW
12 (k)/2 are also

equivalent. If ω21 = 0, the Raman-type photoionization vector integrated over all k is also zero.
Thus we recover a simple connection between the bound transition dipole d⃗1,2 and the integrated
Raman-type photoionization vector:

ω21d⃗1,2 ≡ −1

2

ˆ

dkD⃗i,PW
12 (k) (49)

Here we explicitly used that D⃗PW
12 (k) is purely imaginary. This is evident from Eqs. (45,48).

Using this simple connection and integrating the continuum current over all k (assuming adjustable
strength of the probe pulse at all frequencies, so that CE = 1

5

E′∗(ω′
k⃗2

)E′(ω′
k⃗1

)

ω′
k⃗1

ω′
k⃗2

is independent of k)

we obtain a simple relationship between the bound and total (integrated over all k) continuum
currents:

JPXECD
tot ≡

ˆ

dkJL,PW
z (k), (50)

JPXECD
tot = CEj

PXCD
z . (51)

Here we used Eqs. (15,46,49). Despite its simplicity, Eq. (51) is important for understanding
the PXECD phenomenon. It shows that even if one explicitly removes the effects associated with
the chirality of the molecular continuum or effects associated with the non-spherical symmetry of
the molecular continuum (by using a plane wave continuum instead), the PXECD current remains
chiral, not only for every k (see Eq. (46)), but also integrally for all k, because in this case it
directly reflects the chirality of the bound PXCD current. If the bound current becomes equal to
zero (e.g. in case of degeneracy of two bound states), then the total continuum current is also zero.

D. The nature of the PXECD current

We can now address the question about the mechanisms leading to the PXECD current more
broadly. The PXECD continuum current may arise due to the following reasons: (a) due to bound
PXCD current; (b) due to partial alignment of the molecular ensemble by the pump pulse, (c) due
to the degenerate PXECD process, even in the absence of bound PXCD current, i.e. when ω12 = 0.
Degenerate PXECD is the PXECD for degenerate excited states.

Eq. (31) is general, it contains all three effects. The set of examples that we have considered in
previous subsections allows us to identify and isolate each of these effects. The effect of partial
alignment due to the pump pulse can be "removed" by considering an unpolarized probe. Eq. (38)
shows that chiral response does not vanish if we remove the effects of alignment by the pump pulse.
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Finally, to isolate the degenerate PXECD process, one can remove effects (a,b) by considering
unpolarized light and setting ω12 = 0.

The most important result regarding the nature of PXECD is proved in Section IIC: if we consider
the plane wave continuum, then the total PXECD current is directly proportional to the PXCD
current. Thus, if the effect (a) is excluded the total PXECD current is zero. While the effect of
alignment (effect b) may not be very surprising, the effects (a,c) are truly novel.

Consider the degenerate PXECD effect in the case when effects (a,b) are removed. For that we can
consider the respective expressions for ω12 = 0 and an unpolarized probe. In this case the PXECD
becomes very similar to PECD. In the case of unpolarized light the Raman-type photoionization
vector is

D⃗u
12

(︂
k⃗
)︂
= −10

3

(︂
D⃗1(k⃗) · D⃗∗

2(k⃗)
)︂
k⃗ (52)

Then the PXECD current for ω12 = 0 is:

JL
z (k) =

σ

9
|E (ω, ω′)|

ˆ

dΩk

[︂
d⃗1,0 × d⃗2,0

]︂
· k⃗ ·

(︂
D⃗i

1(k⃗) · D⃗r
2(k⃗)− D⃗r

1(k⃗) · D⃗i
2(k⃗)

)︂
(53)

In this expression, for simplicity we set the phases ϕ (ω, ω′) = 0.

In section II-C we have demonstrated that in the case of a plane wave continuum, the total PXECD
current (integrated over all k) vanishes if we set ω12 = 0. However, each momentum component
of this current remains finite as long as the excited states |1⟩ and |2⟩ do not have definite parity
and d12 ̸= 0. Note that the triple product in Eq. (53) is formed by the two bound dipoles and the
vector k⃗ of the continuum electron.

E. Role of chiral continuum in PECD: a numerical example

In this sub-section we discuss the necessary conditions for PECD in randomly oriented ensemble of
chiral molecules, although this question has been already discussed in literature. The purpose of
this subsection is to confirm the diagrams presented in Fig. 1d of the main paper.

The PECD phenomenon can occur even if the initial (bound) state is not chiral. In this case the
chiral response originates solely from the scattering of the photoelectron in the chiral molecular
potential.

However, for a chiral bound state, the conditions on the molecular potential can be significantly
relaxed. Namely, this potential does not have to be chiral, it only has to be non-spherically sym-
metric.

To show how the chiral asymmetry parameter of PECD depends on the strength of the non-
spherical part of the molecular potential we performed the following numerical simulations. We
have considered a model potential and a model chiral state. The initial chiral state was chosen
as a linear combination of the hydrogenic wavefunctions: |ψi⟩ = 1/

√
2 (|3p+⟩+ |3d+⟩) [4]. The

strength of the non-spherical component of the potential V (r, θ) = −1/r−λe−rY1,0(θ) is controlled
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Figure 2. PECD asymmetry parameter β1 vs photoelectron energy for model potential V (r, θ) = −1/r −
λe−rY1,0(θ). The strength of of the non-spherical component of the potential is controlled by parameter
λ and Y1,0(θ) is the spherical harmonic. We have calculated the chiral asymmetry parameter for several
different values of lambda: 0, 1, 5, 10. As expected, the increase in β1 follows the increase in λ.

by the parameter λ and Y1,0(θ) is the spherical harmonic. We have calculated the chiral asymmetry
parameter of PECD β1 [5] for several different values of λ: 0,1, 5, 10 (see Fig. 2).

We have used the following method for our calculation. To obtain the continuum wavefunctions
we implemented the multichannel version of the renormalized Numerov method [6] and checked
the correctness of the implementation against a benchmark two channel scattering calculation [7].
To solve our model problem the scattering wavefunction was expanded into partial-waves and the
standard standing-wave solutions of the multichannel system were converted into photoionization
(incoming-wave) boundary conditions in the asymptotic region and back-propagated to obtain the
photoionization solutions in the whole radial domain spanned by the initial chiral bound state.
Finally, the partial wave dipole matrix elements were calculated and inserted into Ritchie’s formula
for β1 [5]. When solving the multichannel problem partial waves up to lmax = 6 were included and
ionization potential of 0.5 a.u. was used when calculating the asymmetry parameter.

III. PARAMETRIZATION OF PXECD IMAGES

A. Analysis of the experimental images

An Even-Lavie valve is used as a pulsed enantiopure fenchone source with helium as carrier gas
to avoid the cluster formation. (1R)-(-) and (1S)-(+)-fenchone correspond to (1R,4S) and (1S,4R)
fenchone respectively. The 170 fs cross-correlation time as well as the 0 fs delay are determined on
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the lightest fragment C4H5O+ produced by dissociative ionization. The high voltage of the repeller
electrode was -3kV for the experiment done in fenchone and only -2kV for the experiment done
in Camphor, which increases the energy resolution. Note that the latter, along with the energy
calibration, has been determined by photoionizing krypton. Typically the energy resolution is 80
meV at 0.7 eV kinetic energy. The presented results are obtained by scanning the pump-probe
delays typically 30 times. At each delay, the pump helicity is permuted each 45000 laser shots (=45
seconds) to record several images.

To take into account the angular and energy dependencies of the (L − R) images and in order to
extract a time-dependency of asymmetric PXECD, the (L−R) experimental images are fitted with
a p-Basex analysis, by a sum of odd Legendre Polynomials up to the order 3[8]. The asymmetry of
the PXECD is time dependent and decomposed in coefficients α and α′ defined as :

PXECD(Ekin, θ) =
L(Ekin, θ)− R(Ekin, θ)

max[L(Ekin, θ) + R(Ekin, θ)]
= α(Ekin)P1(cos θ) + α′(Ekin)P3(cos θ) (54)

where θ is the angle of emission relative to the light propagation z in Figure 3(b) of the main text.
α and α′, whose temporal evolutions are displayed in Figure 4(b) of the main text, are normalized
coefficients that provide a means to follow the temporal evolution of the photoelectron asymmetry.
This normalization is done by the maximum of the (L + R)/2 images. The calculated images of
Figures 2(c-d) and 5 of the article are normalized the same way that the experimental ones for an
appropriate comparison.

Figure 3. Photoelectron spectra (PES) obtained by a p-Basex analysis of the photoelectron images, (i.e)
(L+R) image, recorded at 700 fs pump-probe delay in fenchone, with a linearly polarized pump pulse (red
symbol) or with a circularly polarized pump pulse (filled circle) and a linearly polarized probe pulse in both
cases.

The inverse Abel transform of the p-Basex normally assumes cylindrical symmetry of the measure-
ment geometry to get the 3D-photoelectron distribution from the recorded 2D-image. The linearly
polarized probe breaks such symmetry. In order to evaluate the impact of the noncylindrical symme-
try, the PES recorded in linear pump/linear probe configuration (for which the cylindrical symmetry
is preserved) is compared to the one extracted from the (L + R) image, in Figure 3. The perfect
agreement between these two energy distributions indicates that negligible Pm=2,4

n=even are in play in
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the 3D-angular distribution of the (L+R) photoelectron images (PES). With a 3D-detector, such
as e.g. a COLTRIMS [9], no symmetry is required in the angular distribution of the photoelectrons.
We will show further how α and α′ could be connected to the original 3D distribution mapped onto
the VMI detector despite the presence of Pm=2

n=odd terms.

As a chiroptical effect, PXCD is enantio-sensitive as illustrated in Figure 4 on the mirroring effect
observed on the PXECD images recorded for the two enantiomers of fenchone at a 700 fs delay.
This asymmetry of photoelectron is clearly visible on both raw data (a) and (b) and of course on
the fitted normalized images (c) and (d).

Figure 4. The photoelectron asymmetry along the optical propagation axis(z) is reversed with the handed-
ness of the molecule, with a backward asymmetry for (a,d) (1S)-(+)fenchone and a forward one for (b,c)
(1R)-(-)fenchone. (a) and (b) show the raw images (L−R) while (c) and (d) show the fitted images (L−R)
once normalized by the max of (L+R)/2.
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B. Inverse Abel transform of the two-photon chiral signal

Here we discuss Abel inversion in the geometry of our experiment and show how the Abel-inverted
quantities α and α′ (Fig.4 of the main text) can be connected to the conventional asymmetry
parameters characterizing the chiral component of the 3D photo-electron signal.

Our experimental results confirm the expectation for the photo-ionization from a Rydberg state of
the neutral to the ground state of the ion: the photo-electron spectrum closely follows the spectrum
of the probe pulse, reflecting approximate conservation of vibrational excitation during photo-
ionization from the Rydberg state converging to the final ionic state. As a result, the spectra are
predominately located within a bell-shaped 3D sphere which we denote G0(k, k0). Here E0 = k20/2
denotes the central energy of the sphere, and its width (defined by the width of the laser pulse) is
sufficiently narrow, ∆E ≪ E0.

In the geometry of our experiment, the 3D chiral asymmetry signal can be written as (A. Harvey
et al, in preparation)

RPXECD
3D = CG0(k, k0)×

×
[︁
q1,0P

0
1 (cos θ) + q2,−2P

2
2 (cos θ) sin(2ϕ) + q3,0P

0
3 (cos θ) + q3,2P

2
3 (cos θ) cos(2ϕ)

]︁
(55)

where C is some overall factor that depends on the density of the gas, intensities of the pump and
the probe, etc. The appearance of the Legendre polynomials P 2

2 and P 2
3 reflects the geometry of the

experiment, where the pump field is propagating along the z axis and the probe is polarized along
the x axis. The parameters qlm are related to the standard blm coefficients in the decomposition of
the 3D spectrum into the real-valued spherical harmonics, qlm = Nlmblm, where

Nlm =

√︄
(2l + 1)(l − |m|)!

4π(l + |m|)! (56)

are the normalization constants for the real-valued spherical harmonics. The parameters q2,−2 and
q32 appear due to breaking of cylindrical symmetry in the two-photon pump-probe setup. The
parameter q32 also reflects chiral asymmetry: it changes sign if we change the handedness of the
light or enantiomer.

The actual modeling is done numerically using the experimentally measured G0(k, k0) from the
photo-electron spectra.

The presence of q32 (or b32) modifies the reconstructed 3D image in two ways. First, the coefficients
α and α′ (Fig. 4 of the main text) in front of the Legendre polynomials P 0

1 , P
0
3 contain b32:

α = q10 + 6q32 and α′ = q10 − 6q32. Secondly, the last term gives a characteristic signal ∝
b32(k/k0)P

0
1 (cos θ) for k < k0 lying outside of the spectral bandwidth of the pulse leading to a

characteristic background at low energies, growing linearly with k towards the energy shell G0. The
detailed derivation will be presented elsewhere (A. Ordonez, F. Morales, M. Ivanov, O.Smirnova,
in preparation). These results allow us to give a rigorous upper estimate to q32 from the 3D images
directly obtained via the inverse Abel transform of the measured 2D spectra.

Below we summarize the results of the analysis of the reconstructed experimental 3D images. The
result of the analysis for fenchone, for the first delay, is shown in Fig.5. Blue (α) and red (α′) are
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Figure 5. Normalized asymmetry parameters in Fenchone for the first delay and the effect of q32: Blue
(α) and red (α′) are reconstructed from experiment. The black curve is the experimental −G0, centered at
E0 = 0.4932 eV. The green curve is the theoretical α signal for q32/q10 = 0.09. The tail of the green curve
approximately represents the background in the low-energy tail of the blue curve (experimental α).

obtained by Abel inversion of the experimental 2D images. In contrast to α′ (red), which is not
affected by the loss of the cylindrical symmetry and is confined to the pulse bandwidth (G0, black
curve, centered at E0 = 0.4932 eV), the blue curve appears to have a low energy background, which
can be attributed to the presence of q32. This background drops rather quickly at longer pump-
probe delays. Attributing this background solely to q32 allows us to obtain its upper estimate. The
green curve corresponds to setting q32/q10 = 0.09. Similar analysis can be performed for every
delay, see Fig.6 for the second delay.

The estimated upper bound for q32/q10, as a function of the pump-probe delay, is found to be rather
low and rapidly decreases with the time-delay, see Table I.

IV. NUMERICAL QUANTUM MECHANICAL CALCULATIONS FOR TWO-PHOTON
ABSORPTION IN FENCHONE

A. Preliminaries

In the experiment we are dealing with a set of randomly aligned fenchone molecules embedded in
time-delayed pump and probe laser pulses. As far as these pulses do not time overlap, the interaction
can be split in two parts: (i) the pump step where the molecules are brought into high-lying bound
states through one-photon absorption from a circularly polarized low-energy laser pulse, (ii) the
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Figure 6. Normalized asymmetry parameters in fenchone for the second delay and the effect of q32: Blue
(α) and red (α′) are reconstructed from experiment. The black curve is the experimental −G0, centered at
E0 = 0.5025 eV. The green curve is the theoretical α signal for q32/q10 = 0.07. The tail of the green curve
approximately represents the background in the low-energy tail of the blue curve (experimental α).

probe step where the molecules are ionized from these bound states by absorption of a linearly
polarized photon. The low intensity of both pump and probe pulses makes the description of
electron dynamics easier: high-order (multiphoton) processes can be depreciated so that first-order
perturbative theories can be safely applied. However this description remains rather demanding
insofar as not only bound but also continuum molecular states are required to represent the pump-
and probe-induced dynamics, respectively. So let’s first focus on the construction of these molecular
states.

B. The molecular states

Unless otherwise stated all the quantum chemistry calculations that will be described hereinafter
have been performed using the GAMESS-US package [10] and atomic units will be used throughout
the paper. We work within the frozen nuclei approximation where all nuclei remain located at their
equilibrium positions throughout the interaction. This equilibrium geometry has been optimized at
the Hartree-Fock level of theory using the 6-311++G** [11] underlying Gaussian basis. These cal-
culations have yielded the single-determinant wavefunction Φ0 for the ground state of the fenchone
system:

Φ0 =

√︃
1

n!
det{ϕ1ϕ2...ϕi...ϕn} (57)
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Table 1: The upper estimate for q32 in fenchone

Delay (ps) q32
q10

0.2 0.09

0.7 0.07

1.2 0.05

1.7 0.03

2.2 0.01

Table I. Estimated upper bound for q32/q10 as a function of the pump-probe delay

where n is the number of electrons and ϕi (with i = 1, .., n) are molecular spin-orbitals. The excited
bound states are calculated by means of the CIS (Configuration Interaction-Singles, [12]) approach:
singly excited determinants are built by replacing an occupied spin-orbital ϕi in the reference (57)
by a virtual one ϕa, and the excited state wavefunctions are finally linear combinations of those
determinants:

ΦCIS
l =

∑︂

i→a

cl,i→a

√︃
1

n!
det{ϕ1ϕ2...ϕi→a...ϕn}. (58)

We further simplified the scheme on the grounds of the experimental conditions: the absorption of
photon from the pump pulse with wavelength λ ∼ 200 nm allows to reach almost resonant 3s and
3p’s Rydberg states which basically result from excitation of the highest occupied molecular orbital
(HOMO) to virtual orbitals. We therefore imposed that the 41 inner orbitals remain frozen within
the CIS procedure. This enables to follow the pump-induced electron dynamics in terms of the
evolution of the outermost orbital, without requirement for Dyson orbitals. We compare in Table
II the energies of the low-lying excited states resulting from our simplified CIS procedure with their
counterparts resulting from time-dependent density functional theory (TDDFT) calculations and
experiments by Pulm et al. [13] and Kastner et al. [14]. The energies of the CIS excited states
are overestimated, and decreasing the number of frozen orbitals do not significantly improve the
results. Correlations beyond the CIS framework are important and better described by TDDFT.
However the excited states provided by CIS display the expected shapes, for the first valence π∗

state as well as for the Rydberg 3s and 3p states (see Fig. 7). We will therefore employ these CIS
excited states but we will scale the pump wavelength so that the absorption of a photon brings the
fenchone system into a mixture and 3s and 3p states similar to the one expected for the experiment
done at λ = 201 nm.

In this respect 3p Rydberg states seems at first sight out of reach by absorption of one pump photon
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Transition CIS ncore=41 CIS ncore=11 TDDFT experiment

n → π∗ 5.91 5.16 4.24 ∼ 4.25-4.28

n → 3s 8.19 8.07 6.28 ∼ 5.96

n → 3p1 8.64 8.53 6.67 ∼ 6.27

n → 3p2 8.68 8.60 6.68 ∼ 6.39

n → 3p3 8.73 8.62 6.77 ∼ 6.83

Table II. Comparison of excited states energies (in eV) obtained by means of the CIS procedure with
ncore = 41 and 11 core orbitals, with TDDFT calculations and experiments by Pulm et al.[13] and Kastner
et al. [14].

with λ = 201 nm, even if one takes into account the experimental bandwith (∼ 80 meV at 1/e2)
of the laser pump pulse. The first state of this Rydberg band by a (2+1) REMPI-PECD is found
∼ 6.27 eV above the ground state(see Table 1), while 201 nm corresponds to 6.17 eV. However
deeper inspection of the CD absorption spectrum of fenchone, which can be found in Fig. 4 of
[13], indicates that the onset of the 3p manifold is located about 6.2 eV. We therefore understand
that besides the main 3s contribution, 3p states can be populated under the present experimental
conditions. Note that for camphor, in which all Rydberg states lie higher on the energy scale (above
6.4 eV [13]), 3p states remain really out of reach by absorption of one pump with either λ = 202 or
200 nm.

We now turn to the definition of the continuum states which will be employed in the description of
probe-induced photoionization. Within our CIS procedure with 41 core orbitals, we simply define
these continuum states by allowing excitation from the HOMO to virtual orbitals whose spatial
parts consist of Bessel partial waves normalized on the energy scale

ϕa(r) =

√︃
2ka
π
jla(kar)Y

ma

la
(θ, ϕ) (59)

where jla(kar) are spherical Bessel functions of wavevector ka and angular momentum la while
Y ma

la
are usual spherical harmonics. In practice we introduce the Bessel partial waves which are

resonant with the four Rydberg states (3s, 3p1−3) through absorption of one probe photon. This
sets four different values of ka, kai

=
√︁

2(ϵi + ωprobe) where ϵi is the energy of one of the Rydberg
states. Angular momenta are restricted to l ≤ lmax = 5 and −l ≤ m ≤ l. Single-determinantal
discretized CIS continuum states are thus built according to eq. (58). We assume that these latter
are orthonormal to the ground and bound excited states, and their energies, relative to that of the
ground state, are simply defined as ϵai = k2ai

/2. We are aware that our discretized CIS continuum
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Figure 7. Isodensity maps for the ground state (a) and 5 first low-lying excited states (b-f) of fenchone
obtained by means of CIS calculations with 41 core orbitals. The 3s (c), 3p1 (d), 3p2 (e) and 3p3 (f)
Rydberg states basically result from excitation of one of the oxygen lone pairs of the carbonyl group to
(seemingly) excited O states.

states are zero-order approximations to genuine continuum states: the ϕa orbitals of eq. (59) are
nothing else than partial waves of plane waves with momentum ka. In this respect they would not
allow to reproduce the usual photoelectron circular dichroism inherent in ionization by circularly
polarized photons. However this is particularly well suited to our aim which is to show that in
our pump-probe experiments, this dichroism results from the one induced in the transient bound
Rydberg wavepacket.

C. The dynamical calculations

We deal with a set of randomly aligned fenchone targets. For one molecule within this set, the
electron dynamics are described by means of the time-dependent Schrödinger equation (TDSE)

(H0 + V − i
d

dt
Ψ({r}, t) = 0, (60)

whereH0 is the unperturbed electronic Hamiltonian of the system, and Ψ({r}, t) is the multielectron
total wavefunction. V = −d.E(t) is the interaction term expressed in the length-gauge dipolar
approximation, with d the (multielectron) dipole and E(t) the electric field associated to the laser
pulse. The TDSE can be solved by expanding Ψ({r}, t) on the basis of time-independent CIS
functions ΦCIS

i with identical spin component,

Ψ({r}, t) =
∑︂

i

ai(t)Φ
CIS
i (r)e−iϵit (61)
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where ϵi =< ΦCIS
i |H0|ΦCIS

i >. Inserting eq. (61) into eq. (60) yields a set of first-order differential
equations for the expansion coefficients ai(t):

ȧj(t) = −i
∑︂

i

ai(t)djiE(t)e−i(ϵi−ϵj)t (62)

where dji =< ΦCIS
j |d|ΦCIS

i > are the dipolar couplings. As mentioned above, we take advantage of
the weakness of E(t) to apply first-order perturbation theory; the transition amplitude aj associated
to the transition from the entry channel i to the exit one j in the time interval [t′, t] simplifies to

aj(t) = −idji.

ˆ t

t′
E(t′′)ai(t

′′)e−i(ϵi−ϵj)t
′′
dt′′. (63)

Here it is worth noting that E(t) is defined in the laboratory-fixed frame of reference (xlab, ylab, zlab)
while the dipolar couplings are computed in the molecular frame (xmol, ymol, zmol). For a molecule
whose orientation is given in terms of the three Euler angles (α, β, γ) in the lab frame, we thus have

dji = R−1dmol
ij (64)

in the lab frame, where R = R(α, β, γ) is the rotation matrix to pass from the lab to the molecular
frames of reference [15] and dmol

ij is the dipole coupling in the (natural) molecular frame.

1. PXCD in fenchone

In this part of the interaction, a0(t) ∼ 1 and all other amplitudes vanish. Then eq. (63) transforms
into

apj (t) = −idj0.

ˆ t

0

Epump,p(t′)e−i(ϵ0−ϵj)t
′
dt′, (65)

where Epump,p(t) is a sin2-shaped field, of total duration τpump, circularly polarized in the (xlab, ylab)
plane with either helicity p = +1 or p = −1. Because of the almost resonant irradiation conditions,
only the 3s and 3p’s Rydberg states are (weakly) populated, yielding for a molecular orientation
associated to Rl,

Ψl,p({r}, t) =
∑︂

i

api (t)Ψ
CIS,l
i ({r})e−iϵit (66)

where i ∈ {3s, 3p1, 3p2, 3p3} and ΦCIS,l
i are the associated CIS states rotated according to Rl. It is

worth recalling that because of our frozen core CIS description, {r} can be reduced to the coordinate
r of the outermost electron. We choose to display the dynamics in momentum space which is closer
to the subsequent detection of freed electrons in the experiment. We accordingly take the Fourier
transform F of eq. (66) and define the electron density averaged over all molecular orientations as
the incoherent sum

ρp(k, t) =

ˆ

dαldβldγl sin(βl)|ˆ︁Ψl,p(k, t)|2 (67)
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where ˆ︁Ψl,p = F(Ψl,p) and t ≥ τpump. In practice, eq. (67) is evaluated by means of a (triple)
quadrature with ∆α = ∆β = ∆γ. Beyond the helicity dependence of the population of the
orientation-averaged wavepacket, P (p, t) = ||ρp||2, we can seek whether this wavepacket presents
circular dichroism patterns by looking at the so-called photo-excitation circular dichroism (PXCD)

PXCD(kx, kz, t) = 2
ρp=+1(kx, kz, t)− ρp=−1(kx, kz, t)

ρp=+1(kx, kz, t) + ρp=−1(kx, kz, t)
(68)

with ρp(kx, kz, t) =
́

dkyρ
p(k, t) for a given value of the helicity. Recall that p = +1 and p = −1

correspond respectively to left- and right-circularly polarized fields. kz is along the direction of
propagation of the pump beam while ky is the Time of Flight axis.

2. Pump-probe PXECD in fenchone

In this second part of the interaction, the electron is promoted into the continuum through the
absorption of a photon from a sin2-shaped probe field, of total duration τprobe, linearly polarized
in the x-direction. The delay between the maxima of pump and probe pulses is τ . The transition
amplitude results from the coherent sum over the four initial states

apk(t) = −i
4∑︂

i=1

api (τ
pump)dki.

ˆ t

tini

Eprobe(t′′)e−i(ϵi−ϵk)t
′′
dt′′ (69)

where i ∈ {3s, 3p1, 3p2, 3p3} and tini = τpump/2 + τ − τprobe/2 > τpump. We then proceed like in
the pump step, and define the PXECD for delay τ , in case where pump and probe pulses do not
overlap, as

PXECD(kx, kz, τ) =
ρp=+1(kx, kz, tfin)− ρp=−1(kx, kz, tfin)

N (70)

where tfin = τpump/2 + τ + τprobe/2 is the time at the end of the pump-probe interaction, and
ρp is the two-dimensional electron density finally formed in the continuum. For given τ , PXECD
is normalized as in the experiment to the maximum N of the half sum of the images ρp=+1 and
ρp=−1 in the (kx, kz) plane, that is N = max[ρp=+1(kx, kz, T (τ)) + ρp=−1(kx, kz, T (τ))]/2. Note
that the Fourier transform of the Bessel partial waves of eq. (59), ˆ︂Φa(k) = k−3/2δ(k − ka), is
computed using the generating Gaussian function exp(−(k−ka)2/γ2)/γ

√
π, with γ = 0.05 a.u., for

the δ-distribution.

D. Results

In the experiment, the wavelength of the pump pulse is λ ∼ 200 nm and it corresponds to an energy
of 6.20 eV. The absorption of one photon from this pulse thus brings the system in between the
3s and 3p Rydberg states (see the experimental energies of these states in Table 1). Because of
the upward shift of the CIS excitation energies (see again Table 1), we employ in our simulations a
pump photon with energy 8.326 eV in order to fall in the same region between 3s and 3p CIS states.
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Figure 8. Orientation-averaged bound and continuum state populations at the end of the pump and/or
probe pulses, in the case of adjacent but non-overlapping pump and probe pulses. State energies are referred
to the ionization threshold.

The FWHM duration of the pump pulse is τpump = 72 fs and its intensity is set to Ipump = 1012

W/cm2. For the probe field, we use the FWHM duration τprobe = 36 fs, hν = 4.163 eV and
intensity 108 W/cm2. The strength of the probe field does not affect the perturbative computation
of the PXECD (70). All orientation averages presented hereinafter have been performed using
∆α = ∆β = ∆γ = π/4; we explicitly checked the convergence of the PXCD and PXECD profiles
presented below.

1. Populations after pump and pump-probe excitations

We present in Fig. 8 the orientation-averaged populations P (p, τpump) of bound states after the
circularly polarized pump excitation. As expected, the most populated states are the 3s and 3p
Rydberg ones. When the probe pulse is on, these populations are decreased because of the transfer
into the continuum, as illustrated in Fig. 8 in the case of a delay τ = (τpump + τprobe)/2 (which
is the smallest delay for non overlapping pulses). Importantly, both the bound state populations,
after pump excitation, and continuum populations, after probe ionization, are the same whether
p = +1 or p = −1. Kröner found a similar behaviour in the case of pump excitation [17]. He
further showed that this equality is broken beyond the dipolar approximation, and he suggested
that PECD in (strictly) resonant multiphoton regime results from the interplay of dipole and non-
dipole transitions within the first step of the multiphoton (ladder-type) climbing mechanism. This
picture does not coincide with the usual description of one photon-induced PECD in terms of only
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Figure 9. (a) PXCD at the end of the pump pulse. (b) PXECD at the end of the pump-probe interaction
with delay τ = 150 fs.

dipolar transitions [5]. Let’s see what happens in our case of a Rydberg wavepacket created by a
circular pump pulse and photoionized by a linear probe.

2. PXCD and PXECD

We present in Fig. 9(a) the PXCD computed according to eq. (68) at the end of the pump excitation
(t = τpump). It is clear that even if the transient bound state populations are insensitive to the
helicity of the pump pulse within the dipolar approximation, the associated PXCD does not vanish.
The occurrence of a non vanishing PXCD is intuitive for a fixed molecular orientation: the dipolar
couplings are then different for p = +1 or p = −1, leading to distinct populations and related
dichroism. To understand how this dichroism survives orientation averaging, we calculate it with
eq. (68) by assuming that for each molecular orientation l, the bound state density |ˆ︁Ψl,p(k, t)|2
consists of the incoherent sum over the 3s and 3p electron densities, i.e.

ρl,p(k, t) =
∑︂

i

|api (t)|2(ˆ︁ΦCIS,l
i (k))2. (71)

We find (but do not show for sake of conciseness) that the resulting PXCD vanishes: this proves
that the PXCD survives orientation average because of transition amplitude cross-terms, i.e. it is a
fingerprint of helicity-dependent (chiral) electronic coherence imprinted in the molecular wavepacket
by the pump pulse. In fact, this finding is fully coherent with what is observed in the usual PECD
induced by one-photon ionization: since the pioneering work of Ritchie [5], the PECD is indeed
known to occur because of interferences between different partial wave ionizing pathways. As a
corollary of this, we also found that the PXCD is zero if the pump populates only one excited state.
The construction of a molecular wavepacket is a requisite to the observation of PXCD, at least
within the dipolar approximation.

We present in Fig. 9(b) the PXECD computed at the end of the photoionization process. This
theoretical result reaches ∼ 6% amplitude. Even if the shape of the PXECD should not be compared
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Figure 10. (a) Temporal evolution of the circularly polarized pump field. (b) Temporal evolution of the 3s
and 3p’s Rydberg state populations. (c) Temporal evolution of the amplitude cross term (see text). The
beating periods expected from the energies of the bound states (see Table 1) are in the 8-9 fs range for
3s-3p1−3. For 3p1−3p2, 3p1−3p3 and 3p2−3p3, they respectively are 100, 45 and 85 fs. All the illustrations
refer to a given molecular orientation and the pump helicity is +1.

in details to the experimental one (because of the approximations made in the construction of
the CIS states), it is instructive to notice that while the PXCD of Fig. 9(a) mainly consists of
a P1(cos θ) contribution in the (x, z)-plane where θ = cos−1(z/x), the PXECD exhibits a clear
P3(cos θ) contribution, as expected from the absorption of one and two photons, respectively. Since
the absorption of a linearly polarized photon is not amenable to the occurrence of PECD, it is clear
here that the observed PXECD is nothing else that the translation of PXCD into the continuum.
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Figure 11. Temporal evolution of the PXECD as function of the pump-probe delay τ . τ = 150 fs corresponds
to the case of adjacent but non-overlapping pulses.

3. PXCD, PXECD and dipole beatings, stationarity of the integrated spectra

We have seen that a transient molecular wavepacket, expressed in eq. (66) for a fixed molecular
orientation, is formed by the pump pulse (and required to observe PXCD and related PXECD).
In the absence of probe ionization, electronic beatings between the constituents of the wavepacket
should therefore be observed in the dynamics of the wavepacket for t > τpump, with frequencies
2π/(ϵi − ϵj), because of the phase terms exp(−iϵit) in eq. (66). To illustrate this, we display
in Fig. 10 an ’history of the interaction’ which consists of the temporal evolution of both the
Rydberg state populations, |api (t)|2 with i ∈ {3s, 3p1, 3p2, 3p3}, and the amplitude cross term,
CX(t) =

∑︁
i,j ̸=i a

p∗
i (t)apj (t)e

−i(ϵj−ϵi)t, for given molecular orientation l and helicity p in the absence
of probe ionization. After the pump pulse, the populations of the 3s and 3p1−3 states forming the
Rydberg wavepacket remain constant for t > τpump, as expected, while CX(t) exhibits some kind
of periodic structures with different underlying frequencies corresponding to the beatings between
the 3s and 3p’s states.

Since CX(t) is directly involved in the occurrence of PXCD, this latter should present signatures
of underlying beatings. Further, if a probe is switched on at different delays after the pump, the
PXECD, which consists of the projection of PXCD into the continuum, should also present similar
signatures. We therefore present in Fig. 11 some PXECD images, obtained for τ = (τpump +
τprobe)/2, (τpump + τprobe)/2+20 fs, (τpump + τprobe)/2+100 fs and (τpump + τprobe)/2+120 fs. We
do observe that the PXECD evolves quite rapidly in time according to the beating between 3s and
3p’s states. Some kind of revivals appear in Fig. 11, every ∼ 100 fs, corresponding to periods of
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Figure 12. Total ionization signal as a function of the pump-probe delay. The thin lines refer to fixed
molecular orientations while the thick (red) line is the orientation-averaged signal.

beatings between 3s and 3p1−3 states. Note that they are not really revivals since the mixture of
various (non-multiple) beating frequencies prohibits the appearance of strictly periodic motion.

Beatings show up in the macroscopic dipole displayed in Fig. 2 of the main text. For a given
molecular orientation l, the dipole associated to the Rydberg wavepacket has been computed ac-
cording to dl(t) =

∑︁
i,j a

p,l∗
i (t)ap,lj (t)dije

−i(ϵj−ϵi)t/N with i ∈ {3s, 3p1, 3p2, 3p3} and where N is
the norm of the wavepacket. The macroscopic dipole results from averaging over molecular orien-
tations, dmacro(t) =

́

dαldβldγl sin(βl)dl(t). Only the component of dmacro parallel to the laser
propagation axis survives orientation averaging, consistently with PXCD (and PXECD) features.
This dipole component is not permanent. However it does not vanish if one integrates it over a quite
large temporal range, which means that it could be resolved experimentally without the need for
an extreme temporal resolution, provided fast dynamics subsequent to pump excitation (as rapid
transitions between vibrational modes) do not blur it. No trace of beating have been found in the
present experiment, which tends to indicate the existence of fast nuclear dynamics coupled to the
electronic motion.

For fixed-in-space molecules (fixed orientation), the electronic beating also appears in the (inte-
grated) ionization signal (see similar features in [18]). This is what we show in Fig. 12. However,
and importantly, this beating does not survive the orientation average (see Fig. 12), similarly to
what happens in usual photoionization experiments.
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4. Evolution of chiral structure after pump photon absorption and impact on PXECD features

It is clear from Fig. 4 of the main text that the PXECD induced by the probe photon absorption
evolves as a function of the pump-probe delay. We infered that such a change is due to the
evolution of the chiral molecular structure within the 3s and 3p electronic manifolds after the
pump excitation. The molecular structure indeed influences the magnitude and direction of the
bound-free dipoles involved in probe-induced ionization (see eq. (69)). To verify this, we performed
additional calculations where the probe ionization step has been computed using the bound-free
dipoles associated to the nuclear equilibrium geometry of the 3s Rydberg state – this geometry
was derived from TDDFT calculations using the 6-311++G** gaussian basis and CAM-B3LYP
exchange-correlation functional. The resulting PXECD is presented in Fig. 5 of the main text. It is
significantly different from the one obtained when the same (ground-state) geometry is employed for
the computation of both (pump) bound-bound and (probe) bound-free dipoles. Therefore we can
safely state that the temporal evolution of the α and α′ coefficients displayed in Fig. 4 of the main
text are due to the changes of the chiral molecular structure after the pump excitation. Moreover,
we reiterate that with high vibrational frequencies at play, the oscillations of the photoelectron
asymmetry calculated and shown in Fig. 12 are expected to be blurred such that the contrast is
significantly reduced.

E. Conclusions on the quantum mechanical calculations

Our simulations have shown that molecular chiral Rydberg wavepackets can be formed by absorption
of a circularly polarized photon. In addition, (i) the population of this wavepacket does not depend
on the helicity within the dipolar approximation, (ii) this wavepacket presents inherent chirality,
imaged by photoexcitation circular dichroism, that survives orientation averaging within a set of
randomly aligned targets as a remanence of electronic coherence, (iii) when a linearly polarized
probe is switched on, this dichroism is translated into the continuum and pictured in terms of
(usual) photoelectron circular dichroism, (iv) electron beating among the underlying wavepacket
states is noticeable in the excitation and related ionization dichroisms, as function of the pump-
probe delay, but the beating is blurred in the total ionization signal. All of this shed new light on
the origin of chirality, whose signature is no more constrained to molecular ionization but extends
to the whole electron spectrum, within the usual (and intuitive) dipolar approximation.

Note finally that more elaborate calculations, employing e.g. TDDFT, could be performed to obtain
more quantitative results which could be compared to experimental data. However this would not
change the findings and conclusions of the present work since the interaction relies on dynamics of
the outermost electron of fenchone which are qualitatively well described by CIS.

V. VIBRATIONAL COHERENCE IN PXECD

What are the conditions for observing purely vibrational PXECD? First, it requires the breakdown
of the Franck-Condon approximation. This is expected to be the case for large molecules exhibiting
broad vibrational lines. Indeed, the essence of this approximation is that the vibrational wave-
functions are sufficiently compact in coordinate space, so that the electronic dipole moment does
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not change as a function of vibrational coordinates within this compact region. If, however, the
vibrational wave-functions spread over considerable distances, the opportunity for the breakdown
of the Franck-Condon approximation is created. Second, it requires multidimensional, at least two
dimensional, potential energy surfaces (PESF), which is certainly the case for non-linear molecules,
such as chiral molecules.

To construct the proof-of-principle example we can simply use two dimensional harmonic oscillator
as a model of the PESF with the two reaction coordinates denoted as Ri and Rj . Characterizing
the vibrational states by two quantum numbers vi and vj , it is easy to show that the excitation
with one vibrational quantum vi = 1 put in Ri direction and one vibrational quantum vj = 1 put
in Rj direction leads to non-collinearity of the two associated transition dipoles. If the vibrational
function χ1 of the first state corresponds to the normal mode along the Ri coordinate, i.e. excitation
with vi = 1, vj = 0 while the vibrational function χ2 of the second state is the normal mode in the
Rj coordinate with vj = 1, vi = 0, then transition dipole involving the first vibrational state χ1 is
aligned along the Ri coordinate, while the transition dipole involving the second vibrational state
χ2 is aligned along the Rj coordinate. Indeed, consider the dipole that depends on two nuclear
coordinates µ(Ri, Rj). Making the standard linear expansion: µx(Ri, Rj) = µi+αiiRi+αijRj and
µy(Ri, Rj) = µj +αjiRi +αjjRj we obtain in addition to the standard FC term, the following two
dipoles. The dipole for the first vibrational state: d1 = (< χg|Ri|χ1 >;< χg|Rj |χ1 >), and for
the second vibrational state d2 = (< χg|Ri|χ2 >;< χg|Rj |χ2 >). This simple example proves the
existence of non-collinear dipoles corresponding to two vibrational states within a single potential
energy surface.
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We present a unified description of several methods of chiral discrimination based exclusively on
electric-dipole interactions. It includes photoelectron circular dichroism (PECD), enantio-sensitive
microwave spectroscopy (EMWS), photoexcitation circular dichroism (PXCD) and photoelectron-
photoexcitation circular dichroism (PXECD). We show that, in spite of the fact that the physics
underlying the appearance of a chiral response is very different in all these methods, the enantio-
sensitive and dichroic observable in all cases has a unique form. It is a polar vector given by the
product of (i) a molecular pseudoscalar and (ii) a field pseudovector specified by the configuration
of the electric fields interacting with the isotropic ensemble of chiral molecules. The molecular
pseudoscalar is a rotationally invariant property, which is composed from different molecule-specific
vectors and in the simplest case is a triple product of such vectors. The key property that enables the
chiral response is the non-coplanarity of the vectors forming such triple product. The key property
that enables chiral detection without relying on the chirality of the electromagnetic fields is the
vectorial nature of the enantio-sensitive observable. Our compact and general expression for this
observable shows what ultimately determines the efficiency of the chiral signal and if, or when, it
can reach 100%. We also discuss the differences between the two phenomena, which rely on the
bound states, PXCD and EMWS, and the two phenomena using the continuum states, PECD and
PXECD. Finally, we extend these methods to arbitrary polarizations of the electric fields used to
induce and probe the chiral response.

I. INTRODUCTION

Right- and left-handed helices are typical examples of
chiral objects; each of them cannot be superimposed on
its own mirror image. Some molecules possess the same
property; left-handed and right-handed molecules are
called enantiomers. Distinguishing left and right enan-
tiomers is both vital and difficult [1–3]. Since the XIX
century, the helix of circularly polarized light was used
to distinguish the two enantiomers of a chiral molecule,
relying on the relatively weak interaction with the mag-
netic field as a key mechanism for chiral discrimination.
However, in this case the chiral signal1 is proportional to
the ratio of the molecular size to the pitch of the light he-
lix, i.e. its wavelength, generally leading to weak signals
in the infrared, visible, and UV regions.

One can overcome this unfavorable scaling and obtain
significantly higher circular dichroism, at the level of a
few percent, in several ways. Firstly, one can rely on us-
ing a strong laser field to enhance the optical response
involving the interference of the magnetic-dipole transi-
tions and the electric-dipole ones, as done in chiral high
harmonic generation [4–7]. Secondly, one can decrease
the pitch of the light helix by using XUV/X-ray light
[8, 9]. Yet, in both cases the chiral signal would be equal
to zero within the electric-dipole approximation.

∗ ordonez@mbi-berlin.de
† smirnova@mbi-berlin.de
1 When referring to the measured signal, we will use the adjective
chiral as a shorthand for enantio-sensitive and dichroic.

Thus, the discovery of approaches relying exclusively
on electronic dipole transitions [10–18] and yielding
a very high chiral response already in the electric-
dipole approximation is both intriguing and benefi-
cial. These techniques include photoelectron circular
dichroism (PECD) [10–13], enantio-sensitive microwave
spectroscopy (EMWS) [16, 19, 20], photoexcitation
circular dichroism (PXCD) [18], and photoexcitation-
photoelectron circular dichroism (PXECD) [18].
This new generation of chiral methods leads to very

high signals, up to tens of percent in PECD, which is
several orders of magnitude higher than in standard tech-
niques relying on magnetic interactions. Here we present
a unified description of several of these methods working
in the perturbative one- and two-photon regimes of the
light-molecule interaction. Results for the multiphoton
[21–23] and the strong-field regime [24, 25] of PECD will
be presented elsewhere.
We derive a common general formulation for the chi-

ral response encompassing PECD, EMWS, PXCD, and
PXECD. This formulation is based on understanding
that these electric-dipole based techniques using non-
chiral fields are only possible thanks to vectorial observ-
ables. Readers familiar with chiral measurements might
be uncomfortable with such statement. Indeed, it is well
known that chiral observables are pseudoscalars, not po-
lar vectors. Section II addresses this issue and describes
the role of the lab setup in enantio-sensitive techniques
with non-chiral fields. In Sec. III we describe how sym-
metry enforces enantio-sensitivity and dichroism on po-
lar vectors resulting from the electric-dipole interaction.
Section IV consists of four parts which specify how the
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Figure 1. The combination of circularly polarized light (blue
curved arrows) and a detector (horizontal lines) defining a
vector perpendicular to the polarization plane (black vertical
arrows) make up a chiral setup. Four possible realizations
of such setup are shown. Setups a and b are left handed
and setups c and d are right handed. For a fixed molecular
enantiomer (not shown in the figure) setups with the same
handedness yield the same result, while setups with opposite
handedness yield opposite results.

information about the handedness of the lab setup and
that of the molecular enantiomer can be decoupled and
defined in a common way for the four perturbative dipole
techniques: PECD, PXCD, EMWS, and PXECD. Sec-
tion V summarizes the conclusions of this work. We use
atomic units throughout the paper.

II. CHIRAL MEASUREMENTS AND
ENANTIO-SENSITIVE OBSERVABLES

The goal of our work is to demonstrate the general
concept underlying several chiral measurements which
do not use magnetic interactions. Achieving this goal
requires two things. First, one should provide a general
concept, i.e. address the question “what is the key differ-
ence between the chiral measurements involving the mag-
netic component of the light field and those relying only
on the electric-dipole approximation? ”. We outline such
concept in this section. Second, one should formalize this
concept by deriving compact expressions for observables
pertinent to the four different experimental setups and
establishing connections between them. Such derivations
will be presented in Sec. IV.

It is well known that any enantio-sensitive observable
should be a pseudoscalar. However, detectors in any
experimental setup measure clicks. Clicks are scalars.
Where is the pseudoscalar in a click?

Let us start with the conventional concept. It is well
known that the handedness of chiral objects can only
be probed via interaction with another chiral object, in
other words, it is well known that one always needs a
chiral reagent to discriminate between opposite enan-
tiomers. A chiral reagent interacts differently with left
and right enantiomers. The chiral reagent can be sim-
ply another chiral molecule or chiral light. Consider, for
example, absorption circular dichroism. Absorption of
circularly polarized light by a chiral molecule is the out-

come of such an experiment, and this absorption must be
different for right and left enantiomers. The difference in
absorption is a scalar, however this scalar is just a prod-
uct of two pseudoscalars, one from the molecule and the
other from light. In this particular case the second pseu-
doscalar is the light helicity (see Appendix VIIA), which
encodes the handedness of the helix traced by the cir-
cularly polarized light in space. Thus, we use the chiral
probe (chiral reagent) to “hide” a molecular pseudoscalar
inside a scalar. The molecular pseudoscalar in absorp-
tion circular dichroism, as it is well known, is given by
the scalar product of electric-dipole and magnetic-dipole
vectors. The overall signal is small because the magnetic
field interacts very weakly with molecules.
We now turn to methods which do not rely on the in-

teraction with the magnetic component of the light field
such as e.g. PECD. In PECD the photoionization of
an isotropic molecular ensemble with circularly polarized
light yields a net photoelectron current in the direction
perpendicular to the plane of polarization. The direc-
tion of this current can be flipped by either swapping the
molecular handedness or the direction of rotation of the
field. It is a purely electric-dipole effect: light chirality is
not needed at all, i.e. the magnetic field of the incident
laser pulse is not used. Thus, we do not use the chi-
ral property of light, yet the chiral signal is very strong.
Where is our chiral reagent if the light chirality is not
used? The combination of circularly polarized light and
a detector that distinguishes the two opposite directions
perpendicular to the polarization plane defines a chiral
setup (see Fig. 1) whose handedness (a pseudoscalar) is
given by the scalar product between the photon’s spin
(a pseudovector) and the direction defined by the detec-
tor (a vector). Thus, the chiral reagent is substituted
by the chiral observer (i.e. chiral setup). That is why
we do not need to employ chiral properties of impinging
electromagnetic fields.
The role of the directionality of the detector in defining

the handedness of the chiral setup highlights the crucial
importance of having a vectorial response to the light-
matter interaction, since a scalar response would be un-
able to exploit the directionality of the detector, and as
a consequence also the handedness of the setup. Fur-
thermore, as we show in Sec. III, such vectorial response
automatically exhibits enantio-sensitivity and dichroism
with respect to the external vector defined by the detec-
tor. These properties indicate that in general the vec-
torial response results from the product of a molecular
pseudoscalar and a field pseudovector. The field pseu-
dovector determines the direction of observation of the
dichroic and enantio-sensitive response and thus indicates
(up to a sign) the corresponding detector arrangement
required to measure such response (see Fig. 1). The
field pseudovector is formed by non-collinear (and phase-
delayed in the caes of a single frequency) components
of the electric field. For example, in PECD, it results
from the vector product between the x and y compo-
nents of the circularly polarized field. Ultimately, the
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Figure 2. Symmetry properties of an isotropic ensemble of
chiral molecules interacting with circularly polarized light in
the electric-dipole approximation. The box represents the
“enantiomer+field” system. Inside the box: red letters L and
R specify the enantiomer, the curved blue arrow specifies the
direction of rotation of a field circularly polarized in the xy
plane, and the vertical golden arrow stands for a polar vector
observable v⃗ = vz ẑ displaying asymmetry with respect to the
polarization xy plane. A reflection σ̂z with respect to the xy
plane, leaves the field invariant, but swaps the enantiomer and
flips v⃗. A rotation R̂π

a⃗ by π radians around any axis a⃗ con-
tained in the xy plane leaves the enantiomer invariant because
the ensemble is isotropic, but swaps the polarization and flips
v⃗. Note that a rotation R̂π

x⃗ (R̂π
y⃗ ) followed by a reflection σ̂z is

equivalent to a reflection σ̂y (σ̂x) and leaves v⃗ invariant but
swaps both the enantiomer and the polarization.

result of the measurement—the scalar (click)—is given
by the projection of the vectorial response on the exter-
nal vector defined by detector, which yields the product
of the molecular pseudoscalar and the handedness of the
setup (see Sec. IV). The latter is the projection (posi-
tive or negative) of the field pseudovector on the external
vector defined by the detector.

Note that the field pseudovector does not have to point
in the direction of light propagation (as one might think
from the above example). In Sec. IV we expose var-
ious opportunities offered by different field geometries,
including arrangements of electric fields propagating non-
collinearly.

In Sec. IV we illustrate this concept by deriving molec-
ular pseudoscalars and field pseudovectors for four exper-
iments detecting different observables in different systems
using different setups. However, in all cases what enables
chiral discrimination is the chiral observer defined by the
combination of an achiral electromagnetic field and a di-
rectional detector.

III. SYMMETRY IN THE ELECTRIC-DIPOLE
APPROXIMATION

Let us begin with a simple symmetry consideration,
which applies to all enantio-sensitive effects considered
here. Consider first an isotropic ensemble of a non-
racemic mixture of chiral molecules, which interacts with

Figure 3. Same as Fig. 2 but for two perpendicular linearly
polarized fields along x̂ (double headed arrow in perspective)
and ŷ (horizontal double headed arrow) of arbitrary frequen-
cies and intensities. In general vx ̸= 0 and vy ̸= 0 but only
vz ẑ is shown (vertical arrow). A rotation R̂π

x (R̂π
y ) leaves

the enantiomer invariant but changes the phase of the field
along ŷ (x̂) by π. σ̂x, σ̂y, σ̂z describe transformations of the
“enantiomer+field” system upon reflections with respect to
the different axes of the lab frame.

Figure 4. Same as Fig. 3 but for an arbitrary angle between
the two linearly polarized fields. Note that vectors pointing
out of the page are indicated by a dot (ẑ and v⃗ in the up-
per left and lower right configurations) and vectors pointing
inside the page by an × (v⃗ in the upper right and lower left
configurations).

light circularly polarized in the xy plane. Irrespective of
the specific chiral response we are looking at, it may lead
to an observable associated with some polar vector v⃗. For
example, in the case of PECD this polar vector is the net
photoelectron current, while in PXCD it would be the co-
herent dipole induced in the bound states of the neutral.
The cylindrical symmetry of the “ensemble+field” sys-
tem implies that v⃗ = vz ẑ

2. Generalization to the case
with no cylindrical symmetry is discussed below. The

2 Note that for few-cycle pulses, the cylindrical symmetry may
be severely compromised. However, for perturbative fields the
first-order amplitudes do not encode the duration of the pulse,
that is, the response of a few-cycle pulse can be emulated us-
ing monochromatic light of the appropriate intensity, and there-
fore the cylindrical symmetry assumption remains valid even for
ultra-short pulses provided one only looks at functions of the
first-order amplitudes.
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“enantiomer+field” system and a chiral sensitive vecto-
rial observable in the case of cylindrical symmetry are
sketched in the upper-left box of Fig. 2. It applies, for
example, to the field configuration in PECD and PXCD.
Our system transforms as indicated in Fig. 2 under re-
flections in the xy plane and under rotations by π radians
around any axis contained in the xy plane. These trans-
formations show the relationship between the different
“enantiomer+field” configurations and the corresponding
effect on the dichroic and enantio-sensitive observable v⃗.

Figure 2 shows that for an achiral ensemble, i.e. an en-
semble of achiral molecules or a racemic mixture of chi-
ral molecules, the system “ensemble+field” is symmetric
with respect to reflection σ̂z in the xy plane. Therefore,
the vector v⃗ must vanish, yielding a photoelectron angu-
lar distribution symmetric with respect to the plane of
polarization, otherwise two identical experiments would
yield different results. However, for a non-racemic mix-
ture of chiral molecules, there is no symmetry enforcing
v⃗ = 0. Therefore, nothing prohibits the emergence of ob-
servables which display asymmetry with respect to the
plane of polarization, and the associated dichroism and
enantio-sensitivity. The question is what these observ-
ables are, how strong can the signal be, and what deter-
mines its limits. We address these problems in the next
section.

We also stress that the cylindrical symmetry is not es-
sential for our reasoning. The argument can be extended
to other geometries including linear fields or aligned
molecules, provided one takes into account that vx and
vy are not necessarily zero. Figure 3 shows a generaliza-
tion of the case we have just considered. Now the x and y
components of the field have different frequencies, inten-
sities, and an arbitrary phase shift with respect to each
other. This field configuration is relevant, for example,
for the EMWS experiments carried out in Ref. [19]. The
original experiment in Ref. [16] can also be analyzed sim-
ilarly by replacing one of the two-headed arrows in each
“enantiomer+field” configuration in Fig. 3 by a single-
headed arrow to account for the static field. The details
of the analysis are discussed further in Sec. IVC1, but
the conclusion remains the same: the emergence of a non-
vanishing polar vector characterizing the chiral response
of the “enantiomer+field” system. Finally, the emergence
of this vector for arbitrary orientations of linear fields is
illustrated in Fig. 4.

We can now support the introductory discussion of Sec.
II with several remarks concluding the symmetry analysis
above:

First, from Figs. 2-4 it is clear that v⃗ reflects the prop-
erties of the “enantiomer+field” system, and not those of
the enantiomer or field separately.

Second, while it is well known that molecular chiral
observables are characterized by pseudoscalars (scalar
quantities that change sign upon the parity transforma-
tion), so far we have been discussing enantio-sensitive
properties of a polar vector. The appearance of a polar
vector v⃗ is not accidental: its projections on the axes of

the lab frame combine the information about the hand-
edness of the chiral molecule and the handedness of the
chiral setup.
Third, the observation of enantio-sensitivity and

dichroism in Figs. 2-4 implicitly assumes a fixed z direc-
tion against which we can compare the rotation direction
of the light and the direction of the vector v⃗. Otherwise,
there would be no way to, for example, distinguish right-
and left-circularly-polarized light from each other, since
we could rotate the z axis by π to change right- into left-
circularly polarized light. Although a fixed z direction
is usually taken for granted, it remains physically mean-
ingless until it is somehow related to the elements taking
part in the experiment. In the methods we analyze here,
such a z direction is fixed by the detector (vertical ar-
row in Fig. 1), which is of course assumed to remain
unchanged when either the enantiomer or the light po-
larization is changed.
Therefore, the advent of electric-dipole-based tech-

niques marks a shift of paradigm in chiral discrimina-
tion from using chiral reagents to using chiral observers,
i.e. an experimental setup with well-defined handedness,
even if the latter is not explicitly stated or recognized.
In the next section we will show that in all cases the

polar vector v⃗ is given by the product of (i) a molecu-
lar pseudoscalar and (ii) a field pseudovector specified by
the configuration of the electric fields. We will directly
specify these two key quantities, forming the vectorial ob-
servables, for each of the electric-dipole-based techniques.

IV. UNIFIED DESCRIPTION OF CHIRAL
ELECTRIC-DIPOLE RESPONSE

The chiral electric-dipole response manifests itself in
vectorial observables, which have the following general
form:

v⃗ = χmZ⃗l, (1)

where χm is a molecular pseudoscalar defining the hand-
edness of the molecule and Z⃗l is a light field pseudovector.
Measuring v⃗ means projecting it on the external vector
u⃗d defined by the detector (vertical arrow in Fig. 1),

v⃗ · u⃗d = χm

(︂
Z⃗l · u⃗d

)︂
. (2)

The projection of Z⃗l on u⃗d defines the handedness of the
chiral setup, therefore, the result of the measurement is
given by the product of the molecular handedness and
the setup’s handedness. In this section we will derive χm

and Z⃗l for four different electric-dipole based techniques
of chiral discrimination. These techniques include PECD
[10–13], EMWS [16, 19, 20], PXCD [18], and PXECD
[18].
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A. Photoelectron circular dichroism

We begin with what is perhaps the most prominent
electric-dipole-based technique, PECD. This technique
was first proposed in 1976 [10] and then rediscovered in
1982 [11]. The first quantitative calculations of the ef-
fect [12] yielded staggering results: the expected effect
was at the level of some few percent to maybe even some
ten percent of the total photoionization signal. The first
experiment appeared just a year later [13]. The tech-
nique was dramatically advanced in Refs. [26–29] from
a theoretical concept to an extra-sensitive experimental
technique. With the advances in table-top laser-based
implementations [30, 31] including multi-photon [21–23]
and strong-field regimes [24], PECD has proven very in-
teresting from both fundamental and applied perspec-
tives. In PECD, the photoionization of an isotropic and
non-racemic ensemble of chiral molecules by circularly
polarized light leads to an asymmetry in the photoelec-
tron angular distribution (PAD) with respect to the po-
larization plane, the so-called forward-backward asym-
metry (FBA). This asymmetry is usually described by
decomposing the angle-resolved photoionization proba-
bility W (k⃗L) in Legendre polynomials,

W (k⃗L) =

2∑︂

l=0

bl (k)Pl

(︁
cos θLk

)︁
, (3)

where it corresponds to a non-zero b1 coefficient. In Eq.
(3),W (k⃗L) is the probability of obtaining a photoelectron
with momentum k⃗L, L indicates that the vector is in the
lab frame, θLk is the polar angle of k⃗L, k ≡ |⃗kL|, Pl is the
Legendre polynomial of degree l, and we assume that the
polarization plane coincides with the xLyL plane. The
b1 coefficient is directly related to the net photoelectron
current induced by ionization

j⃗L (k) =

ˆ

dΩL
k j⃗

L(k⃗L), (4)

where j⃗L(k⃗L) = W (k⃗L)k⃗L is the photolectron current in
the direction specified by the photoelectron direction k⃗L

in the lab frame, and
́

dΩL
k ≡

́ π

0
dθLk
́ 2π

0
dφL

k sin θ
L
k is

the integral over all photoelectron directions. From the
orthogonality of the Legendre polynomials we obtain

j⃗L (k) =

ˆ

dΩL
k j⃗

L(k⃗L),

=
2∑︂

l=0

bl(k)

ˆ

dΩL
kPl

(︁
cos θLk

)︁
k⃗L,

= k
2∑︂

l=0

bl(k)

ˆ

dΩL
kPl

(︁
cos θLk

)︁
P1

(︁
cos θLk

)︁
ẑL,

=
4π

3
kb1(k)ẑ

L. (5)

The current in Eqs. (4) and (5) is the vectorial observ-
able of our interest. The task is to find it or, equiv-
alently, b1(k). The corresponding calculations of the

photoelectron angular distributions traditionally rely on
the formalism of angular momentum algebra, both for
one-photon and few-photon PECD [10–12, 32]. We have
found that it is very instructive to depart from this tra-
ditional formalism, which uses language specific for pho-
toionization. Instead, we use an alternative, vectorial
formulation, pioneered in works of Manakov [33] and ap-
plied to aligned chiral systems [34]. The vectorial formal-
ism was also used to describe two-photon absorption CD
[35]. Conveniently, it provides a common language for
all electric-dipole-based techniques, irrespective of their
“field of origin” or observable, be it photoionization or
microwave physics.
We define the incident circularly polarized field in the

lab reference frame as

E⃗(t) = E(t)êLσ + c.c. (6)

where êLσ =
(︁
x̂L + iσŷL

)︁
/
√
2 is the light polarization vec-

tor, σ = ±1 defines the rotation direction of the field, and
E(t) is the time-dependent amplitude. The photoelectron
current density for a given photoelectron momentum k⃗M

in the molecular frame is (up to the negative electron
charge)

j⃗M
k⃗M =

⃓⃓
ak⃗M

⃓⃓2
k⃗M. (7)

Here a⃗k⃗M is the ionization amplitude of the transition to
the continuum state |⃗kM⟩ from the ground state |0⟩ in the
circularly polarized field Eq. (6). Its standard first-order
perturbation theory expression is

ak⃗M = iẼ
⟨︂
k⃗M

⃓⃓
⃓d⃗L · êLσ

⃓⃓
⃓0
⟩︂
=

iẼ√
2

(︂
D⃗L · x̂L + σiD⃗L · ŷL

)︂
,

(8)
where Ẽ is the Fourier transform of E at the transition
frequency, d⃗ is the dipole operator, and D⃗L is the cor-
responding transition dipole matrix element in the lab
frame.
Our next step is to identify the molecule-specific

enantio-sensitive structure in Eqs. (7) and (8). That
is, we will be looking for molecule-specific pseudoscalars;
quantities that change sign upon parity inversion. Pseu-
doscalars may arise as a product of a vector and pseu-
dovector. An example of such pseudoscalar is the he-
licity η of circularly polarized light which is non-zero
only beyond the electric-dipole approximation (see Ap-
pendix VIIA). Molecular pseudoscalars also arise from
triple products formed by three molecular polar vectors.
We shall now look for such quantities.
Let us look at the cross term arising in |ak⃗M |2,

iσ
[︂
(D⃗L∗ · x̂L)(D⃗L · ŷL)− (D⃗L · x̂L)(D⃗L∗ · ŷL)

]︂
. (9)

We now use the vector identity (⃗a · c⃗)(⃗b · d⃗)− (⃗a · d⃗)(⃗b · c⃗) =
(⃗a × b⃗) · (c⃗ × d⃗) and the fact that x̂L × ŷL = ẑL to write
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the interference term as a triple product,

|ak⃗M
|2 =

|Ẽ |2
2

{︃ ⃓⃓
⃓D⃗L · x̂L

⃓⃓
⃓
2

+
⃓⃓
⃓D⃗L · ŷL

⃓⃓
⃓
2

+iσ
(︂
D⃗L∗ × D⃗L

)︂
· ẑL

}︃
. (10)

Note that i
(︂
D⃗∗ × D⃗

)︂
= 2ℑ{D⃗}×ℜ{D⃗} is a real vector,

where ℜ{D⃗} and ℑ{D⃗} are the real and imaginary parts
of D⃗.

The last term in Eq. (10) is a triple product, but it
is not the one we were looking for. Indeed, instead of
a polar vector, σẑL is a pseudovector that characterizes
the rotation direction of the field, i.e. the photon’s spin
(see Appendix VIIA), and moreover, the triple product
includes two vectors characterizing the molecule and one
vector characterizing the “observer” (or the lab frame),
as opposed to three vectors characterizing the molecule
in the molecular frame.

To relate the above expression to the transition dipoles
in the molecular, rather than the lab frame, one can use
the rotation matrix S(ϱ). It transforms the vectors from
the molecular to the lab frame via a rotation through the
Euler angles ϱ ≡ (αβγ): D⃗L = SD⃗M ≡ S⟨k⃗M|d⃗M|0⟩.

Using Eq. (10), we can also write the current in the
lab frame, corresponding to the photoelectron momen-
tum k⃗M in the molecular frame

j⃗L
k⃗M = Sj⃗M

k⃗M =
|Ẽ |2
2

[︃ ⃓⃓
⃓SD⃗M · x̂L

⃓⃓
⃓
2

+
⃓⃓
⃓SD⃗M · ŷL

⃓⃓
⃓
2

+σiS
(︂
D⃗M∗ × D⃗M

)︂
· ẑL

]︃
Sk⃗M. (11)

Note that D⃗L∗ × D⃗L = S(D⃗M∗ × D⃗M). This current is
not a usual observable. Measuring it would require a
coincidence-type setup, where one would detect the lab-
frame electron momentum together with the orientation
of the molecular frame in the lab frame. We are inter-
ested in the standard observable – the net photoelectron
current in the lab frame. Therefore, we need to integrate
over all directions of the photoelectron momentum and
over all molecular orientations:

j⃗L (k) =

ˆ

dϱ

ˆ

dΩM
k j⃗

L
k⃗M , (12)

where
́

dΩM
k ≡

́ π

0
dθMk
́ 2π

0
dφM

k sin θMk .
Within the standard approach, one performs the inte-

gration over all molecular orientations keeping the photo-
electron momentum k⃗ fixed in the lab frame. This yields
the standard lab-frame photoelectron angular distribu-
tions, from which the b1 coefficient, which is proportional
to the net photoelectron current [see Eq. 5], is extracted.
Here, since we are not interested in the full angular distri-
bution of photoelectrons, we can keep the photoelectron
momentum k⃗ fixed in the molecular frame. This sim-
plifies the orientation averaging procedure considerably

because in this case the transition matrix element vec-
tor D⃗M(k⃗M) does not have an argument that depends on
the molecular orientation ϱ, and can therefore be triv-
ially rotated as S(ϱ)D⃗M(k⃗M). In the other case, when
k⃗ is fixed in the lab frame, the corresponding rotation
reads as S(ϱ)D⃗M(S(ϱ)−1k⃗L) and the orientation averag-
ing step requires knowing how D⃗ changes as a function
of k⃗, which is usually tackled with a partial wave expan-
sion of the continuum wave function. We do not have
such complication here and we can simply use the vector
identitiy Eq. (51) derived in Appendix VIIB to obtain

j⃗L (k) =

{︃
1

6

ˆ

dΩM
k

[︂
i(D⃗M∗ × D⃗M) · k⃗M

]︂}︃{︂
σ|Ẽ |2ẑL

}︂
.

(13)
The equivalence between expression (13) and the orig-

inal expression derived by Ritchie in [10] is demonstrated
in Appendix VII E.
Expression (13) is physically transparent. In particu-

lar, it shows that the strength of the chiral signal depends
on the mutual orientation of the three vectors forming the
triple product of vectors defined in the molecular frame.
Let us analyze expression (13):
First, we see that only the interference term in the cur-

rent [see Eq. (11)] yields a non-vanishing contribution to
the net current after orientation averaging. This stresses
the importance of the coherence between the two contri-
butions to the ionization amplitude, triggered by the two
components of the ionizing field.
Second, we see that the orientation averaging has mod-

ified the expression for the vector triple product: it no
longer involves any lab-frame quantities, such as σẑL. Its
place is now taken by the molecular frame photoelectron
momentum k⃗M, and the molecular term is now a rota-
tionally invariant quantity.
Third, Eq. (13) shows that the net photoelectron cur-

rent (per molecule) in the lab frame can be factored into
a pseudovector field term expressed in the lab frame and
a pseudoscalar molecular term expressed in the molec-
ular frame. The pseudovector field term contains the
intensity of the field at the transition frequency, and the
rotation direction of the circularly polarized field σẑL.
The molecular term is an integral over all states on the
photoelectron energy shell k2/2, where, after taking into
account all molecular orientations, each state contributes
by an amount proportional to the scalar triple product
between D⃗M(k⃗M), D⃗M∗(k⃗M), and k⃗M, or equivalently be-
tween ℜ{D⃗M(k⃗M)}, ℑ{D⃗M(k⃗M)}, and k⃗M.
From the field term we can see that j⃗L(k) is directed

along ẑL and takes opposite values for opposite circu-
lar polarizations and a given enantiomer. On the other
hand, from the relationship between the photoioniza-
tion dipoles of opposite enantiomers derived in Appendix
VIID, D⃗M

left(k⃗
M) = −D⃗M

right(−k⃗M), it is simple to see that
the molecular term is a pseudoscalar, i.e. it changes sign
under a parity inversion, and therefore j⃗L(k) takes op-
posite values for the opposite enantiomers and a given
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circular polarization [see Eqs. (81) and (82) in Appendix
VIID]. All these conclusions are in agreement with the
symmetry analysis described in Sec. III, with j⃗L(k) play-
ing the role of the generic dichroic and enantio-sensitive
vector v⃗.

The triple product in the molecular term vanishes if
the vectors are coplanar, which is for example the case for
the plane wave continuum, where one can use the velocity
gauge to show that D⃗M is parallel to k⃗M. This conclusion
corresponds to the well known fact that |⃗jL (k) |/k ∝ |b1|
has an overall tendency to decrease as the photoelectron
energy increases and the continuum resembles more and
more a plane wave. One can also show that j⃗L(k) van-
ishes in case of a spherically symmetric continuum in
agreement with earlier studies [11]. The same conclusion
holds for the strong-field PECD [25].

Our derivation and the result provide us with an im-
portant insight. The chiral signal stems from the inter-
ference between the two non-collinear dipole transitions.
If we consider a single final state, such interference lead-
ing to a vector product of two transition dipoles would
only be possible for a scattering state where the com-
plex transition dipole allows for two non-collinear com-
ponents: one of them is given by the real part of the
transition dipole and the other by its imaginary part.

The generalization of Eq. (13) to arbitrary polariza-
tions of the field is straightforward. We just need to sep-
arate the Fourier transform of the field into its real and
imaginary parts, and keep in mind that for any complex
vector u⃗ = u⃗r + iu⃗i we have that u⃗∗ × u⃗ = −2iu⃗i × u⃗r.
Then we obtain

j⃗L (k) =

{︃
1

6

ˆ

dΩM
k

[︂
(D⃗M∗ × D⃗M) · k⃗M

]︂}︃{︂
˜⃗EL∗ × ˜⃗EL

}︂
,

(14)
which reduces to Eq. (13) for the case of circularly po-
larized light. Eq. (14) shows that for an arbitrary field
configuration the chiral response in PECD is not neces-
sarily along the light propagation direction.

B. Photo-excitation circular dichroism in electronic
or vibronic states

Let us now consider chiral response in bound excited
states. In this case, and for a single excited state, the ex-
citation dipole is real. Therefore, D⃗M(k⃗M) and D⃗M∗(k⃗M)
are parallel, yielding zero enantio-sensitive dipole signal.

On the other hand, if we were to coherently excite
two states with non collinear transition dipoles, we would
have a non-zero cross product. Then we could obtain a
dichroic and enantio-sensitive signal as long as we find
a vectorial signal that involves the interference between
the two excitations. Unlike in the previous case where
this vectorial signal was provided by the photoelectron
current, in this case, it is provided by the dynamics of
the induced polarization.

The goal of our analysis is to uncover the intimate con-
nection between the PXCD effect discovered in [18] for
electronic and vibronic states and the EMWS discovered
in [16] for the rotational states. The physics in these two
cases is quite different, as the former involves internal and
the latter external degrees of freedom, leading to subtle
but important details in the mathematical treatment.
Consider the case of two electronic or vibronic states,

which can be coherently excited by an ultrashort pulse
from the ground state. As before, we will consider a
randomly oriented ensemble. After interaction with a
field of arbitrary frequency, polarization, and intensity,
the first-order amplitudes of the excited states are given
by

aj (t) = i
[︂
d⃗Lj,0 ·

˜⃗EL (ωj0)
]︂
e−iωjt, j = 1, 2, (15)

where d⃗Lj,0 is now the real-valued transition dipole be-

tween the ground and j-th excited state and ˜⃗EL is the
Fourier transform of the field at the corresponding tran-
sition frequency. For an ultrashort pulse with the band-
width covering both excited states, the expectation value
of the dipole will contain an interference term of the form

⟨d⃗L⟩χ ≡ a∗1a2d⃗
L
1,2 + c.c. (16)

= [d⃗L0,1 ·
˜⃗EL∗(ω1,0)][d⃗

L
2,0 ·

˜⃗EL(ω2,0)]d⃗
L
1,2e

−iω2,1t + c.c.

which we have denoted by ⟨d⃗L⟩χ to indicate that it is the
chiral part of the induced polarization.
In contrast to Eq. (10) and PECD, the fact that the

Fourier transform of the field is evaluated at two different
transition frequencies in the above expression does not
allow us to easily use the vector identity (⃗a · c⃗)(⃗b · d⃗) −
(⃗a · d⃗)(⃗b · c⃗) = (⃗a × b⃗) · (c⃗ × d⃗) and directly identify a
triple product. The emergence of the triple-product as
an enantio-sensitive measure is somewhat subtle: it only
appears after averaging over all molecular orientations,
for a randomly oriented molecular ensemble. With the
help of Eq. (52) derived in Appendix VIIB, one finds
that
ˆ

dϱ⟨d⃗L⟩χ =
1

6

[︂(︂
d⃗M0,1 × d⃗M2,0

)︂
· d⃗M1,2

]︂

×
[︂
˜⃗EL∗ (ω1,0)× ˜⃗EL (ω2,0)

]︂
e−iω2,1t + c.c. (17)

The essential features of this expression are similar to
those of PECD. The expression again factorizes into a
molecular part, a pseudoscalar given by the triple prod-
uct of molecule-specific transition dipoles, and a field
part, a pseudovector given by the vector product of the
incident fields. The induced dipole oscillates at the fre-
quency ω2,1 in the direction determined by the cross
product between the Fourier transforms of the exciting
fields, at the corresponding transition frequencies. The
triple product of the transition dipoles is taken in the
molecular frame and forms the pseudoscalar that changes
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sign for opposite enantiomers (see Appendix VIID). This
means that the phase of the oscillations will be deter-
mined by the product of the signs resulting from the
molecular and field terms. For a fixed polarization and
opposite enantiomers, or for a fixed enantiomer and oppo-
site polarizations (see Figs. 2-4), the phase will change by
π. That is, the enantio-sensitive and dichroic character
of the vectorial observable, in this case the polarization,
is encoded in the phase of its oscillations.

In the particular case of a circularly polarized field
[see Eq.(6)], we have ˜⃗EL (ω) = Ẽ (ω)

(︁
x̂L + σiŷL

)︁
/
√
2 and

therefore
ˆ

dϱ⟨d⃗L⟩χ =
iσ

6

[︂(︂
d⃗M0,1 × d⃗M2,0

)︂
· d⃗M1,2

]︂

× Ẽ∗ (ω1,0) Ẽ (ω2,0) ẑ
Le−iω2,1t + c.c., (18)

which is the PXCD effect discovered in [18].
Equation (17) is the generalization of the PXCD ef-

fect to the case of an arbitrary field. It shows that one
can obtain the same effect by either using a single broad-
band elliptically polarized pulse or, for example, by using
a sequence of two spectrally narrow (and phase locked)
linearly polarized pulses with orthogonal polarizations.
If more than two levels are coherently excited, then Eq.
(18) should include the sum over all states.

Importantly, the vectorial quantity associated with the
chiral response does not have to be collinear with the di-
rection of light propagation, as it happens in the case of
a circularly polarized field. It illustrates once again, that
the light propagation direction, fundamental for charac-
terizing the chirality of a photon, does not play any role
in electric-dipole-based techniques. These techniques do
not use the chirality of the photon, but use the polariza-
tion vectors of the light to define the lab setup.

An important feature that distinguishes the “light-
observer” from the “light-reagent” is the presence of chiral
sensitive absorption. Of course, PECD is associated with
light absorption, but this absorption is not chiral sensi-
tive, e.g. it is neither enantio-sensitive nor dichroic [18].

Note that the earlier results for the quadratic suscep-
tibility in isotropic chiral media chiral media can also
be presented in the vectorial form, originally derived by
Giordmaine [36],

P⃗ (ω3 = ω1 − ω2) = χ(2)[E⃗1(ω1)× E⃗∗
2 (ω2)], (19)

where the vectors P⃗ , E⃗1, and E⃗2, are the Fourier com-
ponetes of induced polarizations and incident fields at the
respective frequencies, χ(2) is the molecular pseudoscalar
described by the triple product of transition dipoles and
a combination of resonance denominators typical for sec-
ond order instantaneous response and derived in [14, 15]
in the context of tree-wave mixing in isotropic chiral me-
dia within the electric-dipole approximation.

Finally, the expression for PXCD also allows one to
gauge the strength of the chiral response. It maximizes
when the three transition dipoles are orthogonal to each

other. In this case, the coherent enantio-sensitive dipole
along the lab ẑL axis, normalized to the excitation am-
plitudes, reaches dM1,2/3. Thus, for orthogonal excitation
dipoles, the molecule can convert all of its (ensemble-
averaged) initial excitation in the polarization plane of
the circularly polarized pump into enantio-sensitive mo-
tion orthogonal to this plane, making a highly efficient
helix.

C. Chiral response upon rotational excitation:
enantio-sensitive microwave spectroscopy

In this section we will use our vectorial formulation to
consider two enantio-sensitive schemes in the microwave
regime suggested by Patterson et al. [16, 19], and de-
scribed theoretically in detail by Lehman [20].
Consider first coherent excitation of rotational states

and the enantio-sensitive signal discovered by Patterson
et al. in [19]. The corresponding rotational wavefunc-
tions are the eigenstates of the asymmetric rigid rotor
[37], and are themselves functions of the Euler angles.
We no longer deal with a posteriori averaging over this
degree of freedom. The transition dipoles themselves are
already the integrals over the Euler angles ϱ ≡ (αβγ),

d⃗Li,j = ⟨JiτiMi| d⃗L |JjτjMj⟩

=

[︃
ˆ

dϱψ∗
JiτiMi

(ϱ)S (ϱ)ψJjτjMj
(ϱ)

]︃
d⃗M, (20)

where d⃗M is the permanent dipole moment of the elec-
tronic ground state in the molecular frame, i, j = 1, 2.
The state |JτM⟩ is an eigenfunction of the total angu-
lar momentum operator Ĵ2 and its z-component Ĵz with
eigenvalues J(J + 1) and M , respectively, and τ is asso-
ciated with all other quantum numbers pertinent for this
state. These transition dipoles are now used for the ex-
citation amplitudes, which are still given by the general
expression Eq. (15) and the induced dipole Eq. (17).
Each of the dipoles entering Eq. (17) is associated with
a distribution of possible Mi,Mj ,Mk. This distribution
depends on the preparation of the system.
The orientation averaging over the Euler angles is now

replaced by summing over the distribution of all possible
initial and final M ’s

∑︂

M0,M1,M2

⟨d⃗L⟩χ =
∑︂

M0,M1,M2

[d⃗L0,1 ·
˜⃗EL∗ (ω1,0)]

× [d⃗L2,0 ·
˜⃗EL (ω2,0)]d⃗

L
1,2e

−iω2,1t + c.c. (21)

When all possible initial and final M ’s are equally rep-
resented, as is the case for an isotropic sample, the av-
eraging is performed with the help of Eq. (56) which is
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derived the Appendix (VIIC) and yields

∑︂

M0,M1,M2

⟨d⃗L⟩χ =
∑︂

M0,M1,M2

1

6

[︂(︂
d⃗L0,1 × d⃗L2,0

)︂
· d⃗L1,2

]︂

×
[︂
˜⃗EL∗ (ω1,0)× ˜⃗EL (ω2,0)

]︂
e−iω2,1t + c.c. (22)

The main result here is the factorization of induced
polarization into the molecular-specific pseudoscalar∑︁

M0,M1,M2

1
6 [(d⃗

L
0,1× d⃗L2,0) · d⃗L1,2], and the field pseudovec-

tor [ ˜⃗EL∗(ω1,0)× ˜⃗EL(ω2,0)].
Note that before the averaging we had scalar products

of dipoles and fields [see Eq. (21)]. The averaging over
the distribution of M -states in Eq. (21) plays the same
role as averaging over a random classical rotational en-
semble in Eq. (17): it leads to rearrangement of terms
and to the appearance of a rotationally invariant molec-
ular pseudoscalar. It shows the link to the PXCD effect
[18] in the vibronic states.

Eq. (22) is applicable for an arbitrary field configura-
tion. In the work by Patterson et al. [19] two linearly
polarized fields, orthogonal to each other, have been used
to produce a sum-frequency signal polarized along the di-
rection perpendicular to both fields. Here we derived the
complementary difference-frequency signal.

Importantly, our result shows that, if two different
pulses are used, the signal in Eqs. (17) and (22) depends
on the relative phase between the two pulses. Therefore,
the chiral signal will only be observed in a reproducible
fashion if the relative phase between the two pulses is
stable from shot to shot. Clearly, this is automatically
satisfied in case of one-pulse excitation with a circularly
polarized field, where the relative phase between the two
perpendicular components is fixed at π/2, as it happens
in PXCD.

Now we shall consider an alternative scheme, invented
by Patterson et al. and involving a static field [16].

1. Vectorial formulation for the static field case

Consider a molecule with eigenstates |n⟩ in the absence
of fields and initially in the state |0⟩ . Application of a
static field E⃗L

S transforms the zeroth-order eigenstates
into

|n′⟩ = |n⟩+
∑︂

m ̸=n

E⃗L
S · d⃗Lm,n

Em,n
|m⟩ , (23)

where Em,n is the energy difference between the m-th
and n-th states, and we assumed that the states are non-
degenerate, or that the perturbation does not couple de-
generate states with the same energy. If the perturbation
of the initial state is much smaller than that of the ex-
cited state and we apply an oscillating field resonant with
the transition |0⟩ → |n′⟩, then the first order (in the os-
cillating field) amplitude of the state |n′⟩ reads as

an′ = i
[︂
d⃗Ln′,0 ·

˜⃗EL (ωn′,0)
]︂

= i

{︃[︂
d⃗Ln,0 ·

˜⃗EL (ωn′,0)
]︂

+
∑︂

m ̸=n

E⃗L
S · d⃗Ln,m
Em,n

[︂
d⃗Lm,0 ·

˜⃗EL (ωn′,0)
]︂}︃

. (24)

While the DC Stark field is still present, the expected
value of the dipole has the form

⟨d⃗L⟩ = d⃗L0,0 + |an′ |2 d⃗Ln′,n′ +
(︂
an′ d⃗L0,n′e−iωn′,0t + c.c.

)︂
.

(25)
Upon orientation averaging, the oscillating term reads

as
ˆ

dϱan′ d⃗L0,n′e−iωn′,0t + c.c.

= i

ˆ

dϱ
[︂
d⃗Ln′,0 ·

˜⃗EL (ωn′,0)
]︂
d⃗L0,n′e−iωn′,0t + c.c.

=
i

3

[︂
d⃗Mn′,0 · d⃗M0,n′

]︂
˜⃗EL (ωn′,0) e

−iωn′,0t + c.c., (26)

so that the oscillations of the induced polarization follow
the field. Note that the orientation averaging for the ro-
tational states would follow accordingly as shown above,
by replacing

́

dϱ by a sum over all M ’s and keeping the
sum on the right hand side of Eq. (26).
On the other hand, if the static field is adiabatically

removed so that all of the population in state |n′⟩ is trans-
ferred to state |n⟩ we get

⟨d⃗L⟩ = d⃗L0,0 + |an′ |2 d⃗Ln,n +
(︂
an′ d⃗L0,ne

−iωn,0t+ϕ + c.c.
)︂
,

(27)
where ϕ depends on the details of the turn-off of the static
field. The orientation-averaged oscillating term reads as
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ˆ

dϱ an′ d⃗L0,ne
−iωn,0t+ϕ + c.c.

= i

ˆ

dϱ

{︃[︂
d⃗Ln,0 ·

˜⃗EL (ωn′,0)
]︂
d⃗L0,n +

∑︂

m ̸=n

1

Em,n

[︂
d⃗Ln,m · E⃗L

S

]︂ [︂
d⃗Lm,0 ·

˜⃗EL (ωn′,0)
]︂
d⃗L0,n

}︃
e−iωn,0t+ϕ + c.c.

= i

{︃
1

3

[︂
d⃗Mn,0 · d⃗M0,n

]︂
˜⃗EL (ωn′,0) +

1

6

∑︂

m ̸=n

1

Em,n

[︂(︂
d⃗Mn,m × d⃗Mm,0

)︂
· d⃗M0,n

]︂ [︂
E⃗L

S × ˜⃗EL (ωn′,0)
]︂}︃

e−iωn,0t+ϕ + c.c.. (28)

In this case we obtain an enantio-sensitive contribution
which oscillates in the direction specified by the cross
product between the direction of the static field and the
polarization of the oscillating field. If, like in the original
experiment [16], the static field is along x̂ and the oscil-
lating field is along ẑ, then the polarization will exhibit
oscillations along ŷ.

Wave mixing phenomena are usually described on the
language of susceptibilities. The quadratic susceptibility
χ(2) is responsible for three wave mixing. However, both
PXCD and EMWS can also be described as free induction
decay. In fact, PXCD maximizes when the laser field is
already turned off (see Fig. 2b in Ref. [18]), supporting
that free induction decay after the pulse is at its main
origin.

The example of a static field is interesting because it
shows that the free induction decay occurring both in
PXCD and in EMWS can have very different properties
from the “instantaneous” response of an isotropic chiral
medium described by the quadratic susceptibility χ(2).
For example, as shown in [15], the chiral quadratic sus-
ceptibility vanishes if one of the excitation fields is static,
while the second term in Eq. (28) shows that the chiral
response associated with the free induction decay is non-
zero, be it EMWS or generalized PXCD.

D. Bound-bound + bound-unbound transition

In the previous section we saw how molecular chiral-
ity can be read out from the dynamics of the induced
polarization. One can also imagine reading out this chi-
rality not by looking at the induced polarization directly
but by looking at the photoelectron current induced by a
second absorption process as originally proposed in [18].
Here, we will consider the general case in which a pump
pulse of arbitrary polarization excites the molecule to a
bound superposition and a probe pulse of arbitrary po-
larization ionizes it after a time delay τ . In this case the
photoionization amplitude into the state |⃗kM⟩ reads as

ak⃗M = −
[︂
d⃗L1,0 ·

˜⃗EL
1 (ω1,0)

]︂ [︂
D⃗L

1 · ˜⃗EL
2 (ωk,1)

]︂
e−iω1τ

−
[︂
d⃗L2,0 ·

˜⃗EL
1 (ω2,0)

]︂ [︂
D⃗L

2 · ˜⃗EL
2 (ωk,2)

]︂
e−iω2τ ,(29)

where d⃗i,0 is a bound-bound transition dipole between
states |i⟩ and |0⟩, D⃗i is a bound-continuum transition
dipole between states |⃗kM⟩ and |i⟩, ˜⃗Ei is the Fourier trans-
form of the i-th pulse, and we assumed that the pulses
do not overlap. Application of Eq. (53) to Eqs. (7), (12),
and (29), yields the most general result and it shows that
not only the cross terms, as in the generalized PXCD [see
Eq. (17)], but also the diagonal terms in |ak⃗M |2 may con-
tribute to the net photoelectron current

j⃗L (k) =

ˆ

dϱ

ˆ

dΩM
k |ak⃗M(ϱ)|2S(ϱ)k⃗M

= j⃗Ldiag,1 (k) + j⃗Ldiag,2 (k) + j⃗Lcross (k) . (30)

The contribution from the diagonal terms is of the form

j⃗Ldiag,i (k) =

ˆ

dϱ

ˆ

dΩM
k

(︂
d⃗L0,i ·

˜⃗EL∗
1

)︂(︂
D⃗L∗

i · ˜⃗EL∗
2

)︂(︂
d⃗Li,0 ·

˜⃗EL
1

)︂(︂
D⃗L

i · ˜⃗EL
2

)︂
k⃗L

=
1

15
ℜ
{︃
ˆ

dΩM
k

[︂(︂
d⃗M0,i × D⃗M∗

i

)︂
· D⃗M

i

]︂ (︂
d⃗Mi,0 · k⃗M

)︂ [︂(︂
˜⃗EL∗
1 × ˜⃗EL∗

2

)︂
· ˜⃗EL

2

]︂
˜⃗EL
1

+

ˆ

dΩM
k

[︂(︂
d⃗M0,i × D⃗M∗

i

)︂
· k⃗M

]︂ (︂
d⃗Mi,0 · D⃗M

i

)︂(︂
˜⃗EL
1 · ˜⃗EL

2

)︂(︂
˜⃗EL∗
1 × ˜⃗EL∗

2

)︂

+

ˆ

dΩM
k

[︂(︂
d⃗M0,i × D⃗M

i

)︂
· k⃗M

]︂ (︂
d⃗Mi,0 · D⃗M∗

i

)︂(︂
˜⃗EL
1 · ˜⃗EL∗

2

)︂(︂
˜⃗EL∗
1 × ˜⃗EL

2

)︂}︃

+
1

30

⃓⃓
⃓d⃗Mi,0

⃓⃓
⃓
2 ⃓⃓
⃓ ˜⃗EL

1

⃓⃓
⃓
2
ˆ

dΩM
k

[︂(︂
D⃗M∗

i × D⃗M
i

)︂
· k⃗M

]︂ (︂
˜⃗EL∗
2 × ˜⃗EL

2

)︂
, (31)
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where we only assumed that d⃗0,i = d⃗i,0 is real, which
can always be achieved for bound states in the absence
of magnetic fields. The fields ˜⃗E1 and ˜⃗E2 are evaluated at
the frequencies ωi,0 and ωk,i respectively. The last term
is simply the generalized PECD from the j-th state mul-
tiplied by the population in the i-th state induced by the
pump and a factor of 1/5 that comes from the orientation
averaging. The terms in curly brackets represent con-

tributions to the current beyond the usual PECD. Each
term has selection rules that are evident from its vectorial
structure, and will be discussed below after considering
the cross terms contribution to the photoelectron current.
As usual, the molecular terms are rotationally-invariant
molecule-specific pseudoscalars and the field terms are
pseudovectors.
The contribution from the cross terms in |ak⃗M |2 to the

net photoelectron current j⃗L (k) is given in general by

j⃗Lcross (k) =

ˆ

dϱ

ˆ

dΩM
k

(︂
d⃗L0,2 ·

˜⃗EL∗
1

)︂(︂
D⃗L∗

2 · ˜⃗EL∗
2

)︂(︂
d⃗L1,0 ·

˜⃗EL
1

)︂(︂
D⃗L

1 · ˜⃗EL
2

)︂
k⃗L + c.c.

= j⃗Lnoncopl (k) + j⃗Lellip (k) + j⃗Llin (k) , (32)

where the fields ˜⃗EL∗
1 , ˜⃗EL∗

2 , ˜⃗EL
1 , and

˜⃗EL
2 are evaluated at the frequencies ω2,0, ωk,2, ω1,0, and ωk,1, respectively, and we

grouped the 10 terms according to their selection rules for the fields as follows. The first group reads as

j⃗Lnoncopl (k) =
1

30

{︃
ˆ

dΩM
k

[︂(︂
d⃗M0,2 × D⃗M∗

2

)︂
· d⃗M1,0

]︂ (︂
D⃗M

1 · k⃗M
)︂ [︂(︂

˜⃗EL∗
1 × ˜⃗EL∗

2

)︂
· ˜⃗EL

1

]︂
˜⃗EL
2

+

ˆ

dΩM
k

[︂(︂
d⃗M0,2 × D⃗M∗

2

)︂
· D⃗M

1

]︂ (︂
d⃗M1,0 · k⃗M

)︂ [︂(︂
˜⃗EL∗
1 × ˜⃗EL∗

2

)︂
· ˜⃗EL

2

]︂
˜⃗EL
1

+

ˆ

dΩM
k

[︂(︂
d⃗M0,2 × d⃗M1,0

)︂
· D⃗M

1

]︂ (︂
D⃗M∗

2 · k⃗M
)︂ [︂(︂

˜⃗EL∗
1 × ˜⃗EL

1

)︂
· ˜⃗EL

2

]︂
˜⃗EL∗
2

+

ˆ

dΩM
k

[︂(︂
D⃗M∗

2 × d⃗M1,0

)︂
· D⃗M

1

]︂ (︂
d⃗M0,2 · k⃗M

)︂ [︂(︂
˜⃗EL∗
2 × ˜⃗EL

1

)︂
· ˜⃗EL

2

]︂
˜⃗EL∗
1

}︃
eiω21τ + c.c., (33)

and contains all the terms involving scalar triple products of the field vectors, which means that each of its terms
vanishes if the fields involved in its triple product are coplanar. It means that exciting j⃗Lnoncopl (k) requires non-
collinear geometry of pump and probe pulses. For fields with the same polarization at the two transition frequencies,
that is, ˜⃗EL

1 (ω1,0) ∥ ˜⃗EL
1 (ω2,0) and

˜⃗EL
2 (ωk,1) ∥ ˜⃗EL

2 (ωk,2), j⃗Lnoncopl vanishes unless the polarization of the pump and the
probe are non-coplanar, which means that at least one of the fields must be elliptically polarized. The other field can
be either linearly or elliptically polarized, provided its polarization is non-coplanar to that of the first field.

The second group of contributions to j⃗Lcross is given by

j⃗Lellip (k) =
1

30

{︃
ˆ

dΩM
k

[︂(︂
d⃗M0,2 × d⃗M1,0

)︂
· k⃗M

]︂ (︂
D⃗M∗

2 · D⃗M
1

)︂(︂
˜⃗EL∗
2 · ˜⃗EL

2

)︂(︂
˜⃗EL∗
1 × ˜⃗EL

1

)︂

+

ˆ

dΩM
k

[︂(︂
D⃗M∗

2 × D⃗M
1

)︂
· k⃗M

]︂ (︂
d⃗M0,2 · d⃗M1,0

)︂(︂
˜⃗EL∗
1 · ˜⃗EL

1

)︂(︂
˜⃗EL∗
2 × ˜⃗EL

2

)︂}︃
eiω21τ + c.c., (34)

and contains the two terms involving a cross product between a single field at the two transition frequencies. For
fields satisfying ˜⃗EL

1 (ω1,0) ∥ ˜⃗EL
1 (ω2,0) and

˜⃗EL
2 (ωk,1) ∥ ˜⃗EL

2 (ωk,2), each term vanishes unless the field in the cross product
is elliptically polarized. The field in the scalar product can have any polarization.

The third group of contributions to j⃗Lcross reads as

j⃗Llin (k) =
1

30

{︃
ˆ

dΩM
k

[︂(︂
d⃗M0,2 × D⃗M∗

2

)︂
· k⃗M

]︂ (︂
d⃗M1,0 · D⃗M

1

)︂(︂
˜⃗EL
1 · ˜⃗EL

2

)︂(︂
˜⃗EL∗
1 × ˜⃗EL∗

2

)︂

+

ˆ

dΩM
k

[︂(︂
d⃗M0,2 × D⃗M

1

)︂
· k⃗M

]︂ (︂
D⃗M∗

2 · d⃗M1,0
)︂(︂

˜⃗EL∗
2 · ˜⃗EL

1

)︂(︂
˜⃗EL∗
1 × ˜⃗EL

2

)︂

+

ˆ

dΩM
k

[︂(︂
D⃗M∗

2 × d⃗M1,0

)︂
· k⃗M

]︂ (︂
d⃗M0,2 · D⃗M

1

)︂(︂
˜⃗EL∗
1 · ˜⃗EL

2

)︂(︂
˜⃗EL∗
2 × ˜⃗EL

1

)︂

+

ˆ

dΩM
k

[︂(︂
d⃗M1,0 × D⃗M

1

)︂
· k⃗M

]︂ (︂
d⃗M0,2 · D⃗M∗

2

)︂(︂
˜⃗EL∗
1 · ˜⃗EL∗

2

)︂(︂
˜⃗EL
1 × ˜⃗EL

2

)︂}︃
eiω21τ + c.c., (35)

and contains the remaining terms. Unlike j⃗Lnoncopl and j⃗Lellip, which vanish in the absence of elliptical fields when
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˜⃗EL
1 (ω1,0) ∥ ˜⃗EL

1 (ω2,0) and
˜⃗EL
2 (ωk,1) ∥ ˜⃗EL

2 (ωk,2), j⃗Llin can be
non-zero even for purely linear fields provided pump and
probe are neither parallel nor orthogonal to each other.
Clearly, the selection rules described for j⃗Lnoncopl, j⃗

L
lin, and

j⃗Lellip are also valid for the first, the second and third, and
the last terms of j⃗Ldiag, respectively.

As a whole, the 10 terms in Eq. (32) correspond to
the 10 ways in which the five molecular vectors d⃗M0,1, d⃗M2,0,
D⃗M

1 , D⃗M
2 , and k⃗M can form a rotation-invariant molecular

quantity. Each molecular term is coupled to a field term
that corresponds to 1 of the 10 ways that a vector can be
formed via scalar and vector products between 4 vectors.
Unlike the diagonal terms, the cross terms contribution
oscillates with the pump-probe time delay at a frequency
corresponding to the energy difference between the two
bound states excited by the pump.

If we consider the PXECD setup originally described
in [18], where the pump field is circularly polarized like
in Eq. (6) and the pump is linearly polarized along x̂L,
then application of the above discussed selection rules
and some vector algebra (see Appendix VII F) yields

j⃗L (k) =
iσ

60
Ẽ∗
1 Ẽ∗

2 Ẽ1Ẽ2
[︃(︂
d⃗M0,1 × d⃗M2,0

)︂
·
ˆ

dΩM
k D⃗

M
12

(︂
k⃗M

)︂]︃

× ẑLeiω21τ + c.c., (36)

D⃗M
12

(︂
k⃗M

)︂
=− 4

(︂
D⃗M

1 · D⃗M∗
2

)︂
k⃗M +

(︂
D⃗M∗

2 · k⃗M
)︂
D⃗M

1

+
(︂
D⃗M

1 · k⃗M
)︂
D⃗M∗

2 , (37)

which coincides with the result originally obtained in [18].
Eqs. (30), (31), (32), (33), (34), and (35) are the gen-
eralization of PXECD to arbitrary polarizations of the
pump and probe pulses.
Interestingly, although the symmetry of a linear pump

- linear probe scheme where the two fields are orthogonal
to each other does not forbid the emergence of a non-
zero net photoelectron current j⃗L (see Fig. 3), Eqs. (30),
(31), (32), (33), (34), and (35) show that it vanishes. This
symmetry can be traced back to the fact that the phase
shift between the pump and the probe is not recorded
by the system because the probe step corresponds to the
parametric process in terms of non-linear optics diagrams
(see Fig. 1 in Ref. [18]), where the initial and final
states are the same: it is a superposition of the states
prepared by the pump. It highlights the fact that all the
effects considered in this section do not require a phase-
lock between the pump and probe pulses.

V. CONCLUSIONS

We have presented a unified approach to electric-
dipole-based methods of chiral discrimination. The ap-
proach is based on a vectorial formulation of the chi-
ral response and provides a common language for under-

standing electric-dipole-based techniques used in differ-
ent fields, such as photoionization and microwave spec-
troscopy. All these techniques make use of coherent ex-
citation of several states leading to electronic, vibronic,
rotational, or ionization dynamics.
The chiral response in all cases is characterized by a

vectorial observable and takes place within a chiral setup.
Unlike scalar observables (e.g. total cross sections), vec-
torial observables (e.g. induced polarization) are able to
exploit the chirality of such setups and therefore provide
the opportunity to probe the chirality of isotropic molec-
ular samples without relying on the chirality of the light
inducing the response. Chiral setups can result from the
combination of at least two linearly polarized fields with
non-collinear polarizations (and phase-delayed in the case
of a single frequency) defining a non-zero pseudovector,
and a detector defining a direction parallel or anti-parallel
to the field pseudovector. Furthermore, the fields defining
the pseudovector need not overlap in time, which allows
for pump-probe schemes in the construction of the chiral
setup.
We have shown that the generic structure of the vecto-

rial observable is given by the product of the field pseu-
dovector, defined by the configurations of the electric
fields exciting or probing chiral dynamics, and a molec-
ular pseudoscalar characterizing the molecular handed-
ness. The projection of the vectorial observable on the
external direction defined by the detector yields the re-
sult of the measurement: a product between the molecu-
lar pseudoscalar associated to the molecular handedness,
and the chiral setup pseudoscalar defining the handed-
ness of the chiral setup.
The molecular pseudoscalar is given by a rota-

tionally invariant molecule-specific quantity such as a
triple product involving three bound-bound transition
dipoles, and/or the triple product between photoioniza-
tion dipoles and the photoelectron momentum integrated
over all directions. The strength of the chiral response is
determined by the mutual orientation of such vectors in
the molecular frame.
The affinity of different electric-dipole-based tech-

niques should help us to identify general mechanisms of
chiral response, driven exclusively by the electric compo-
nent of the electromagnetic field, and their link to molec-
ular chiral structure and dynamics.
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VII. APPENDIX

A. Beyond the electric-dipole approximation: the magnetic dipole, the helicity of light, and absorption
circular dichroism

In order to introduce the reader into some fundamental aspects of the discussion in the main part of the manuscript,
we will briefly illustrate the relation between magnetic dipole, helicity of light, and absorption circular dichroism in
randomly oriented chiral molecules.

The interaction between the electron in the molecule and the radiation field can be described by the interaction
Hamiltonian (see e.g. [38])

H ′ (t) = −d⃗ · E⃗ (0, t)− m⃗ · B⃗ (0, t) + . . . , (38)

where d⃗ and m⃗ are the electric and magnetic dipoles,

E⃗ (r⃗, t) = −∂tA⃗ (r⃗, t) and B⃗ (r⃗, t) = ∇⃗ × A⃗ (r⃗, t) , (39)

are the electric and magnetic fields, and A⃗ (r⃗, t) is the vector potential. Other terms of the same order as the
magnetic-dipole interaction (e.g. the electric-quadrupole interaction) have been ignored because electric-quadrupole
effects vanish in isotropic samples [38]. Consider a plane wave with wave number k⃗ and frequency ω,

A⃗ (r⃗, t) = A⃗ei(k⃗·r⃗−ωt) + c.c., (40)

where A⃗ encodes the polarization, intensity, and phase shift of the wave. For wavelengths λ much greater than the
electron orbit, the term k⃗ · r⃗ = 2πr/λ is very small and ei⃗k·r⃗ can be expanded in powers of it. The electric-dipole and
magnetic-dipole interactions in Eq. (38) stem from the zeroth and first order terms, respectively, of such expansion.
That is, the magnetic-dipole interaction emerges as a consequence of taking into account the spatial structure of the
electromagnetic field. Furthermore, absorption circular dichroism, which is linear in the magnetic-dipole interaction,
scales as k⃗ · r⃗, i.e. as the ratio of the electron orbit size to the wavelength.

Replacing Eq. (40) in Eq. (39) yields

E⃗ (0, t) = E⃗e−iωt + c.c. and B⃗ (0, t) = B⃗e−iωt + c.c., (41)

where E⃗ = iωA⃗ and B⃗ = i⃗k×A⃗. Therefore, the probability that the molecule in the initial state |i⟩ is excited into the
upper energy state |f⟩ is given by

|⟨f |H ′ (t) |i⟩|2 ∝
⃓⃓
⃓
(︂
d⃗fi · E⃗ + m⃗fi · B⃗

)︂⃓⃓
⃓
2

(42)

and contains an interference term of the form
(︂
d⃗fi · E⃗

)︂∗ (︂
m⃗fi · B⃗

)︂
+ c.c. (43)

For the case of electronic and/or vibrational transitions, d⃗fi and m⃗fi are fixed in the molecular frame, while E⃗ and
B⃗ are fixed in the lab frame. If the sample is isotropic we must average over all molecular orientations ϱ (see Appendix
VIIB), which yields

ˆ

dϱ
[︂
d⃗Lfi (ϱ) · E⃗L

]︂∗ [︂
m⃗L

fi (ϱ) · B⃗L
]︂
=

1

3

[︂
d⃗Mfi · m⃗M

fi

]︂ [︂
E⃗L∗ · B⃗L

]︂
, (44)

where the superscripts L and M indicate vectors expressed in the lab and molecular frames respectively, and we
explicitly indicated the dependence of the molecular frame vectors d⃗fi and m⃗fi on the molecular orientation ϱ when
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they are expressed in the lab frame. The right hand side of Eq. (44) is a scalar that is the product of two pseudoscalars.
One of them contains only molecular quantities in the molecular frame, and the other contains only field quantities
in the lab frame. Furthermore, the latter is proportional to the helicity of the field, i.e. it is proportional to the
projection of the light spin angular momentum on the propagation direction k⃗. To see this, we rewrite the field
pseudoscalar in terms of the vector potential as

E⃗L∗ · B⃗L = iωA⃗L∗ ·
(︂
i⃗kL × A⃗L

)︂
= iω

(︂
iA⃗L × A⃗L∗

)︂
· k⃗L. (45)

The factor iA⃗L × A⃗L∗ is always real and it is proportional to the photon’s spin. For example, for light circularly
polarized in the xy plane A⃗L = A

(︁
x̂L + iσŷL

)︁
/
√
2, σ = ±1, and iA⃗L × A⃗L∗ = |A|2 σẑL, where σẑL is the spin of

the photon. If we now project on the propagation direction k̂L, we obtain the sign of the helicity of the circularly
polarized field

η = σẑL · k̂L = ±σ, (46)

where we used the fact that k⃗L can point either in the positive (+) or negative (-) ẑL direction. One must be careful of
not confusing σ with η. While η indicates the handedness of the helix formed by the electric (or magnetic) component
of the circularly polarized field in space at a fixed time and is a time-even pseudoscalar, σ merely indicates the
direction of rotation of the electric field in time at a fixed point in space, is invariant with respect to parity inversion,
and is therefore a time-odd scalar.

Importantly for the discussion in the main part of the manuscript, in the electric-dipole approximation the variation
of the electromagnetic field in space and along with it the propagation direction of the light, the magnetic field, and the
magnetic-dipole interaction, are absent. Therefore, the chiral effects which rely only on the electric-dipole interaction
do not rely on the helicity of the light, but on its spin. In other words, they do not rely on the pseudoscalar character
of the light encoded in η but instead on its time-odd character encoded in the pseudovector σẑ.

B. Classical orientation averaging

Following the formalism in Sec. 4.2 of Ref. [38] we can perform the orientation averaging using tensor notation as
follows: first we define the transformation from the molecular frame to the lab frame via

vi = liαvα, (47)

where we used Einstein’s summation convention, latin and greek indices indicate components in the lab and molecular
frame respectively, and liα stands for the direction cosine between the axis i = xL, yL, zL in the lab frame and the axis
α = xM, yM, zM in the molecular frame. The direction cosines can be written in terms of the Euler angles ϱ ≡ (αβγ)
(see for example Sec. 2.2 in Ref. [37]). From Sec. 4.2.5 of Ref. [38] (see also [39]) we have that the isotropic orientation
averages of products of direction cosines are

ˆ

dϱ liαljβ =
1

3
δijδαβ , (48)

ˆ

dϱ liαljβlkγ =
1

6
εijkεαβγ , (49)

ˆ

dϱ liαljβlkγ llδlmϵ =
1

30

{︃
ϵijkδlmϵαβγδδϵ + ϵijlδkmϵαβδδγϵ + ϵijmδklϵαβϵδγδ + ϵiklδjmϵαγδδβϵ + ϵikmδjlϵαγϵδβδ

+ϵilmδjkϵαδϵδβγ + ϵjklδimϵβγδδαϵ + ϵjkmδilϵβγϵδαδ + ϵjlmδikϵβδϵδαγ + ϵklmδijϵγδϵδαβ

}︃
, (50)

where
́

dϱ ≡ 1
8π2

́ 2π

0
dα
́ π

0
dβ
́ 2π

0
dγ sinβ. Straightforward application of formulas (48), (49), and (50) yields the

vector identities
ˆ

dϱ
(︁
a⃗L · v⃗L

)︁
b⃗L =

1

3

(︂
a⃗M · b⃗M

)︂
v⃗L, (51)

14



ˆ

dϱ
(︁
a⃗L · u⃗L

)︁ (︂
b⃗L · v⃗L

)︂
c⃗L =

1

6

[︂(︂
a⃗M × b⃗M

)︂
· c⃗M

]︂ (︁
u⃗L × v⃗L

)︁
, (52)

ˆ

dϱ
(︁
a⃗L · u⃗L

)︁ (︂
b⃗L · v⃗L

)︂ (︁
c⃗L · w⃗L

)︁ (︂
d⃗L · x⃗L

)︂
e⃗L

=
1

30

{︃[︂(︂
a⃗M × b⃗M

)︂
· c⃗M

]︂ (︂
d⃗M · e⃗M

)︂ [︁(︁
u⃗L × v⃗L

)︁
· w⃗L

]︁
x⃗L +

[︂(︂
a⃗M × b⃗M

)︂
· d⃗M

]︂ (︁
c⃗M · e⃗M

)︁ [︁(︁
u⃗L × v⃗L

)︁
· x⃗L

]︁
w⃗L

+
[︂(︂
a⃗M × b⃗M

)︂
· e⃗M

]︂ (︂
c⃗M · d⃗M

)︂ (︁
u⃗L × v⃗L

)︁ (︁
w⃗L · x⃗L

)︁
+
[︂(︁
a⃗M × c⃗M

)︁
· d⃗M

]︂ (︂
b⃗M · e⃗M

)︂ [︁(︁
u⃗L × w⃗L

)︁
· x⃗L

]︁
v⃗L

+
[︁(︁
a⃗M × c⃗M

)︁
· e⃗M

]︁ (︂
b⃗M · d⃗M

)︂ (︁
u⃗L × w⃗L

)︁ (︁
v⃗L · x⃗L

)︁
+
[︂(︂
a⃗M × d⃗M

)︂
· e⃗M

]︂ (︂
b⃗M · c⃗M

)︂ (︁
u⃗L × x⃗L

)︁ (︁
v⃗L · w⃗L

)︁

+
[︂(︂
b⃗M × c⃗M

)︂
· d⃗M

]︂ (︁
a⃗M · e⃗M

)︁ [︁(︁
v⃗L × w⃗L

)︁
· x⃗L

]︁
u⃗L +

[︂(︂
b⃗M × c⃗M

)︂
· e⃗M

]︂ (︂
a⃗M · d⃗M

)︂ (︁
v⃗L × w⃗L

)︁ (︁
u⃗L · x⃗L

)︁

+
[︂(︂
b⃗M × d⃗M

)︂
· e⃗M

]︂ (︁
a⃗M · c⃗M

)︁ (︁
v⃗L × x⃗L

)︁ (︁
u⃗L · w⃗L

)︁
+

[︂(︂
c⃗M × d⃗M

)︂
· e⃗M

]︂ (︂
a⃗M · b⃗M

)︂ (︁
w⃗L × x⃗L

)︁ (︁
u⃗L · v⃗L

)︁}︃
, (53)

for arbitrary vectors a⃗, b⃗, c⃗, d⃗, e⃗, u⃗, v⃗, w⃗, and x⃗, respectively.

C. Quantum orientation averaging

In this appendix we will derive the identities
∑︂

Mi

A⃗i,i = 0, (54)

∑︂

Mi,Mj

(︂
A⃗i,j · u⃗

)︂
A⃗j,i =

1

3

∑︂

Mi,Mj

(︂
A⃗i,j · A⃗j,i

)︂
u⃗, (55)

∑︂

Mi,Mj ,Mk

(︂
A⃗i,j · u⃗

)︂(︂
B⃗k,i, · v⃗

)︂
C⃗j,k =

1

6

∑︂

Mi,Mj ,Mk

[︂(︂
A⃗i,j × B⃗k,i

)︂
· C⃗j,k

]︂
(u⃗× v⃗) , (56)

where ˆ⃗
A, ˆ⃗

B, and ˆ⃗
C, are vector operators, u⃗ and v⃗ are vectors, and we use the shorthand notation A⃗i,j =

⟨αiJiMi| ˆ⃗A |αjJjMj⟩. The state |αJM⟩ is an eigenfunction of the total angular momentum operator Ĵ2 and of
its z component Ĵz, with eigenvalues J (J + 1) and M respectively. The label α indicates all the other quantum
numbers required to describe the state.

These equations can be used to carry out the orientation averaging procedure of the expected value of the dipole
in Sec. IVC.

The first identity is rather trivial, especially in view of its classical analogue. The second and third identities are the
quantum analogues of Eqs. (51) and (52) respectively. The proofs below are valid both for integer and half-integer J .

Before going into the derivation we will briefly remind the reader of a few formulas that we will use throughout our
derivation. The spherical components of a vector are defined by (see Eq. 4.10 in [40])

v0 = vz, v± = ∓ 1√
2
(vx ± ivy) . (57)

From this definition it follows that the dot product, the cross product, and the scalar triple product can be written
in terms of their spherical components as follows:

u⃗ · v⃗ =
1∑︂

q=−1

(−1)
q
u−qvq, (58)
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(u⃗× v⃗)p = (−1)
p
i

1∑︂

q,r=−1

ϵpqru−qv−r, (59)

(u⃗× v⃗) · w⃗ = −i
1∑︂

p,q,r=−1

ϵpqrupvqwr, (60)

where ϵpqr is the Levi-Civita tensor for the set {−1, 0, 1} such that ϵ−1,0,1 = ϵ0,1,−1 = ϵ1,−1,0 = 1 and ϵ1,0,−1 =
ϵ−1,1,0 = ϵ0,−1,1 = −1, and every other component is equal to zero. Note also that

1√
6

(︃
1 1 1
−1 0 1

)︃
= 1, (61)

which along with the symmetry properties of the 3-j symbol for column permutations implies that (see also Sec. 3.2
in [40])

√
6

(︃
1 1 1
p q r

)︃
= ϵpqr. (62)

Another special value of the 3-j symbol is obtained by considering the coupling to zero angular momentum
⟨JM ; 00|JM⟩ = 1 and the relationship between the Clebsch-Gordan coefficient and the 3-j symbol, which yields

(︃
J 0 J

−M 0 M

)︃
=

(−1)
J−M

√
2J + 1

. (63)

We will also use the formula (see Eq. 7.35 of [40]3)

∑︂

δϵϕ

(−1)
d−δ+e−ϵ+f−ϕ

(︃
d e c
−δ ϵ γ

)︃(︃
e f a
−ϵ ϕ α

)︃(︃
f d b
−ϕ δ β

)︃
=

{︃
a b c
d e f

}︃(︃
a b c
α β γ

)︃
, (64)

where the symbol in curly brackets is a 6-j symbol.
Finally, the Wigner-Eckart theorem for the spherical component q of a rank k tensor reads as (see [40])

⟨αJM |T k
q |α′J ′M ′⟩ = ⟨αJ∥T k∥α′J ′⟩ (−1)

J−M

(︃
J k J ′

−M q M ′

)︃
. (65)

Note that our reduced matrix element contains an extra factor of
√
2J + 1 in comparison to that defined in Ref.

[40].
Now we begin with the proof of Eq. (54). For this case we will drop the index i on the quantum numbers and let

α ̸= α′. On the left hand side of Eq. (54) the addends read as

A⃗i,i = ⟨αJM | A⃗ |α′JM⟩ = ⟨αJ∥A∥α′J⟩ (−1)
J−M

∑︂

q

(︃
J 1 J

−M q M

)︃
êq, (66)

and the corresponding sum over M yields
∑︂

M

(−1)
J−M

(︃
J 1 J

−M q M

)︃
=

√
2J + 1

∑︂

M

(︃
J 0 J

−M 0 M

)︃(︃
J 1 J

−M q M

)︃
,

=
√
2J + 1

∑︂

M,M ′

(︃
J 0 J

−M 0 M ′

)︃(︃
J 1 J

−M q M ′

)︃
,

= 0, (67)

3 There is a misprint in the reference.

16



where we used Eqs. (63), the selection rule −M +M ′ = 0, and the orthogonality of the 3-j symbols. Eqs. (66) and
(67) yield the first identity [Eq. (54)].

For the second identity, we can use Eqs. (58) and (65) to write the addends on the left hand side of Eq. (55) as
(︂
A⃗i,j · u⃗

)︂
A⃗j,i =

∑︂

q,p

(−1)
q ⟨αiJiMi|A−q |αjJjMj⟩uq ⟨αjJjMj |Ap |αiJiMi⟩ êp,

=
∑︂

q,p

(−1)
q ⟨αiJi∥A∥αjJj⟩ (−1)

Ji−Mi

(︃
Ji 1 Jj

−Mi −q Mj

)︃
uq

×⟨αjJj∥A∥αiJi⟩ (−1)
Jj−Mj

(︃
Jj 1 Ji

−Mj p Mi

)︃
êp, (68)

and the corresponding sum over Mi and Mj yields

∑︂

Mi,Mj

(−1)
Ji−Mi+Jj−Mj

(︃
Ji 1 Jj

−Mi −q Mj

)︃(︃
Jj 1 Ji

−Mj p Mi

)︃

=
∑︂

Mi,Mj

(−1)
Ji−Mi+Jj−Mj

(︃
Ji Jj 1

−Mi Mj −q

)︃(︃
Ji Jj 1

−Mi Mj −p

)︃
,

= (−1)
−Ji+Jj−q

∑︂

Mi,Mj

(︃
Ji Jj 1

−Mi Mj −q

)︃(︃
Ji Jj 1

−Mi Mj −p

)︃
,

=
(−1)

−Ji+Jj−q

√
3

δp,q, (69)

where we used the symmetry property for column exchange and for negating all M ’s of the 3-j symbol, the selection
rule for the M ’s to write Mj =Mi + q in the exponent of (−1), and the fact that Ji + Jj + 1 is an integer. Then we
replaced (−1)

2Mi by (−1)
2Ji , and used the orthogonality relation of 3-j symbols. Replacing Eqs. (68) and (69) on

the left hand side of (55) we get

∑︂

Mi,Mj

(︂
A⃗i,j · u⃗

)︂
A⃗j,i = F

∑︂

q,p

uqδp,q êp = Fu⃗,

where we defined

F ≡ (−1)
Jj−Ji

√
3

|⟨αiJi∥A∥αjJj⟩|2 . (70)

Using Eq. (69) with p = q, the right hand side of Eq. (55) yields

∑︂

Mi,Mj

(︂
A⃗i,j · A⃗j,i

)︂
=

∑︂

Mi,Mj ,q

(−1)
q ⟨αiJiMi|A−q |αjJjMj⟩ ⟨αjJjMj |Aq |αiJiMi⟩ = F

∑︂

q

δq,q = 3F, (71)

which in comparison with Eq. (70) yields the identity (55).
For the third identity, we can use Eqs. (58) and (65) to write the addends on the left hand side of Eq. Eq. (56) as

(︂
A⃗i,j · u⃗

)︂(︂
B⃗k,i, · v⃗

)︂
C⃗j,k

=
∑︂

p,q,r

(−1)
p+q ⟨αiJiMi|A−p |αjJjMj⟩up ⟨αkJkMk|B−q |αiJiMi⟩ vq ⟨αjJjMj |Cr |αkJkMk⟩ êr,

=
∑︂

p,q,r

(−1)
p+q ⟨αiJi∥A∥αjJj⟩ (−1)

Ji−Mi

(︃
Ji 1 Jj

−Mi −p Mj

)︃
up⟨αkJk∥B∥αiJi⟩ (−1)

Jk−Mk

(︃
Jk 1 Ji

−Mk −q Mi

)︃
vq

× ⟨αjJj∥C∥αkJk⟩ (−1)
Jj−Mj

(︃
Jj 1 Jk

−Mj r Mk

)︃
êr, (72)
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and the corresponding sum over all Mi, Mj , and Mk yields

∑︂

Mi,Mj ,Mk

(−1)
Ji−Mi+Jj−Mj+Jk−Mk

(︃
Ji 1 Jj

−Mi −p Mj

)︃(︃
Jk 1 Ji

−Mk −q Mi

)︃(︃
Jj 1 Jk

−Mj r Mk

)︃
,

= (−1)
2Ji+2Jj+2Jk+3

∑︂

Mi,Mj ,Mk

(−1)
Ji−Mi+Jj−Mj+Jk−Mk

(︃
Ji Jj 1

−Mi Mj −p

)︃(︃
Jj Jk 1

−Mj Mk r

)︃(︃
Jk Ji 1

−Mk Mi −q

)︃
,

= (−1)
2Jk+1

{︃
1 1 1
Ji Jj Jk

}︃(︃
1 1 1
r −q −p

)︃
,

=
(−1)

2Jk+1

√
6

{︃
1 1 1
Ji Jj Jk

}︃
ϵr,−q,−p, (73)

where we used the symmetry property for column exchange of the 3-j symbols, Eqs. (62) and (64), and the fact that
Ji + Jj + 1 is an integer. Replacing Eqs. (72) and (73) in the left hand side of Eq. (56) and using Eq. (59), we get

∑︂

Mi,Mj ,Mk

(︂
A⃗i,j · u⃗

)︂(︂
B⃗k,i, · v⃗

)︂
C⃗j,k = G

∑︂

p,q,r

(−1)
p+q

upvqϵr,−q,−pêr = iG
∑︂

p,q,r

(−1)
r
iϵr,p,qu−pv−q êr = iG (u⃗× v⃗) ,

(74)
where we defined

G ≡ (−1)
2Jk+1

√
6

⟨αiJi∥A∥αjJj⟩⟨αkJk∥B∥αiJi⟩⟨αjJj∥C∥αkJk⟩
{︃

1 1 1
Ji Jj Jk

}︃
. (75)

On the right hand side of the identity [Eq. (56)] we have
(︂
A⃗i,j × B⃗k,i

)︂
· C⃗j,k = −i

∑︂

p,q,r

ϵpqr ⟨αiJiMi|Ap |αjJjMj⟩ ⟨αkJkMk|Bq |αiJiMi⟩ ⟨αjJjMj |Cr |αkJkMk⟩ ,

= −i
∑︂

p,q,r

ϵpqr⟨αiJi∥A∥αjJj⟩ (−1)
Ji−Mi

(︃
Ji 1 Jj

−Mi p Mj

)︃

× ⟨αkJk∥B∥αiJi⟩ (−1)
Jk−Mk

(︃
Jk 1 Ji

−Mk q Mi

)︃

× ⟨αjJj∥C∥αkJk⟩ (−1)
Jj−Mj

(︃
Jj 1 Jk

−Mj r Mk

)︃
, (76)

and, inverting the sign of q and p in (73), the corresponding sum over Mi, Mj , and Mk yields
∑︂

Mi,Mj ,Mk

(︂
A⃗i,j × B⃗k,i

)︂
· C⃗j,k = −iG

∑︂

p,q,r

ϵpqrϵrqp = iG
∑︂

p,q,r

ϵ2pqr = 6iG, (77)

which in comparison with Eq. (74) yields Eq. (56).

D. Transition dipoles for chiral electronic states

Opposite enantiomers R and L are related to each other via an inversion, therefore their bound and scattering
electronic wave functions satisfy

ψR (r⃗) = ψL (−r⃗) , (78)

ψk⃗,R (r⃗) = ψ−k⃗,L (−r⃗) . (79)

Then, for the transition dipole between two electronic bound states ψ and ψ′ we have

d⃗R ≡ −
ˆ

dr⃗ ψ′∗
R (r⃗) r⃗ψR (r⃗) =

ˆ

dr⃗ ψ′∗
L (−r⃗) (−r⃗)ψL (−r⃗) =

ˆ

dr⃗ ψ′∗
L (r⃗) r⃗ψL (r⃗) = −d⃗L, (80)
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as expected. For the transition dipole between the bound state ψ and the scattering state ψk⃗ one has to be more
careful because of the vector nature of the photoelectron momentum k⃗. In this case we have

D⃗R(k⃗) = −
ˆ

dr⃗ ψ∗
k⃗,R

(r⃗) r⃗ψR (r⃗) =

ˆ

dr⃗ ψ∗
−k⃗,L

(−r⃗) (−r⃗)ψL (−r⃗) =
ˆ

dr⃗ ψ∗
−k⃗,L

(r⃗) r⃗ψL (r⃗) = −D⃗L(−k⃗). (81)

Using Eq. (81) it is a simple matter to confirm that the molecular term in Eq. (13) does indeed have opposite sign
for opposite enantiomers:

χR
m =

1

6

ˆ

dΩk

[︂
iD⃗∗

R

(︂
k⃗
)︂
× D⃗R

(︂
k⃗
)︂]︂

· k⃗,

=
1

6

ˆ

dΩk

[︂
iD⃗∗

L

(︂
−k⃗

)︂
× D⃗L

(︂
−k⃗

)︂]︂
· k⃗,

= −1

6

ˆ

dΩk′

[︂
iD⃗∗

L

(︂
k⃗′
)︂
× D⃗L

(︂
k⃗′
)︂]︂

· k⃗′,

= −χL
m, (82)

where we did the change of variable k⃗′ = −k⃗ in the third line.

E. Recovering Ritchie’s formula

In Ritchie’s original derivation [10] the b1 factor is given by

b1 =
⃓⃓
⃓Ẽ
⃓⃓
⃓
2 (4π)

2

3

∑︂

lj ,mj ,λj ,µj ,m1,µ1

⟨︂
ψi

⃓⃓
⃓rY ∗

1µ1

⃓⃓
⃓ψ(−)

λj ,µj

⟩︂⟨︂
ψ
(−)
ljmj

⃓⃓
⃓rY1m1

⃓⃓
⃓ψi

⟩︂
(−1)

1+m1+mj 3
√︂

(2lj + 1) (2λj + 1)

×
(︃
lj λj 1
0 0 0

)︃(︃
1 1 1
σ −σ 0

)︃(︃
lj λj 1
mj −µj − (mj − µj)

)︃(︃
1 1 1
m1 −µ1 − (mj − µj)

)︃
, (83)

where the different prefactor in comparison with Eq. (11) in [10] is because we take W (k⃗L) =
⃓⃓
⃓
⟨︂
ψ
(−)

k⃗

⃓⃓
⃓êσ

⃓⃓
⃓ψi

⟩︂⃓⃓
⃓
2

in
agreement with Eqs. (3), (5), (7), and (12). If we define

Dljmj
q ≡

√︃
4π

3

⟨︂
ψ
(−)
ljmj

⃓⃓
⃓rY1q

⃓⃓
⃓ψi

⟩︂
, (84)

use Eq. (59) for the cross product in spherical components, along with the properties ϵpqr = −ϵ−p,−q,−r, (vq)
∗
=

(−1)
q
(v⃗∗)−q, Eq. (62), and the selection rule m1 − µ1 −mj + µj = 0 of the 3-j symbol, we obtain

∑︂

m1,µ1

(−1)
m1

⟨︂
ψi

⃓⃓
⃓rY ∗

1µ1

⃓⃓
⃓ψ(−)

λjµj

⟩︂⟨︂
ψ
(−)
ljmj

⃓⃓
⃓rY1m1

⃓⃓
⃓ψi

⟩︂(︃
1 1 1
m1 −µ1 − (mj − µj)

)︃
,

=
3

4π

∑︂

m1,µ1

(−1)
m1

(︁
Dλjµj

µ1

)︁∗
Dljmj

m1

(︃
1 1 1
m1 −µ1 − (mj − µj)

)︃
,

=
3

4π
√
6

∑︂

m1,µ1

(−1)
m1−µ1 ϵm1,−µ1,µj−mj

(︂
D⃗λjµj∗

)︂
−µ1

Dljmj
m1

,

= −i
1

4π

√︃
3

2
(−1)

mj−µj i
∑︂

m1,µ1

ϵmj−µj ,µ1,−m1

(︂
D⃗λjµj∗

)︂
−µ1

Dljmj
m1

,

= − 1

4π

√︃
3

2

(︂
iD⃗λjµj∗ × D⃗ljmj

)︂
mj−µj

. (85)

Then we can use the integral of three spherical harmonics,

ˆ

dΩkYlj ,mj
Yλj ,−µj

Y1,µj−mj
=

√︃
3 (2lj + 1) (2λj + 1)

4π

(︃
lj λj 1
0 0 0

)︃(︃
lj λj 1
mj −µj µj −mj

)︃
, (86)
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Eq. (58) for the dot product in spherical components, and the selection rule for the sum of the M ’s in the 3-j symbol
to obtain

− 1

4π

√︃
3

2

∑︂

mj ,µj

(−1)
mj

(︂
iD⃗λjµj∗ × D⃗ljmj

)︂
mj−µj

√︂
(2lj + 1) (2λj + 1)

(︃
lj λj 1
0 0 0

)︃(︃
lj λj 1
mj −µj − (mj − µj)

)︃

= − 1

4π

√︃
3

2

√︃
4π

3

∑︂

mj ,µj

(−1)
mj

(︂
iD⃗λjµj∗ × D⃗ljmj

)︂
mj−µj

ˆ

dΩkYlj ,mjYλj ,−µjY1,µj−mj ,

= − 1

4π

√︃
3

2

√︃
4π

3

∑︂

mj ,µj

(−1)
mj−µj

(︂
iD⃗λjµj∗ × D⃗ljmj

)︂
mj−µj

ˆ

dΩkY
∗
λj ,µj

Ylj ,mj
Y1,µj−mj

,

= − 1

4π

√︃
3

2

√︃
4π

3

∑︂

mj ,µj ,q

(−1)
q
(︂
iD⃗λjµj∗ × D⃗ljmj

)︂
q

ˆ

dΩkY
∗
λj ,µj

Ylj ,mj
Y1,−q,

= − 1

4π

√︃
3

2

∑︂

mj ,µj

ˆ

dΩkY
∗
λj ,µj

Ylj ,mj

[︂(︂
iD⃗λjµj∗ × D⃗ljmj

)︂
· k̂

]︂
. (87)

Finally, according to Eq. (10) in Ritchie’s [10], the scattering wave function is expanded as

ψ
(−)

k⃗
(r⃗) = 4π

∑︂

lj ,mj

ψ
(−)
ljmj

(r⃗)Y ∗
ljmj

(k̂), (88)

and therefore the dipole transition vector reads as

D⃗ =
⟨︂
ψ
(−)

k⃗

⃓⃓
⃓d⃗
⃓⃓
⃓ψi

⟩︂
= −4π

∑︂

lj ,mj ,q

⟨︄
ψ
(−)
ljmj

⃓⃓
⃓⃓
⃓

√︃
4π

3
rY1,q êq

⃓⃓
⃓⃓
⃓ψi

⟩︄
Yljmj

(k̂) = −4π
∑︂

lj ,mj

D⃗ljmjYljmj
(k̂). (89)

Then, putting together Eqs. (83), (85), (87), and (89), and using Eqs. (13) and (62), we obtain

b1 =
⃓⃓
⃓Ẽ
⃓⃓
⃓
2

(4π)
2

(︃
1 1 1
σ −σ 0

)︃
1

4π

√︃
3

2

∑︂

lj ,mj ,λj ,µj

ˆ

dΩkY
∗
λj ,µj

Ylj ,mj

[︂(︂
iD⃗λjµj∗ × D⃗ljmj

)︂
· k̂

]︂

=
1

8πk
σ
⃓⃓
⃓Ẽ
⃓⃓
⃓
2
ˆ

dΩk

[︂(︂
iD⃗∗ × D⃗

)︂
· k⃗

]︂

=
3

4π

jLz
k
, (90)

which shows that Ritchie’s expression for b1 is equivalent to the one derived here.

F. Circular pump + linear probe

In this appendix we derive Eqs. (36) and (37) from Eqs. (30)-(35) for the case when the pump is circularly polarized
according to Eq. (6) and the probe is linearly polarized along x̂L. From the selection rules already discussed in Sec.
IVD we immediately see that the first and last terms in j⃗Ldiag [Eq. (31)], j⃗Lnoncopl [Eq. (33)] and the second term in
j⃗Lellip [Eq. (34)] vanish. Furthermore, the remaining terms in j⃗Ldiag [Eq. (31)] are purely imaginary and also vanish,
which only leaves j⃗Llin [Eq. (35)] and the first term in j⃗Lellip [Eq. (34)]. Replacing the field terms in Eq. (34) we obtain

j⃗Lellip (k) =
iσẼ
30

(︂
d⃗M0,2 × d⃗M1,0

)︂
·
ˆ

dΩM
k

[︂(︂
D⃗M∗

2 · D⃗M
1

)︂
k⃗M

]︂
eiω21τ ẑL + c.c., (91)

whereas for Eq. (35) we obtain

j⃗Llin (k) =
iσẼ
60

{︃
ˆ

dΩM
k

[︂(︂
d⃗M0,2 × D⃗M∗

2

)︂
· k⃗M

]︂ (︂
d⃗M1,0 · D⃗M

1

)︂
+

ˆ

dΩM
k

[︂(︂
d⃗M0,2 × D⃗M

1

)︂
· k⃗M

]︂ (︂
D⃗M∗

2 · d⃗M1,0
)︂

+

ˆ

dΩM
k

[︂(︂
D⃗M∗

2 × d⃗M1,0

)︂
· k⃗M

]︂ (︂
d⃗M0,2 · D⃗M

1

)︂
−
ˆ

dΩM
k

[︂(︂
d⃗M1,0 × D⃗M

1

)︂
· k⃗M

]︂ (︂
d⃗M0,2 · D⃗M∗

2

)︂}︃
eiω21τ ẑL + c.c. (92)
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where Ẽ = Ẽ∗
1 Ẽ∗

2 Ẽ1Ẽ2. Now, in order to extract d⃗M0,2 and d⃗M1,0 from the integrals we begin by reordering the expression
as

j⃗Llin (k) =
iσẼ
60

{︃
ˆ

dΩM
k

[︂(︂
D⃗M∗

2 × k⃗M
)︂
· d⃗M0,2

]︂ (︂
D⃗M

1 · d⃗M1,0
)︂
+

ˆ

dΩM
k

[︂(︂
D⃗M

1 × k⃗M
)︂
· d⃗M0,2

]︂ (︂
D⃗M∗

2 · d⃗M1,0
)︂

−
ˆ

dΩM
k

[︂(︂
D⃗M∗

2 × k⃗M
)︂
· d⃗M1,0

]︂ (︂
D⃗M

1 · d⃗M0,2
)︂
−
ˆ

dΩM
k

[︂(︂
D⃗M

1 × k⃗M
)︂
· d⃗M1,0

]︂ (︂
D⃗M∗

2 · d⃗M0,2
)︂}︃

eiω21τ ẑL + c.c., (93)

to apply the vector identity (⃗a · c⃗) (⃗b · d⃗)− (⃗a · d⃗)(⃗b · c⃗) = (⃗a× b⃗) · (c⃗× d⃗), which yields

j⃗Llin (k) =
iσẼ
60

(︂
d⃗M0,2 × d⃗M1,0

)︂
·
{︃
ˆ

dΩM
k

[︂(︂
D⃗M∗

2 × k⃗M
)︂
× D⃗M

1

]︂
+

ˆ

dΩM
k

[︂(︂
D⃗M

1 × k⃗M
)︂
× D⃗M∗

2

]︂}︃
eiω21τ ẑL + c.c. (94)

Now we use the vector identity (⃗a× b⃗)× c⃗ = (⃗a · c⃗)⃗b− (⃗b · c⃗)⃗a to get

j⃗Llin (k) =
iσẼ
60

(︂
d⃗M0,2 × d⃗M1,0

)︂
·
ˆ

dΩM
k

{︃
2
(︂
D⃗M∗

2 · D⃗M
1

)︂
k⃗M −

(︂
k⃗M · D⃗M

1

)︂
D⃗M∗

2 −
(︂
k⃗M · D⃗M∗

2

)︂
D⃗M

1

}︃
eiω21τ ẑL + c.c. (95)

Adding Eqs. (91) and (95) yields Eqs. (36) and (37).
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Photoelectron circular dichroism results from one-photon ionization of chiral molecules by circu-
larly polarized light and manifests itself in forward-backward asymmetry of electron emission in the
direction orthogonal to the light polarization plane. To expose the physical mechanism responsi-
ble for asymmetric electron ejection, we first establish a rigorous relation between the responses of
unaligned and partially or perfectly aligned molecules. Next, we identify a propensity field, which
is responsible for the chiral response in the electric-dipole approximation, i.e. a chiral response
without magnetic interactions. We find that this propensity field, up to notations, is equivalent
to the Berry curvature in a two-band solid. The propensity field directly encodes optical propen-
sity rules, extending our conclusions regarding the role of propensity rules in defining the sign of
forward-backward asymmetry from the specific case of chiral hydrogen [Phys. Rev. A 99, 043416
(2019)] to generic chiral systems. Optical propensity rules underlie the chiral response in photo-
electron circular dichroism. The enantiosensitive flux of the propensity field through the sphere in
momentum space determines the forward-backward asymmetry in unaligned molecules and suggests
a geometrical origin of the chiral response. This flux has opposite sign for opposite enantiomers and
vanishes for achiral molecules.

I. INTRODUCTION

Photoelectron circular dichroism (PECD) [1–3] is an
extremely efficient method of chiral discrimination, due
to the very high value of circular dichroism, several orders
of magnitude higher than in conventional optical meth-
ods, such as absorption circular dichroism or optical rota-
tion (see e.g. [4]). PECD is intimately related [5] to other
phenomena where a chiral response arises already in the
electric-dipole approximation, such as methods based on
exciting rotational [6–9], electronic, and vibronic [10, 11]
chiral dynamics without relying on relatively weak inter-
actions with magnetic fields. PECD is not only a promis-
ing technique of chiral discrimination but also a powerful
tool for studying ultrafast chiral dynamics in molecules as
documented in several experimental [3, 12–38] and the-
oretical [1, 2, 5, 39–51] studies. PECD was recently ex-
tended to the multiphoton [52–61], pump-probe [62] and
strong-field ionization regimes [63, 64].

In this and in the companion paper [65] we focus on
physical mechanisms underlying the chiral response in
one-photon ionization at the level of electrons. While
the physical mechanism itself is the same for perfectly
aligned, partially aligned, and randomly oriented ensem-
bles of chiral molecules, the chiral response will have a
different magnitude and may have a different sign in each
case (see e.g. [49]). In our companion paper [65] we have
considered an example of chiral electronic states in hydro-
gen to identify physical mechanisms relevant for PECD

∗ ordonez@mbi-berlin.de
† smirnova@mbi-berlin.de

in aligned molecules. Here we will expose the connec-
tion between the chiral response of aligned and unaligned
molecular ensembles, and show that since handedness is
a rotationally invariant property, the basic structure of
the molecular pseudoscalar remains the same in aligned
and unaligned ensembles, providing a robust link between
photoionization chiral observables in the two cases.
The rotationally invariant molecular pseudoscalar un-

derlying the chiral response of randomly oriented en-
sembles [5] is a scalar triple product of three vectors:
the photoionization dipole, its complex conjugate, and
the photoelectron momentum. We find that the vec-
tor product of the photoionization dipole and its com-
plex conjugate counterpart describes a propensity field in
momentum space which underlies the chiral response in
photoionization, and up to notations coincides with the
Berry curvature in a two-band solid [66]. Similarly to
the latter, this field explicitly reflects absorption circular
dichroism resolved on photoelectron momentum and im-
plicitly encodes optical propensity rules. Its flux through
a sphere in momentum space determines the chiral re-
sponse in PECD, and the effect of each of its components
on the chiral response can be either enhanced or sup-
pressed via molecular alignment. This way, we extend
the ideas presented in our companion paper for chiral
states in hydrogen [65] to the general case of arbitrary
chiral molecules. The remarkable appearance of a flux of
a Berry-curvature-like field in the description of PECD
points to the role of geometry in the emergence of the
chiral response.
This paper is organized as follows: In Sec. II we intro-

duce the propensity field and the chiral flux and discuss
the interplay between dynamical and geometrical aspects
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of the chiral response. In Sec. III we establish the connec-
tion between the chiral response in unaligned and aligned
molecules. In Sec. IV we analyze the chiral response in
aligned molecules in terms of the propensity field and the
chiral flux density. Sec. V concludes the paper.

II. THE PHYSICAL MEANING OF THE
TRIPLE PRODUCT IN PECD AND THE

PROPENSITY FIELD.

Recently, we derived a simple and general expression
for PECD in unaligned (i.e. randomly oriented) molecu-
lar ensembles [5]. In this section we will begin by inspect-
ing this expression further in order to gain more insight
into its meaning.

The expression for the orientation-averaged net photo-
electron current density in the lab frame resulting from
photoionization of a randomly-oriented molecular ensem-
ble via an electric field circularly polarized in the xLyL

plane is [see Eq. (13) in Ref. [5]]

j⃗L(k) =

{︃
1

6

ˆ

dΩM
k [i(D⃗M∗ × D⃗M) · k⃗M]

}︃{︂
˜⃗EL∗
x × ˜⃗EL

y

}︂
,

(1)
where the L and M superscripts indicate vectors ex-
pressed in the lab and molecular frames, respectively.
D⃗ ≡ ⟨k⃗M| ˆ⃗d|g⟩ is the transition dipole between the ground
state and the scattering state with photoelectron momen-
tum k⃗M. ˜⃗E = Ẽ(x̂L + iσŷL)/

√
2 ≡ (

˜⃗EL
x + i

˜⃗EL
y )/

√
2, is the

Fourier transform of the field at the transition frequency
and σ = ±1 defines the rotation direction of the field.

Equation (1) shows that j⃗L (k) can be factored into a
molecule-specific rotationally-invariant pseudoscalar and
a field-specific pseudovector. As shown in [5], the term
iD⃗M∗×D⃗M has its origins in the interference between the
transitions caused by the x̂L and ŷL components of the
field, and it is the only “part” of D⃗M that remains after
averaging over all possible molecular orientations. It is
instructive to rewrite this term as

i
(︂
D⃗M∗ × D⃗M

)︂

=
1

2

⎛
⎜⎜⎜⎜⎝

⃓⃓
⃓D⃗M ·

(︁
ŷM + iẑM

)︁⃓⃓
⃓
2

−
⃓⃓
⃓D⃗M ·

(︁
ŷM − iẑM

)︁⃓⃓
⃓
2

⃓⃓
⃓D⃗M ·

(︁
ẑM + ix̂M

)︁⃓⃓
⃓
2

−
⃓⃓
⃓D⃗M ·

(︁
ẑM − ix̂M

)︁⃓⃓
⃓
2

⃓⃓
⃓D⃗M ·

(︁
x̂M + iŷM

)︁⃓⃓
⃓
2

−
⃓⃓
⃓D⃗M ·

(︁
x̂M − iŷM

)︁⃓⃓
⃓
2

⎞
⎟⎟⎟⎟⎠

,

(2)

which shows that each component of i(D⃗M∗ × D⃗M)
corresponds to the interference term that would arise if
the molecule (with fixed orientation) interacts with light
circularly polarized in the plane perpendicular to each
molecular axis.

Equation (2) leads to several important conclusions:
First, the i-th component of i(D⃗M∗ × D⃗M) is simply

the “local” (i.e. k⃗M-resolved) absorption circular dichro-
ism for light circularly polarized with respect to the i-th
molecular axis (for a fixed molecular orientation). Sec-
ond, the i-th component of i(D⃗M∗×D⃗M) is non-zero only
in the absence of rotational symmetry around the i-th
axis. Third, the k⃗M-dependent field i(D⃗M∗×D⃗M) encodes
photoionization propensity rules and is analogous to the
Berry curvature in two-band solids as we will demon-
strate below. For comparison purposes, until the end of
this section we will write ℏ, and the mass m and charge
of the electron −e explicitly.

Equation (1) was derived in the length gauge. Since for
any two stationary states of the Hamiltonian we have that
p⃗fi ≡ imωfir⃗fi, then the photoionization dipole defined
above can be rewritten as

D⃗M(k⃗M) ≡ iℏe
m(E(k)− Eg)

P⃗M(k⃗M), (3)

where E(k)−Eg is the energy “gap” between the ground
state of the molecule and the energy of photoelectron and
P⃗ ≡ ⟨k⃗M| ˆ⃗p|g⟩ is the transition dipole between the ground
state and the scattering state with photoelectron momen-
tum ℏk⃗M, now defined in the velocity gauge. This simple
relationship will allow us to uncover another interesting
property of the vector product discussed above.
Let us formally introduce a propensity field B⃗M(k⃗M):

B⃗M(k⃗M) ≡ − 1

e2
i
[︂
D⃗M∗(k⃗M)× D⃗M(k⃗M)

]︂
(4)

≡ i
ℏ2

m2

[︂
P⃗M(k⃗M)× P⃗M∗(k⃗M)

]︂

(E(k)− Eg)
2 . (5)

Note that, up to notation, B⃗M(k⃗M) is equivalent to the
Berry curvature Ω(k⃗) of the upper band in a two-band
solid (see e.g. [66])

Ω⃗(k⃗) = i
ℏ2

m2

[︂
P⃗ ci(k⃗)× P⃗ ic(k⃗)

]︂

(︂
Ec(k⃗)− Ei(k⃗)

)︂2 , (6)

where P⃗ ci(k⃗) = P⃗ ic∗(k⃗) is the transition dipole matrix
element between the two bands, and Ei(k⃗) and Ec(k⃗)
are the lower and upper band dispersions, respectively.
The enantiosensitive net current j⃗L(k) = jLz ẑ

L can be
understood as arising due to an anisotropic enantiosen-
sitive conductivity σχ

z,xy(k):

j⃗L(k) = σχ
z,xy(k)

{︂
˜⃗EL∗
x × ˜⃗EL

y

}︂
. (7)

The conductivity σχ
z,xy(k) is proportional to to the flux

of the propensity field through the surface of the sphere
of radius k in momentum space [cf. Eqs. (1) and (4)]:

σχ
z,xy(k) ≡

e3

6ℏkm

ˆ

dS⃗M · B⃗M(k⃗M), (8)
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where dS⃗M = k2dΩM
k (k⃗M/k) is the surface element, and

the continuum wave functions used to calculate the tran-
sition dipoles are k-normalized1. The enantiosensitive
flux

Φχ(k) ≡
ˆ

dS⃗M · B⃗M(k⃗M) (9)

is a molecular pseudoscalar, which defines the handed-
ness of the enantiomer, i.e. the flux has opposite sign for
opposite enantiomers. The relation between the propen-
sity field and the enantiosensitive conductivity in Eq. (8)
is reminiscent of the one between the Berry curvature and
the Hall conductivity (see e.g. [66]). Similarly, the rela-
tion between the enantiosensitive flux and the propensity
field in Eq. (9) is reminiscent of the relation between the
Chern number and the Berry curvature of a given band
in a two-dimensional solid.

The propensity field B⃗M is related to the angular mo-
mentum of the photoelectron as follows:

L⃗M(k⃗M) ≡
⟨︂
k⃗M

⃓⃓
⃓
[︁
r⃗ × p⃗

]︁⃓⃓
⃓⃗kM

⟩︂

=
∑︂

n

⟨︂
k⃗M

⃓⃓
⃓r⃗
⃓⃓
⃓n
⟩︂
×

⟨︂
n
⃓⃓
⃓p⃗
⃓⃓
⃓⃗kM

⟩︂

=
m

ℏe2
∑︂

n

(Ek − En)i(D⃗
M∗
n × D⃗M

n )

= −m

ℏ
∑︂

n

(Ek − En)B⃗
M
n (k⃗M), (10)

where the sum is over all bound and continuum eigen-
states |n⟩ of the Hamiltonian, D⃗M

n ≡ ⟨k⃗M|r⃗|n⟩, and
B⃗M

n (k⃗M) ≡ −i(D⃗M∗
n × D⃗M

n )/e2 in analogy with Eq. (4).
Introducing the angular momentum L⃗M

n (k⃗M) associated
with the transition from a specific state n:

L⃗M
n (k⃗M) ≡ −m

ℏ
(Ek − En)B⃗

M
n (k⃗M), (11)

we find that the propensity field B⃗M(k⃗M) reflects the an-
gular momentum L⃗M

g (k⃗M) associated with photoioniza-
tion from the ground state. Since such angular momen-
tum arises due to selection rules, its connection to the
propensity field is natural. Thus, Eqs. (2), (7) and (8)
show that the enantiosensitve net current emerges as a
result of propensity rules. A specific example, explicitly
demonstrating the interplay of two propensity rules has
been described in the companion paper [65].

The helicity of a (spinless) photoelectron is given by
the projection of its angular momentum on the direction
of electron momentum: η(k⃗M) = L⃗M

g · k⃗M

ℏk . Evidently, the
molecular pseudoscalar in Eq. (1), the enantiosensitive
conductivity (8) and flux (9), and the angle integrated

1 When ℏ, m, and −e are written explicitly one must include a
factor of −e/(ℏm) in Eq. (1)

photoelectron helicity, are all proportional to each other:

σχ
z,xy(k) =

e3

6ℏkm
Φχ(k) = − e3ℏk

6m2(Ek − Eg)

ˆ

dΩM
k η(k⃗M).

(12)

The propensity field B⃗M(k⃗M) and the chiral flux Φχ(k)
emphasize different molecular properties. The pseu-
dovector field B⃗M(k⃗M) determines the local absorption
circular dichroism, is proportional to the angular mo-
mentum of the photoelectron L⃗M

g (k⃗M) associated with
the ionization from the ground state, and can be non-
zero even in achiral systems. On the other hand, the
pseudoscalar flux Φχ(k) determines the enantiosensitiv-
ity of PECD, is proportional to the average helicity of the
photoelectrons with energy Ek, and is non-zero only in
chiral systems. Its emergence emphasizes the importance
of geometry in the chiral response in PECD.
Further aspects underlying the connection between the

enantiosensitive net current and the propensity field will
be addressed in our forthcoming publication. Now we
will show how the propensity field B⃗M underlying the
response of unaligned molecules manifests itself in the
chiral response of aligned molecules.

III. THE CONNECTION BETWEEN PECD IN
ALIGNED AND UNALIGNED MOLECULES.

In the following we use atomic units everywhere, and
we take −e = 1. We first rewrite Eq. (1) in an equiv-
alent form using Eqs. (4), (7), (8), (9), and explicitly
evaluating the vector product of field components:

j⃗L (k) ≡
{︃

1

6k

ˆ

dS⃗M · B⃗M(k⃗M)

}︃{︂
σ|Ẽ |2ẑL

}︂

≡ 1

6k
Φχ

{︂
σ|Ẽ |2ẑL

}︂
. (13)

We will focus on the analysis of the chiral flux and specif-
ically on the flux of each cartesian component of the
propensity field, i.e. on

Φχ
i ≡
ˆ

dSM
i BM

i (k⃗M), i = x, y, z. (14)

If we pick a specific direction, given by the i-th com-
ponent of propensity field in the molecular frame, we
obtain the difference between the net photoelectron cur-
rents along the i-th molecular axis resulting from left and
right circularly polarized light (defined with respect to
the same axis), for a fixed molecular orientation. For ex-
ample, for the flux of the x component of the propensity
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Figure 1. Scheme of the right hand side of Eq. (16) depicting
the 6 different field geometries (circular blue arrows) in the
molecular frame contributing to the net photoelectron current
in the lab frame. For each field geometry only the component
of the photoelectron current perpendicular to the polarization
plane is taken into account.

field we obtain [see Eq. (2)]:

1

k

ˆ

dSxB⃗
M
x (k⃗M) ≡

ˆ

dΩM
k i

(︂
D⃗M∗ × D⃗M

)︂
x
kMx

=

ˆ

dΩM
k

⃓⃓
⃓⃓D⃗M · ŷ

M + iẑM√
2

⃓⃓
⃓⃓
2

kMx

−
ˆ

dΩM
k

⃓⃓
⃓⃓D⃗M · ŷ

M − iẑM√
2

⃓⃓
⃓⃓
2

kMx

=
1

|Ẽ |2
[︁
jMx (+x)− jMx (−x)

]︁
, (15)

where the subscript of the plus and of the minus indicates
the axis with respect to which the light is left or right
circularly polarized. An analogous result is obtained for
the flux of the y and z components of propensity field.
Then, the chiral flux in Eq. (13) is simply the sum of
the differences (15) along each molecular axis, normalized
by the intensity of the Fourier component of the field
at the transition frequency, and we can write the net
photoelectron current in the lab frame in terms of the
photoelectron currents in the molecular frame as2

j⃗L =

⎧
⎨
⎩

1

6

∑︂

i=x,y,z

[︁
jMi (+i)− jMi (−i)

]︁
⎫
⎬
⎭

{︁
σẑL

}︁
. (16)

The right hand side of Eq. (16) is depicted in Fig.
1, which shows the different field geometries and the
corresponding components of the current in the molec-
ular frame that account for the net current in the lab
frame. This figure immediately suggests the equivalent

2 We drop the argument k of the currents in the lab and molecular
frames for simplicity.

Figure 2. Scheme of the right hand side of Eq. (17) depict-
ing the 6 different orientations of the molecular frame con-
tributing to the net photoelectron current in the lab frame.
The curved blue arrows indicate the field in the lab frame.
For each orientation only the component of the photoelectron
current perpendicular to the polarization plane is taken into
account. These orientations are unique only up to a rotation
around the axis perpendicular to the polarization plane.

but somewhat more natural picture shown in Fig. 2,
where the field geometry is kept fixed and the molecule
assumes the six different orientations in which x̂M, −x̂M,
ŷM, −ŷM, ẑM, and −ẑM, coincide with ẑL. To reflect this
picture Eq. (16) can be rewritten as follows:

j⃗L =

⎧
⎨
⎩

1

6

∑︂

i=x,y,z

[︁
jLz (σ, λi) + jLz (σ, λ−i)

]︁
⎫
⎬
⎭ ẑL, (17)

where λi and λ−i are the Euler angles specifying the
orientation for which the i-th molecular axis is parallel
to ẑL and −ẑL, respectively. This change of picture cor-
responds to the substitutions: jLz (σ, λ±i) = ±jMi ((±σ)i)
which directly follow from comparing Figs. 1 and 2. The
Euler angles λ±i are not unique because the z component
of the current j⃗L (σ, λ±i) is of course invariant with re-
spect to rotations of the molecular frame about ẑL, and
therefore the specific orientation of the molecular axes
that lie on the polarization plane is irrelevant. Further-
more, the definition of the orientation of the molecular
frame with respect to the nuclei that form the molecule
is also arbitrary. Thus, what Eq. (17) really says is
that the orientation-averaged photoelectron current for a
randomly-oriented ensemble is equivalent to the average
over six molecular orientations, where each orientation
corresponds to having one of the six spatial directions in
the molecular frame pointing along ẑL.
We can work a bit more on Eq. (17) to avoid the ambi-

guity of λ±i mentioned above. If for a given orientation
λi the current in the lab frame is j⃗L (σ, λi), then the av-
erage of j⃗L (σ, λi) over all the orientations λi (ϕ), that
yield the same orientation as λi up to a rotation by ϕ of
the molecular frame around ẑL, yields the z component

4



of j⃗L (σ, λi), i.e.

1

2π

ˆ 2π

0

dϕ⃗jL (σ, λi (ϕi)) = jLz (σ, λi) ẑ
L. (18)

This means that we can rewrite the net orientation-
averaged photoelectron current [Eq. (17)] in the more
symmetric form

j⃗L (k) =
1

3

∑︂

i=x,y,z

1

2

{︃
1

2π

ˆ 2π

0

dϕ⃗jL (σ, λi (ϕ))

+
1

2π

ˆ 2π

0

dϕ⃗jL (σ, λ−i (ϕ))

}︃
. (19)

This equation provides the relationship between the
isotropically-oriented-ensemble PECD and the aligned-
ensemble PECD that we were looking for. The i-th term
in the summation corresponds to the average photoelec-
tron current that a molecular ensemble yields when its
i-th molecular axis is perfectly aligned (parallel and anti-
parallel) along the normal to the polarization plane, and
the other two molecular axes take all possible orienta-
tions in the polarization plane. That is, Eq. (19) shows
that the net photoelectron current for an isotropically-
oriented ensemble is simply the average of the three dif-
ferent aligned-ensemble cases.

IV. PECD IN ALIGNED MOLECULAR
ENSEMBLES

From Eq. (19) we can infer that the introduction of
partial alignment along an axis perpendicular to the po-
larization plane in an otherwise isotropic ensemble will
simply change the weight factors of the aligned-ensemble
contributions in favor of the molecular axis which is be-
ing aligned. In this section we will confirm that this
is indeed the case by deriving an exact formula for the
net photoelectron current in the lab frame resulting from
photoionization via circularly polarized light of a molecu-
lar ensemble exhibiting an arbitrary degree of alignment
with respect to the normal to the polarization plane. We
will also derive an analogous formula for the case in which
the alignment axis is in the plane of polarization, which
corresponds to the standard experimental set-up when
the laser field used to align the sample co-propagates with
the ionizing field. But first we will briefly discuss some
general symmetry properties that explain enantiosensi-
tivity and dichroism in these ensembles from a purely
geometrical point of view.

A. Symmetry considerations for aligned and
oriented ensembles

The relevant symmetry properties of an aligned ensem-
ble of chiral molecules interacting with circularly polar-

Figure 3. Symmetry properties of an ensemble of chiral
molecules interacting with circularly polarized light in the
electric-dipole approximation. The ensemble is partially (or
totally) aligned along the (z) axis perpendicular to the (xy)
polarization plane of the light. The box represents the “enan-
tiomer+field” system. Inside the box: the red letters L and R
specify the enantiomer, the red double-headed vertical arrow
specifies the direction along which the molecules are aligned,
the blue curved arrow specifies the direction of rotation of
a field circularly polarized in the xy plane, and the golden
vertical arrow stands for a polar vector observable v⃗ = vz ẑ
displaying asymmetry with respect to the polarization plane
xy. A reflection σ̂z with respect to the xy plane, leaves the
field invariant, but swaps the enantiomer and flips v⃗ (enan-
tiosensitivity). A rotation R̂π

a by π radians around any vector
a⃗ contained in the xy plane leaves the enantiomer invariant,
but swaps the polarization and flips v⃗ (dichroism). Note that
a rotation R̂π

x (R̂π
y ) followed by a reflection σ̂z is equivalent

to a reflection σ̂y (σ̂x) and leaves v⃗ invariant but swaps both
the enantiomer and the polarization. Thus, except for very
specific cases (see Fig. 4), FBA in aligned ensembles is a
signature of molecular chirality (see also Fig. 5).

Figure 4. Left: an achiral molecule consisting of four iden-
tical atoms with Cartesian coordinates (−a,−b, b), (a, b, b),
(a,−b,−b), and (−a, b,−b). Right: spatial inversion of the
molecule on the left. A rotation by π/2 around the x axis
yields the molecule on the left. However, molecular alignment
restricts available rotations. Thus if we consider a sample
aligned along the vertical dotted line, the rotation by π/2 is
not allowed and the aligned sample becomes effectively chiral.

ized light in the electric-dipole approximation are sum-
marized in Fig. 3 (cf. Fig. 2 in [5]) for the case
of alignment perpendicular to the polarization plane.
In this case, the cylindrical symmetry of the “aligned-
enantiomer + field” system enforces cylindrical symme-
try on the observables and therefore limits the asym-
metry of the photoelectron angular distribution to be
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Figure 5. Symmetry properties of an ensemble of chiral
molecules interacting with circularly polarized light in the
electric-dipole approximation. The ensemble is partially (or
totally) aligned along an axis (y) contained in the (xy) polar-
ization plane of the light. Notations are described in Fig. 3.
This shows that, except for very specific cases (see Fig. 4),
FBA in aligned ensembles is a signature of molecular chirality
(see also Fig. 3).

Figure 6. Symmetry considerations for an ensemble of ori-
ented (chiral or achiral) molecules. Notations are described
in Fig. 3. The orientation axis (x) is in the polarization plane
of the light (xy). A rotation R̂π

z by π radians around the z
axis leaves the field invariant, but flips both the molecular ori-
entation and vy ŷ (orientation sensitivity). A rotation R̂π

x by
π radians around the x axis leaves the orientation invariant,
but swaps the polarization and flips vy ŷ (dichroism). Note
that a rotation R̂π

z (R̂π
x) followed by a rotation R̂π

x (R̂π
z ) is

equivalent to a rotation R̂π
y and leaves vy ŷ invariant but flips

the orientation and the polarization. For achiral molecules
reflection symmetry forbids signals perpendicular to the po-
larization plane, i.e. vz = 0. For chiral molecules such FBA
signal is not symmetry forbidden and it is enantiosensitive
and dichroic.

along the axis perpendicular to the polarization plane,
i.e. forward-backward asymmetry3 (FBA). Furthermore,
if the aligned sample is achiral then the “enantiomer +

3 We note that the term FBA can be misleading because it seems
to imply that the direction of propagation of the light, i.e. the
sign of the wave vector plays a role. This is clearly not the
case as the effect is within the electric-dipole approximation, and
therefore whether the light propagates in the +ẑ direction or
the −ẑ direction is completely irrelevant. The only thing that

field” system becomes invariant with respect to reflec-
tions through the polarization plane, and the forward-
backward asymmetry disappears. That is, like in the
isotropic case, in the aligned case the FBA is also a sig-
nature of the chirality of the sample.
However, unlike in the isotropic case, in the aligned

case one must be careful of distinguishing between the
chirality of the aligned sample and the chirality of the
molecules that make up the sample. Although an
aligned sample of chiral molecules is always chiral, a chi-
ral aligned sample is not necessarily made up of chiral
molecules. The reason is that restricting the degrees of
freedom of the molecular orientation may lead to suppres-
sion of the orientation corresponding to the reflection of
an allowed orientation and therefore induce chirality. An
example of how this may occur is shown in Fig. 4, where
we can see that such alignment-induced chirality seems
to require a very particular interplay between the molec-
ular symmetry and the alignment axis. In the absence
of such particular conditions, alignment does not induces
chirality in the sample and FBA can be traced back to
the chirality of the molecules.
Figure 5 shows a symmetry diagram analogous to that

in Fig. 3 for the setup in which the molecular alignment
axis is in the plane of polarization of the ionizing light.
In this case the molecular alignment breaks the cylindri-
cal symmetry. Nevertheless the system remains invariant
with respect to rotations by π around the z axis and the
vector observable is again constrained to the ẑ direction.
Like for the previous case, the dichroic and enantiosensi-
tive FBA is a signature of the chirality of the molecular
sample.
It is important to distinguish the FBA discussed here

from the dichroic asymmetry observed in Refs. [67–69]
in oriented achiral samples. While the former is with
respect to the polarization plane and is a hallmark of
the chirality of the sample, the latter is with respect to
the plane containing the spin of the photon and the ori-
entation axis (a plane perpendicular to the polarization
plane), and takes place even for achiral samples. Fig-
ure 6 shows how such dichroic asymmetry can emerge
in uniaxially oriented chiral and achiral systems. The x
component of v⃗ is not shown because it is not dichroic
and the z component reflecting FBA is zero in achiral
systems because of reflection symmetry with respect to
the xy plane.

B. Connection between chiral current and
molecular field for aligned ensembles

Now that we have established a general starting
point based on the symmetry properties of the “aligned-
enantiomer + field” system, we will proceed to the deriva-

matters is the rotation direction of the light, i.e. the spin of the
photon and not its helicity (see Appendix 1 of Ref. [5]).
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tion of the lab-frame net photoelectron current for such
an ensemble for the case of one-photon absorption. The
molecular alignment can be introduced in the orientation-
averaging procedure via a weight function w (λ) that de-
pends on the Euler angles λ ≡ αβγ, which are the angles
that determine the relative orientation between the lab
frame and the molecular frame. In the ZYZ convention,
β determines the angle between the z axes of the two
frames, so that to describe molecular alignment we can
use a distribution w (β) that only depends on this angle
and that is symmetric with respect to β = π/2. With the
molecular alignment defined along the ẑL axis (or vicev-
ersa), we can consider that the circularly polarized field
is in the xLyL plane or in the yLzL plane, depending on
whether we are interested in the setup where the molec-
ular alignment is perpendicular or parallel to the light
polarization plane, respectively.

1. Alignment perpendicular to the plane of polarization

For light circularly polarized in the xLyL plane the pho-
toelectron current density in the lab frame corresponding
to a given photoelectron momentum k⃗M in the molecular
frame and a given molecular orientation λ ≡ (α, β, γ) is
[5]

j⃗L(k⃗M, λ) =
|Ẽ |2
2

|D⃗L ·
(︁
x̂L + σiŷL

)︁
|2k⃗L

=
|Ẽ |2
2

[︁
|SD⃗M · x̂L|2 + |SD⃗M · ŷL|2

+σiS(D⃗M∗ × D⃗M) · ẑL
]︁
Sk⃗M, (20)

where S(λ) is the rotation matrix that takes vec-
tors from the molecular frame to the lab frame, i.e.
v⃗L = S (λ) v⃗M, Ẽ is the Fourier transform of the electric
field evaluated at the transition frequency, and σ = ±1
stands for left(+)/right(−) circularly polarized light. Be-
fore moving on to the case at hand, Eq. (20) gives us the
opportunity to briefly point out another reason why only
the coherent term survives the orientation averaging in
both isotropically-oriented and aligned ensembles. For
each orientation λi of the molecular frame there will be
another orientation λ−i related to it by a rotation by π
around (for example) ŷL that will change the sign of the
xL and zL components of all molecular vectors. There-
fore, if we consider the average of jLz (k⃗M, λ) over those
two orientations, [jLz (k⃗M, λi)+jLz (k⃗

M, λ−i)]/2, we can see
from (20) that the incoherent terms |SD⃗M ·x̂L|2(Sk⃗M ·ẑL)
and |SD⃗M · ŷL|2(Sk⃗M · ẑL) will cancel because they have
opposite signs for opposite orientations, while the coher-
ent term σ[S(iD⃗M∗ × D⃗M) · ẑL](Sk⃗M · ẑL) will not be-
cause it is the same for both orientations. That is, while
obviously each term of jLz (k⃗

M, λ) is invariant with re-
spect to rotations of the molecular frame by π around
ẑL, only the coherent term is invariant with respect to

rotations by π with respect to any axis. Thus, either for
isotropically-oriented samples or aligned samples (with
molecular alignment perpendicular to the polarization
plane or not), the incoherent terms will always cancel
by pairs in the orientation averaging while the coherent
term term will not.
For a distribution of orientations w (β), the net photo-

electron current in the lab frame takes the form:

j⃗L (k) =

ˆ

dΩM
k

ˆ

dλw (β) j⃗L(k⃗M, λ), (21)

where
́

dλ ≡
́ 2π

0
dα
́ π

0
dβ
́ 2π

0
dγ sinβ/8π2 is the

integral over molecular orientations, and
́

dΩM
k ≡

́ 2π

0
dϕM

k

́ π

0
dθMk sin θMk is the integral over directions of

the photoelectron momentum k⃗M. For an alignment dis-
tribution w (β) ∝ cos2 β, Eq. (21) becomes equivalent
to the photoelectron current found in the case where
a pump linearly polarized along ẑL resonantly excites
the molecule via a transition dipole parallel to ẑM into
a bound excited electronic state and is then photoion-
ized from the latter by a circularly polarized probe pulse.
Therefore, for such a distribution we could simply make
use of Eq. (31) derived in [5] in the context of the general-
ized PXECD (see Appendix VIIA). This equivalence re-
veals the close relation between aligned ensembles where
the molecular orientation is anisotropic and isotropically-
oriented ensembles that have been electronically excited.
This happens because the field imprints its anisotropy on
the originally isotropic molecular ensemble via the exci-
tation.
In the following we will make no assumption about

w (β) except that it is symmetric with respect to β =
π/2, which simply imposes the condition of alignment.
The first two terms in Eq. (20) describe interaction with
a linearly polarized field and therefore, from symmetry
considerations4, they lead to j⃗L (k) = 0. The integral
over orientations of the third term in Eq. (20) can be
carried out with the help of Eq. (33) derived in Appendix
VIIA and yields

j⃗L(k) =
σ|Ẽ |2
2

[︃
1

3
wi

ˆ

dΩM
k

(︂
iD⃗M∗ × D⃗M

)︂
· k⃗M

+ (1− wi)

ˆ

dΩM
k

(︂
iD⃗M∗ × D⃗M

)︂
z
kMz

]︃
ẑL, (22)

where we assumed that w (β) is properly normalized [see
Eq. (35)] and we defined wi as

wi ≡
3

4

ˆ π

0

dβw (β) sin3 β. (23)

4 For example, for polarization along x̂L, the system is invariant
with respect to a rotation by π around x̂L which means that
jLy = jLz = 0, and also with respect to rotation by π around ẑL

which means that jLx = jLy = 0.
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wi is a parameter determined exclusively by w(β). Equa-
tion (22) can be written in an equivalent form [cf. Eqs.
(4) (9), and (14)]:

j⃗L (k) =
σ|Ẽ |2
2k

[︃
1

3
wiΦ

χ(k) + (1− wi) Φ
χ
z (k)

]︃
ẑL. (24)

Table I shows w(β), wi, and jLz for perfectly aligned,
isotropic, and perfectly antialigned samples. While the
isotropic case reduces to Eq. (13) and gives the average
of Φχ

x , Φχ
y , and Φχ

z [i.e. the total flux, see Eqs. (9)
and (14)], the perfectly aligned case singles out the Φχ

z ,
in full agreement with our discussion in Sec. III. On
the other hand, the perfectly antialigned case, where the
molecular z axis is constrained to be perpendicular to the
laboratory z axis, prevents Φχ

z from contributing to the
photoelectron current.

As shown in Appendix VIIA, for the case w (β) ∝
cos2 β, Eq. (22) coincides with the predictions of the
generalized PXECD formula derived in [5] and discussed
above.

2. Alignment parallel to the plane of polarization

The derivation for the setup in which the molecular
alignment axis is contained in the polarization plane fol-
lows analogously with only subtle differences. This time
we define the orientation of the lab frame such that the
molecular alignment remains along the ẑL axis but now
the light is polarized in the yLzL plane, and therefore
we have that the photoelectron current in the lab frame
corresponding to a given photoelectron momentum k⃗M

in the molecular frame and a given molecular orientation
λ ≡ (α, β, γ) reads as

j⃗L(k⃗M, λ) =
|Ẽ |2
2

[︃ ⃓⃓
⃓SD⃗M · ŷL

⃓⃓
⃓
2

+
⃓⃓
⃓SD⃗M · ẑL

⃓⃓
⃓
2

+σiS
(︂
D⃗M∗ × D⃗M

)︂
· x̂L

]︃
Sk⃗M. (25)

With the help of Eq. (37) derived in Appendix VIIA
we obtain

j⃗L (k) =
σ|Ẽ |2
2

[︃
1

3

(3− wi)

2

ˆ

dΩM
k

(︂
iD⃗M∗ × D⃗M

)︂
· k⃗M

+
1

2
(wi − 1)

ˆ

dΩM
k

(︂
iD⃗M∗ × D⃗M

)︂
z
kMz

]︃
x̂L. (26)

Like in the previous case, and as follows from the sym-
metry considerations of Sec. IVA, the current is di-
rected along the direction perpendicular to the polariza-
tion plane of the incident field. Comparing with Eq. (22)
we can see that the factors in front of the isotropic and
anisotropic contributions are slightly different from what
we obtained in the previous case. We can rewrite this

equation in an equivalent form [cf. Eqs. (4), (9), and
(14)]:

j⃗L (k) =
σ|Ẽ |2
2k

[︃
1

3

(3− wi)

2
Φχ(k) +

1

2
(wi − 1)Φχ

z (k)

]︃
x̂L.

(27)
Some limiting cases of this equation are shown in the last
column of Table I, where we can see that, as expected,
this formula reduces to Eq. (13) in the isotropic case.
We can also see that the aligned case with the alignment
parallel to the polarization plane yields the same result
as the antialigned case with the alignment perpendicular
to the polarization plane, as expected from symmetry,
and that antialignment doubles the weight of Φχ

z with
respect to that of Φχ

x and Φχ
y . Appendix VIIA shows

how Eq. (26) can also be derived from the generalized
PXECD formulas derived in [5] when w (β) ∝ cos2 β.
Equations (24) and (27) suggest that choosing the

alignment properly could lead to an increase of the PECD
signal. Such increase has been recently discovered both
theoretically and experimentally in Ref. [49]. The in-
crease can be rationalized in terms of the propensity field
B⃗M(k⃗M) and its strength along different k⃗M directions.
For example, if a molecule is such that |Φχ

z | > |Φχ
x | and

|Φχ
z | > |Φχ

y |, and the z molecular axis can be aligned,
then Eq. (24) shows that the PECD signal will increase
with the alignment. Similarly, if for example Φχ

z has an
opposite sign to that of Φχ

x and Φχ
y , then Eq. (24) shows

that the PECD signal will also benefit from the align-
ment.

V. CONCLUSIONS

The enantiosensitive photoelectron current, or in other
words, the forward-backward asymmetry in photoelec-
tron circular dichroism (PECD), is determined by the
the propensity field, which is analogous to the Berry cur-
vature in a two-band solid. This field is independent of
light properties, is defined in the molecular frame, and is
unique to each molecule. The enantiosensitive photoelec-
tron current stemming from aligned ensembles of chiral
molecules is only sensitive to specific components of the
propensity field and therefore the increase or decrease of
the chiral response vs. molecular alignment depends on
the structure of this field. Each component of the propen-
sity field reflects photoelectron-momentum-resolved ab-
sorption circular dichroism and is only non-zero in the
absence of rotational symmetry about the correspond-
ing axis. The propensity field underlies the emergence of
PECD. Thus, in this paper we have generalized the ideas
presented in our companion paper [65], which illustrates
the role of optical propensity rules in PECD in aligned
molecular ensembles for specific examples of chiral states.
In the case of unaligned molecular ensembles, the enan-

tiosensitive photoelectron current for a given absolute
value k of the photoelectron momentum is proportional
to the flux of the propensity field through the sphere
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˜⃗E = Ẽ√
2
(x̂+ σiŷ)

˜⃗E = Ẽ√
2
(ŷ + σiẑ)

w (β) wi jz/
σ|Ẽ|2
2k

jx/
σ|Ẽ|2
2k

Aligned 2[δ(β)+δ(β−π)]
sin β

0 Φz
1
2
(Φx +Φy)

Isotropic 1 1 1
3
(Φx +Φy +Φz)

1
3
(Φx +Φy +Φz)

Antialigned
2δ(β−π

2 )
sin β

3
2

1
2
(Φx +Φy)

1
4
(Φx +Φy + 2Φz)

Table I. Photoelectron current density in aligned, isotropic, and antialigned samples for circular polarization perpendicular
[fourth column, Eq. (24)] and parallel [fifth column, Eq. (27)] to the alignment axis z. We have dropped the L and the χ
superscripts for simplicity.

of radius k. The flux is a pseudoscalar and has oppo-
site sign for opposite enantiomers. Molecular alignment
allows one to probe the flux generated by specific com-
ponents of the propensity field.
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VII. APPENDIX

A. Orientation averaging in aligned ensembles

In this appendix we will derive the orientation averaged net photoelectron current in the lab frame for the aligned
ensembles considered in Sec. (IVB). Before deriving the expression for an arbitrary distribution w(β), we will
consider the particular distribution w (β) = 3 cos2 β in order to draw some connections between the results obtained
in a randomly oriented sample and an aligned sample. In this case the net photoelectron current can be written as
[see Eqs. (20) and (21)]

j⃗L (k) = 3

ˆ

dΩM
k

ˆ

dλ cos2 β j⃗L(k⃗M, λ) = 3

ˆ

dΩM
k

ˆ

dλ
⃓⃓
⃓d̂Leff · ˆ̃EL

eff

⃓⃓
⃓
2 ⃓⃓
⃓D⃗L · ⃗̃EL

⃓⃓
⃓
2

k⃗L,

which simply shows that the anisotropic orientation average of j⃗L(k⃗M, λ) is equivalent to the isotropic averaging
of |d̂Leff · ˆ̃EL

eff |2|D⃗L · ⃗̃EL|2, where we introduced an effective bound-bound transition dipole d̂Meff = ẑM and the effective
field which interacts with it ˆ̃EL

eff = ẑL, in order to make evident that, mathematically, we are dealing with a particular
case of the generalized PXECD effect considered in [5], where first a pump pulse of arbitrary polarization excites the
system into a superposition of two excited states and then a probe pulse of arbitrary polarization photoionizes the
system from intermediate state. In the present case the effective pump pulse excites the system from an effective
ground state into a single excited state (the actual ground state) through the interaction d̂Leff · ˆ̃EL

eff and then the probe
pulse (the actual pulse) photoionizes the system from the excited state. That is, we only have to deal with Eq. (31)
in [5], which in our case reads as
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j⃗L (k) = 3

ˆ

dΩM
k

ˆ

dλ
⃓⃓
⃓d̂Leff · ˆ̃EL

eff

⃓⃓
⃓
2 ⃓⃓
⃓D⃗L · ⃗̃EL

⃓⃓
⃓
2

k⃗L

=
1

5
ℜ
{︃
ˆ

dΩM
k

[︂(︂
d̂Meff × D⃗M∗

)︂
· D⃗M

]︂ (︂
d̂Meff · k⃗M

)︂ [︂(︂
ˆ̃EL
eff × ˜⃗EL∗

)︂
· ˜⃗EL

]︂
ˆ̃EL
eff

+

ˆ

dΩM
k

[︂(︂
d̂Meff × D⃗M∗

)︂
· k⃗M

]︂ (︂
d̂Meff · D⃗M

)︂(︂
ˆ̃EL
eff · ˜⃗EL

)︂(︂
ˆ̃EL
eff × ˜⃗EL∗

)︂

+

ˆ

dΩM
k

[︂(︂
d̂Meff × D⃗M

)︂
· k⃗M

]︂ (︂
d̂Meff · D⃗M∗

)︂(︂
ˆ̃EL
eff · ˜⃗EL∗

)︂(︂
ˆ̃EL
eff × ˜⃗EL

)︂}︃

+
1

10

ˆ

dΩM
k

[︂(︂
D⃗M∗ × D⃗M

)︂
· k⃗M

]︂ (︂
˜⃗EL∗ × ˜⃗EL

)︂
, (28)

If the molecular alignment (which we have already set along ẑL) is perpendicular to the polarization plane we set
˜⃗EL =

(︁
x̂L + σiŷL

)︁
/
√
2. The second and third terms vanish because ( ˆ̃EL

eff · ˜⃗EL) = 0 and Eq. (28) yields

j⃗L (k) =
σ|Ẽ |2
2

{︃
1

5

ˆ

dΩM
k

[︂(︂
iD⃗M∗ × D⃗M

)︂
· k⃗M

]︂
+

2

5

ˆ

dΩM
k

[︂(︂
iD⃗M∗ × D⃗M

)︂
z
kMz

]︂}︃
ẑL, (29)

On the other hand, for the case in which molecular alignment is in the plane of the light polarization we set
˜⃗EL =

(︁
ŷL + σiẑL

)︁
/
√
2. The first term vanishes because [( ˆ̃EL

eff × ˜⃗EL∗) · ˜⃗EL] = 0, and with the help of the vector
identities (⃗a× b⃗) · (c⃗× d⃗)= (⃗a · c⃗)(⃗b · d⃗)−(⃗a · d⃗)(⃗b · c⃗) and (⃗a× b⃗)× c⃗ =(⃗a · c⃗)⃗b− (⃗b · c⃗)⃗a we obtain

j⃗L (k) =
σ|Ẽ |2
2

{︃
2

5

ˆ

dΩM
k

[︂(︂
iD⃗M∗ × D⃗M

)︂
· k⃗M

]︂
− 1

5

ˆ

dΩM
k

(︂
iD⃗M∗ × D⃗M

)︂
z
kMz

}︃
x̂L. (30)

In both cases, Eq. (29) and (30) show that j⃗L (k) is along the direction perpendicular to the light polarization
plane and that there is an imbalance in the scalar product (iD⃗M∗× D⃗M) · k⃗M that singles out the molecular axis being
aligned. Equations (29) and (30) coincide with Eqs. (22) and (26), respectively, when we set w (β) = 3 cos2 β and
consequently wi = 3/5 in Eqs. (22) and (26).

Now we proceed to the general derivation where the only assumption on w (β) is that it is symmetric with respect
to β = π/2, which simply imposes the condition of alignment. Since symmetry implies that the incoherent terms
corresponding to linear polarization along x̂L and ŷL in Eq. (20) vanish5, we will focus exclusively on the coherent
term. For the case in which the molecular alignment is perpendicular to the light polarization plane, the relevant
integral over orientations is of the form [see Eq. (20)]

ˆ

dλw (β)
(︁
a⃗L · ẑL

)︁
b⃗L, (31)

where
́

dλ ≡
́ 2π

0
dα
́ π

0
dβ
́ 2π

0
dγ sinβ/8π2, a⃗ and b⃗ are vectors fixed in the molecular frame. To transform a

vector from the molecular frame to the lab frame we use v⃗L = R (λ) v⃗M, where

R (λ) =

⎛
⎜⎝

−sα sγ + cα cβ cγ −sα cγ − sγ cα cβ sβ cα

sα cβ cγ + sγ cα −sα sγ cβ + cα cγ sα sβ

−sβ cγ sβ sγ cβ

⎞
⎟⎠ , (32)

and s and c stand for sin and cos, respectively. With the help of R (λ) we calculate the expression
(︁
a⃗L · ẑL

)︁
b⃗L in

terms of the molecular frame components of a⃗ and b⃗ and then note that most of the terms vanish after integration
over α and γ. The non-vanishing terms read as

5 Consider the analog of Fig. 3 for linearly polarized light along x
(y). The total system becomes symmetric with respect to rota-

tions of π around x (y) and therefore there can be no asymmetry
along z.
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ˆ

dλw (β)
(︁
a⃗L · ẑL

)︁
b⃗L

=

{︃[︃
ˆ

dλw (β) sin2 β cos2 γ

]︃
aMx bMx +

[︃
ˆ

dλw (β) sin2 β sin2 γ

]︃
aMy bMy

+

[︃
ˆ

dλw (β) cos2 β

]︃
aMz bMz

}︃
ẑL

=

{︃[︃
1

2

ˆ π

0

dβw (β) sin3 β

]︃
1

2

(︁
aMx bMx + aMy bMy

)︁

+

[︃
1

2

ˆ π

0

dβw (β) sinβ cos2 β

]︃
aMz bMz

}︃
ẑL

=

[︃
1

3
wi

(︂
a⃗M · b⃗M

)︂
+ (1− wi) a

M
z bMz

]︃
ẑL, (33)

where we defined

wi ≡
3

4

ˆ π

0

dβw (β) sin3 β, (34)

and we assumed that w (β) is normalized so that
́

dλw (β) = 1, which implies that

1

2

ˆ π

0

dβ sin(β)w(β) = 1. (35)

In the case in which molecular alignment is in the plane of the light polarization the relevant integral is of the form
[see Eq. (25)]

ˆ

dλw (β)
(︁
a⃗L · x̂L

)︁
b⃗L, (36)

and we proceed analogously as before to find that the only terms that do not vanish after integration yield

ˆ

dλw (β)
(︁
a⃗L · x̂L

)︁
b⃗L

=
1

2

ˆ π

0

dβ sinβ w (β)

[︃
1

4

(︁
1 + cos2 β

)︁ (︁
aMx bMx + aMy bMy

)︁
+

1

2
sin2 βaMz bMz

]︃
x̂L

=
1

2

ˆ π

0

dβ sinβ w (β)

[︃
1

4

(︁
2− sin2 β

)︁
a⃗M · b⃗M − 1

4

(︁
2− 3 sin2 β

)︁
aMz bMz

]︃
x̂L

=

[︃
1

2

(︂
1− wi

3

)︂
a⃗M · b⃗M − 1

2
(1− wi) a

M
z bMz

]︃
x̂L. (37)
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Light is one of the most powerful and precise tools allowing us to control [1], shape [2, 3] and
create new phases [4] of matter. In this task, the magnetic component of a light wave has so far
played a unique role in defining the wave’s helicity, but it weakly influences the optical response
of matter. Chiral molecules offer a typical example where the weakness of magnetic interactions
hampers our ability to control the strength of their chiro-optical response [5], limiting it several
orders of magnitude below the full potential. Here we introduce and theoretically analyze a new
type of chiral light: freely propagating, locally and globally chiral electric fields, which interact with
chiral matter extremely efficiently. We show that this synthetic chiral light enables full control over
intensity, polarization and propagation direction of the nonlinear enantio-sensitive optical response
of randomly oriented chiral molecules. This response can be quenched or enhanced at will in a
desired enantiomer, opening efficient ways for controlling chiral matter and for ultrafast imaging of
chiral dynamics in gases, liquids and solids.

Chiral molecules appear in pairs of left and right-
handed enantiomers, where their nuclear arrangements
present two non-superimposable mirror twins. The gen-
eral importance of chiral structures makes identification
of molecular handedness vital [5]. Two groups of ap-
proaches [7] address this challenge using light. The first
one analyses vectorial observables [8–22], such as the di-
rection of the photo-electron current [8–13] upon ioniza-
tion with circularly polarized light with respect to a ref-
erence frame defined by the experimental setup. While
the total signal intensity –the total number of photo-
electrons– is the same in opposite enantiomers, the cur-
rent direction is enantio-sensitive. Another important
example is nonlinear-optical wave-mixing [14–18], where
two incident waves with frequencies ω1 and ω2 generate
response at the sum frequency ω3 = ω1+ω2 in randomly
oriented chiral media, a process that is strictly prohib-
ited in isotropic non-chiral media. In addition to purely
dipole effects, for which the intensity of chiral signal is the
same in opposite enantiomers, one can also take advan-
tage of their interference with non-dipole contributions
to sum frequency generation [19].

The second group of techniques rely on the helical
structure of cirularly or elliptically polarized light to

∗ david.ayuso@mbi-berlin.de
‡ mikhail.ivanov@mbi-berlin.de
§ olga.smirnova@mbi-berlin.de
† These authors contributed equally to this work.

probe chirality. They allow us to access fundamentally
different observables: enantio-sensitive total signal inten-
sities. A well-known example is photo-absorption circu-
lar dichroism [5], manifested in the different absorption
intensities of left-handed and right-handed circularly po-
larized light. This group of techniques rely on the in-
terplay between electric and magnetic interactions, and
include the recent pioneering work of Cireasa et al [6],
which demonstrated that high harmonic generation can
be enantio-sensitive. Here, light serves as a chiral reagent.

However, circularly (or elliptically) polarized light
makes a poor chiral reagent in the optical domain, be-
cause the micron-scale pitch of the light helix is too large
compared to the angstrom-scale size of a molecule. The
dominant part of the optical response arises in the dipole
approximation, where the spatial extent of the molecule
is negligible compared to the light wavelength. In the
dipole approximation, the Lissajous curve drawn by the
tip of the electric field vector forms a circle, that is, a
two-dimensional planar structure. Confinement of light
polarization to a plane makes it non-chiral, and thus the
dominant part of the emitted or absorbed light intensity
is not enantio-sensitive.

Here we show that freely propagating optical fields can
be made chiral already in the dipole approximation. We
introduce synthetic chiral light, a new type of light in
which the tip of the electric field vector draws a chi-
ral, three-dimensional Lissajous curve in time, at each
fixed point in space. Such light is locally chiral: un-
like circularly polarized light, its chirality does not rely
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FIG. 1. Synthetic chiral light. a, Locally and globally chiral light can be synthesized using two non-collinear laser beams,
each carrying orthogonally polarized ω and 2ω fields. The total ω field is elliptic in the xy plane, the 2ω field is linear along
z, generating locally the Lissajous curves in the insets. b, Lissajous curves of Eq. (2) for Fω, F2ω, ε > 0 and ϕω,2ω = ∓π/2
correspond to reflection through the xy plane, which interconverts the two field enantiomers. c, d, Interference of chiral and
achiral pathways in second harmonic generation (SHG) (c) and 2ω absorption (d), controlled by h(5). e, Interference of chiral
and achiral pathways in even high harmonic generation (HHG).

on the spatial helix of the light field. Thus, it remains
chiral in the dipole approximation. We formulate a gen-
eral theory that describes the properties of these new
electromagnetic chiral objects and their interaction with
matter. We show how to generate such light practically,
characterize and control its handedness, and maintain it
globally across the entire interaction region. Synthetic
chiral light enables the highest possible degree of con-
trol over the macroscopic enantio-sensitive response at
the level of optical signal intensities, quenching it in one
enantiomer while maximizing it in its mirror twin. We
emphasize that such a giant enantio-sensitivity is possi-
ble because the interaction of synthetic chiral light with
chiral matter is enantio-sensitive in the dipole approxi-
mation at the level of total signal intensities, making our
work fundamentally different from previous works.

We begin by establishing the general requirements for
creating synthetic chiral light and introduce new mea-
sures that quantify its handedness. These are required
because the previously employed measure of optical chi-
rality [23] vanishes in the electric-dipole approximation.
To quantify the degree of chirality of a locally chiral field,
we developed several complementary approaches. First,

we take advantage of tools developed in chemistry for
characterizing the degree of chirality of molecular struc-
tures, and extend them to electromagnetic fields, see
Supplementary Information (SI). Second, we developed a
group theoretical approach [22, 24] that provides guide-
lines for synthesizing locally chiral fields (see Methods
and SI). Third, we introduce a measure that character-
izes not only light chirality on its own, but also predicts
the strength of the interaction of synthetic chiral light
with matter. To this end, we sample the electric field vec-
tor at three different instants of time, and evaluate the
triple product of these three vectors. Such triple prod-
uct forms a ubiquitous chiral measure [7, 12, 17, 25, 26],
which has never been used to characterize light fields.
We average this triple product over time to sample the
entire Lissajous curve. The measure yields a special, chi-
ral, three-point correlation function (see Methods) which
(i) distinguishes left-handed and right-handed light and
(ii) allows one to engineer desired waveforms to control
the total intensity of dipole chiro-optical response.

We present here the main ingredients of this new for-
malism (see Methods for full description). The lowest
order chiral field-correlation function in the frequency do-
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FIG. 2. Practical setup. a, A linearly polarized ω beam is frequency doubled in a nonlinear (BBO) crystal, generating an

orthogonally polarized 2ω field. After the beam splitter (BS), ϕ
(1,2)
ω,2ω are tuned with calcite wedges (CW). The two beams are

refocused in a non-collinear geometry (2α = 10◦). The gas target is placed before the focus to favour phase matching of “short
HHG trajectories”. The two noncollinear beams generate intensity (b) and ellipticity gratings of the ω field (c, red curve) and
amplitude grating of the 2ω field (c, blue curve) in the transverse direction. The nodes of the ω-field ellipticity grating and
the 2ω-field amplitude grating are aligned (c), so that the synthetic chiral light maintains handedness across the interaction
region. The intensity in each beam is I1 = I2 = 1.25 · 1013Wcm−2, and thus the total intensity (b) reaches the maximum value
of Imax = (

√
I1 +

√
I2)

2 = 5 · 1013Wcm−2, as in the experiment of Ref. [6].

FIG. 3. Chiral response in high harmonic generation using standard chiral light. a,b, High harmonic intensity
calculated for randomly oriented S and R propylene oxide molecules in elliptically polarized laser fields with intensity I0 = 5·1013
W·cm−2 and wavelength λ = 1770 nm. For each harmonic order N , the intensity is normalized to its maximum value.
The white line shows the ellipticity ε0(N) that maximizes the harmonic intensity. c, Chiral dichroism normalized to ε,

CDε(N) = 2
ε
IS(N)−IR(N)
IS(N)+IR(N)

: theoretical results (black line) vs experimental values of Ref. [6] (green line). The shaded area

shows the experimental error-bars. Chiral dichroism CD(N) = 2 IS(N)−IR(N)
IS(N)+IR(N)

reaches ∼ 3% for ε ∼ 1%.
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FIG. 4. Near field enantio-sensitive high harmonic generation using synthetic chiral light. Enantio-sensitive
polarization grating created in enantiopure samples of S and R propylene oxide molecules: intensity (a, b) and relative
phase (c, d) of harmonic response in randomly oriented propylene oxide as functions of harmonic number and transverse
(x) coordinate of the interaction region. The fundamental wavelength is λ = 1770nm, intensity Iω = 1.25 · 1013W·cm−2,
I2ω = 0.01Iω, ϕω,2ω = π, pulse duration 23 fsec at constant intensity, α = 5◦, focal diameter 400µm.

main is

h(3)(−(ω1 + ω2), ω1, ω2)

≡ F∗(ω1 + ω2) · [F(ω1)× F(ω2)] , (1)

where F(ωi) are the Fourier components of the electric
field vector at three different frequencies. h(3) governs
perturbative light-matter interaction, such as absorp-
tion circular dichroism induced solely by laser electric
fields, replacing the optical chirality [23] in the dipole
approximation (see Methods). Using the formalism of
[7], one can show that h(3) also quantifies the control of
enantio-sensitive population of rotational states in chiral
molecules [25] using microwave fields.

To have non-zero h(3), synthetic chiral light needs three
different non-co-planar frequency components: ω1, ω2,
and ω3 = ω1+ω2. Nevertheless, synthetic chiral light can
be realized with just two frequency components, ω and
2ω. One possible realization is an elliptically polarized
ω field and a linear 2ω field polarized orthogonal to the
ellipse:

Fω cos (ωt)x+εFω sin (ωt)y+F2ω cos (2ωt+ ϕω,2ω)z (2)

Such light can be created with the beam configuration
shown in Fig. 1a. The electric field vector draws a chiral

Lissajous curve (Fig. 1a,b), with the shape controlled by
ϕω,2ω. Changing ϕω,2ω by π changes the handedness of

the Lissajous curve, see Fig. 1b. Although h(3) = 0 for
this field, its chirality is manifested in higher order corre-
lations, which can be perfectly put to use in higher order
nonlinear light-matter interactions. Indeed, the next or-
der chiral correlation function for this field (see Methods)

h(5)(−2ω,−ω, ω, ω, ω)

≡ {F∗(2ω) · [F∗(ω)× F(ω)]} [F(ω) · F(ω)] (3)

is nonzero. It describes the interference of the two path-
ways shown in Fig. 1c. In the chiral pathway, the system
absorbs three photons from the (main) x component of
the ω field and emits one photon into the (minor) y com-
ponent. The last two steps record the ellipticity of the ω
field. In isotropic chiral media, the induced polarization
associated with this path is directed along z. This process
is unique to chiral media, where chiral response occurs
due to interactions involving an even number of photons,
both in the weak-field [17] and strong-field [22] regimes.
In isotropic achiral media, such processes are symmetry-
forbidden. In the second, achiral, pathway, the system
absorbs one 2ω photon from the z field component, also
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FIG. 5. Far-field harmonic intensity and chiral dichroism. a, b, Harmonic intensity for randomly oriented enantiopure
S and R propylene oxide molecules, for the same field as in Fig. 4, with I2ω/Iω = 0.01 and ϕω,2ω = π. Shifting ϕω,2ω

by π is equivalent to exchanging the enantiomer. c, Chiral dichroism in the harmonic intensity, CD = 2 IS−IR
IS+IR

. d, Total

angle-integrated even harmonic intensity and chiral dichroism. e, Chiral dichroism in H40 versus ϕω,2ω and relative intensity
between the two colors. f, Intensity ratio between H40 and H41 as a function of the enantiomeric excess when I2ω/Iω = 0.01
and ϕω,2ω = 0 (red) and ϕω,2ω = π (blue).

leading to polarization along z. As the chiral and achiral
polarizations are directed along the same axis, they inter-
fere. Their interference, controlled by ϕω,2ω, yields the

chiral fifth-order field correlation function h(5), which de-
scribes enantio-sensitive emission and absorption at fre-
quency 2ω (Fig. 1c,d and Methods). h(5) changes sign
when ϕω,2ω is shifted by π, reflecting the reversal of the
field handedness in Fig. 1b.

Tuning ϕω,2ω and the relative field strengths, we can
achieve perfect constructive or destructive interference of
the two paths (Fig. 1c,d) and fully suppress or maximally
enhance the signal intensity in a selected enantiomer (see
Methods). Enantio-sensitive interference in higher-order
harmonics, such as shown in Fig. 1e, is described by
higher-order correlation functions (see SI). Thus, we now
have a chiral photonic reagent, whose handedness can
be tailored to control multiphoton interactions, with ex-
tremely high efficiency.

A practical realization of the field configuration in Fig.
1a is shown in Fig. 2a. The suggested experimental setup
produces two non-collinear beams with wavevectors kn

(n = 1, 2) propagating in the xy plane at small angles
±α to the y axis (here α = 5◦). Each beam carries

orthogonally polarized ω and 2ω fields with controlled

ϕ
(n)
ω,2ω. The total ω field is elliptically polarized in the xy

plane, with its minor component along the propagation
direction y (Fig. 2a, inset).

Obtaining enantio-sensitive harmonic signals in the
macroscopic emission requires the local handedness of the
light field to be maintained across the interaction region.
That is, synthetic light needs to be chiral not only locally,
but also globally. This is achieved in our setup. Indeed,
the two beams (Fig 2a) form amplitude (Fig. 2b) and
ellipticity (Fig. 2c) gratings for the ω field and an ampli-
tude grating (Fig. 2c) for the 2ω field. To maintain the
field handedness, these two gratings must be aligned, so
that their nodes coincide (Fig. 2c). This is achieved by

setting ϕ
(2)
ω,2ω − ϕ

(1)
ω,2ω = π using calcite wedges (Fig. 2a).

As a result, the Lissajous curve maintains its handedness

across the interaction region (Fig. 1a). Changing ϕ
(1)
ω,2ω

and ϕ
(2)
ω,2ω synchronously while keeping ϕ

(2)
ω,2ω−ϕ

(1)
ω,2ω = π,

controls the field handedness locally and globally. Dis-

persion does not change ϕ
(n)
ω,2ω across the interaction re-

gion [27, 28] for medium thickness d ≤ 3 mm at pressures
< 1 bar, sufficient for strong HHG signal [6, 27, 28]. In
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liquids, dispersion would limit d to few µm.
To describe high harmonic generation (HHG) in ran-

domly oriented chiral molecules, we developed a quanti-
tative model in propylene oxide (see Methods). Fig. 3
shows the strength of the enantio-sensitive high harmonic
intensities obtained when using single-beam, single-color
light at λ = 1770 nm, elliptically polarized transverse to
its propagation direction. In this setup, the chiral re-
sponse is only possible beyond the dipole approximation
[6]. These results provide two benchmarks. First, they
show the excellent agreement between our model and the
experimental results of [6]. Second, they provide a ref-
erence point for comparing the efficiency of natural and
synthetic chiral light in generating enantio-sensitive high
harmonic signals, for the same fundamental frequency,
total intensity, ellipticity, and the same medium. The
chiral dichroism obtained when using the spatial helix of
light reaches 2− 3% for weak ellipticities (see Fig. 3c).

We now turn to synthetic chiral light. The periodic lo-
cally chiral structure of the synthetic light field along the
x axis (Fig. 1a, top row, Fig. 2c) leads to the enantio-
sensitive intensity (Figs. 4a,b) and phase (Figs. 4c,d)
gratings of the generated high harmonic response. The
intensity of the second harmonic field is 1% of the fun-
damental, and ϕω,2ω = π. In our setup, even harmon-
ics of the fundamental can only be z-polarized, whereas
odd harmonics are polarized along x due to symmetry
constraints [24]. The gratings in Fig. 4 for z-polarized
even harmonics are completely different for opposite
enantiomers, demonstrating strong enantio-sensitivity of
the optical response already at the single-molecule level.
Note that, while the near-field phase grating is not usu-
ally directly detected, it determines the signal intensity
in the far field. Such a strong enantio-sensitivity is pos-
sible because (i) the driving field is chiral in the dipole
approximation (locally chiral), and (ii) its handedness is
fully controlled in our setup. Note also the different am-
plitude and phase grating of the orthogonal polarization
components: whereas the x-polarized component maxi-
mizes at the intensity peaks of the driving field, at these
positions the enantio-sensitive z-polarized component is
symmetry forbidden, as the driver is linearly polarized.

Figs. 5a,b show how the enantio-sensitive gratings
translate into the far field. The far field image is a se-
ries of diffraction minima and maxima, generated by the
propagated near-field emission (see Methods). As a re-
sult of the different amplitude and phase gratings (Fig.
4), even and odd harmonics are emitted in different di-
rections. Their spatial separation can also be understood
from momentum conservation upon net absorption of the
corresponding number of photons. Thus, the strongly
enantio-sensitive signal at even harmonics is separated
from the non-enantio-sensitive signal at odd harmonics
in frequency, polarization and space.

The mechanism of control over enantio-sensitive HHG

can be described in terms of interfering chiral and achi-
ral pathways (see SI). It can also be viewed semiclasi-
cally. In strong laser fields, HHG can be understood
as a sequence of three steps: tunnel ionization, laser-
driven electron propagation in the continuum, and radia-
tive electron-core recombination. Synthetic chiral light
makes the electron trajectory in the continuum chiral.
We can control its handedness by tuning ϕω,2ω, imprint-
ing the chirality of light on the electron. The control
over the handedness and the three-dimensional structure
of the electron trajectory in the continuum controls the
strength of the enantio-sensitive electron recombination
with the chiral parent ion. Here we completely suppress
the signal from the right-handed molecule IR for H40
when setting ϕω,2ω = π. Shifting ϕω,2ω by π reverses
the handedness of the driver, and thus the handedness
of the electron trajectory in the continuum. As a result,
we obtain the opposite result: suppression of IS and en-
hancement of IR (see Fig. 5e). For H40, chiral dichroism,
CD = 2 IS−IR

IS+IR
, reaches the ultimate limit of 200% (see

Fig. 5c-e).

The harmonic order(s) that exhibit 200% dichroism
can be selected by tuning the laser field parameters
and used for concentration-independent determination
of both the amplitude and sign of the enantiomeric ex-
cess ee in macroscopic mixtures, from simple intensity
measurements (Fig. 5f). For such harmonics, the in-
tensity ratio between consecutive harmonics is I2N

I2N+1
≃

(1± ee)2 I2N
I2N+1

⃓⃓
⃓⃓
ee=0

, where I2N
I2N+1

⃓⃓
⃓⃓
ee=0

is the intensity ra-

tio in a racemic mixture (see Methods).

One can also create synthetic chiral fields which carry
several elements of chirality or change their handedness
in space (see SI). They may present alternative opportu-
nities for studying matter with similar spatial chirality
patterns, or for exciting such patterns on demand.

Our theory introduces and describes a new intrin-
sic property of electromagnetic fields – their local and
global chirality. By laying down the foundation for gen-
erating, utilizing and controlling such synthetic chiral
light, it opens new routes for enantio-sensitive sensing
in all phases of matter. This includes selective mon-
itoring of enantiomers with a specific handedness in
non-enantiopure samples undergoing a chemical reac-
tion, with ultrafast time resolution. The possibility of
driving enantio-selective excitations in chiral molecules
brings new opportunities for laser-based separation of
enantiomers. Synthetic chiral light can also be used to
imprint chirality on achiral matter efficiently [29], ex-
tending the recent proposal of Ref. [30] from molecular
rotations to other degrees of freedom. Looking broadly,
these opportunities can be used to realize laser-driven
”achiral-chiral” phase transitions in matter.
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METHODS

Chiral-field correlation functions

For a locally chiral field with electric field vector F(t) the lowest order chiral-field correlation function is a pseudoscalar

H(3)(τ1, τ2) ≡ 1

2π

∫︂
dtF(t) · [F(t + τ1) × F(t + τ2)] . (4)

Its complex counterpart in the frequency domain,

h(3)(−(ω1 + ω2), ω1, ω2) ≡
∫︂

dτ1

∫︂
dτ2 H

(3)(τ1, τ2)e−iω1τ1e−iω2τ2 , (5)

yields Eq. (1) of the main text.
h(3) describes perturbative enantio-sensitive three-photon light matter interaction. As shown here, it appears as a light pseudoscalar

in absorption circular dichroism in the electric-dipole approximation, analogously to how the optical chirality [23] of circularly polarized
light contributes to standard absorption circular dichroism beyond the electric-dipole approximation.

Consider a field with frequencies ω1, ω2, and ω3 ≡ ω2 + ω1

F (t) = F1e
−iω1t + F2e

−iω2t + F3e
−iω3t + c.c. (6)

The contribution from second order induced polarization is enantio-sensitive [17] and can be written as (see also [31]):

P(2) (ω3) =
1

3
ϵαβγχ

(2)
αβγ (ω3 = ω1 + ω2) [F (ω1) × F (ω2)] . (7)

Note that P(2)(ω3) vanishes if ω1 = ω2 [17]. Thus, for the field in Eq. (6) we obtain:

P(2) (ω1) =
1

3
ϵαβγχ

(2)
αβγ (ω1 = ω3 − ω2) (F3 × F∗

2) , (8)

P(2) (ω2) =
1

3
ϵαβγχ

(2)
αβγ (ω2 = ω3 − ω1) (F3 × F∗

1) , (9)

P(2) (ω3) =
1

3
ϵαβγχ

(2)
αβγ (ω3 = ω2 + ω1) (F2 × F1) . (10)

The second-order response at the difference frequency ω2 − ω1 does not contribute to absorption because this frequency is absent in the
driving field. Using the standard definition for the total energy E exchanged between the field and the molecule,

E =

∫︂ ∞

−∞
dtF (t) · Ṗ (t) = −2πi

∫︂
dω ωF (−ω) ·P (ω) , (11)

and replacing Eqs. (8), (9), and (10) in Eq. (11) we obtain

E(2) =
4π

3
Im

{︃[︃
− ω1ϵαβγχ

(2)∗
αβγ (ω1 = ω3 − ω2) + ω2ϵαβγχ

(2)∗
αβγ (ω2 = ω3 − ω1) + ω3ϵαβγχ

(2)
αβγ (ω3 = ω2 + ω1)

]︃
[F∗

3 · (F2 × F1)]

}︃
. (12)

Equation (12) shows that enantio-sensitive light absorption is controlled by the third-order correlation function h(3) in Eq. (1). Indeed,
it is proportional to the imaginary part of a product of two pseudoscalars: the first one is associated with the chiral medium and
involves second order susceptibilities, the second one is associated with the locally chiral field and is given by its correlation function
h(3) =

[︁
F∗

3 · (F2 × F1)
]︁
. An analogous expression applies for a field with frequencies ω1, ω2, and ω1 − ω2.

Control over the enantio-sensitive optical response

Here we describe the mechanism of control over enantio-sensitive optical response in the perturbative multiphoton regime. In ordinary
isotropic media, dipole-allowed interactions must involve an odd number of photons. In contrast, in the electric-dipole approximation,
isotropic chiral media can generate chiral response due to interactions involving an even number of photons, both the in weak-field [17] and
strong-field [22] regimes. This difference allows one to differentiate between chiral and non-chiral media in the intensity of nonlinear optical
response associated with even number of absorbed photons. However, the signal intensity is the same for right-handed and left-handed
enantiomers, and their response differs only by a global phase [20, 22].

Locally chiral fields make the signal intensity enantio-sensitive and allow one to control its strength depending on the molecular
handedness. Indeed, consider the intensity of the optical response triggered by the ω-2ω field (Fig. 1a,b) at frequency 2ω. Since the
enantio-sensitive second order susceptibility χ(2)(2ω;ω, ω) = 0 (see e.g. [17]), the lowest order enantio-sensitive multiphoton process
involves four photons of frequency ω in the chiral channel and one photon of frequency 2ω in the achiral channel:

|P(2ω)|2 =
⃓⃓
⃓χ(4) [F∗(ω) × F(ω)] [F(ω) · F(ω)] + χ(1)F(2ω)

⃓⃓
⃓
2

= (diagonal terms) + χ(1)∗χ(4)h(5) + c.c. (13)

Here P(2ω) is the induced polarization at 2ω, χ(4) = σM|χ(4)|eiϕ4 is the enantio-sensitive fourth-order susceptibility (see SI), and
χ(1) = |χ(1)|eiϕ1 is the achiral linear susceptibility. The interference term

2σMσL

⃓⃓
χ(1)

⃓⃓⃓⃓
χ(4)

⃓⃓⃓⃓
h(5)

⃓⃓
cos(ϕM + ϕω,2ω) (14)

is controlled by the chiral-field correlation function h(5) = σL|h(5)|eiϕω,2ω . It depends on the molecular phase ϕM = ϕ4 − ϕ1 associated
with complex susceptibilities, the relative phase ϕω,2ω between the ω and 2ω field components, the handedness of the molecule σM = ±1,
and the sense of in-plane rotation of light σL = ±1. Eqs. (13) and (14) show that tuning the strengths and the relative phase ϕω,2ω

between the ω and 2ω fields we can achieve perfect constructive/destructive interference and fully suppress or maximally enhance the
signal intensity in the selected enantiomer (see Fig. 1c). No additional achiral background channels are allowed due to selection rules. The
same interference controls absorption of the 2ω field (Fig. 1d), but the mathematical expression is, of course, different. The derivation of
Eq. (13) and the associated susceptibility tensors χ(1) and χ(4) in randomly oriented media is discussed in the SI.
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Fifth-order chiral-field correlation function

The different chiral-field correlation functions h(n), with n odd, control the sign of the enantio-sensitive and dichroic response in
multiphoton interactions. For the locally chiral field employed in our work (see Eq. (2)), h(5) is the lowest-order non-vanishing chiral-field
correlation function. Here we show that h(5) has a unique form for this field.

We write the field in Eq. (2) in the exponential form

F (t) = (Fxx̂ + iFyŷ) e−i(ωt+δω) + Fz  ̂e
−2i(ωt+δ2ω) + c.c., (15)

and the fifth-order chiral-field correlation function as

h(5)(ω0, ω1, ω2, ω3, ω4) ≡ {F(ω0) · [F(ω1) × F(ω2)]} [F(ω3) · F(ω4)] , (16)

where
ω0 + ω1 + ω2 + ω3 + ω4 = 0. (17)

First, note that h(5) is symmetric with respect to exchange of ω3 and ω4, and symmetric/anti-symmetric with respect to even/odd
permutations of ω0, ω1, and ω2. Non-trivially different forms of h(5) result only from considering exchanges between {ω0, ω1, ω2} and
{ω3, ω4}. In the following we show that the field (Eq. (2) of the main text) yields a unique non-zero form of h(5).

For h(5) to be non-vanishing, the triple product in h(5) must contain the three different vectors available in our field, namely Fxx̂+iFy ŷ,
Fxx̂− iFy ŷ (from the c.c. part), and ẑ. The remaining scalar product must have frequencies such that Eq. (17) is satisfied. This means
that we have the following four options for h(5):

h
(5)
a = h(5) (−2ω,−ω, ω, ω, ω) (18)

h
(5)
b = h(5) (−2ω, ω,−ω, ω, ω) (19)

h
(5)
c = h(5) (2ω, ω,−ω,−ω,−ω) (20)

h
(5)
d = h(5) (2ω,−ω, ω,−ω,−ω) (21)

Since F(ω2) × F(ω1) = −F(ω1) × F(ω2) and F(t) is real, then

h
(5)
b = −h

(5)
a (22)

h
(5)
c = h

(5)∗
a (23)

h
(5)
d = −h

(5)
c (24)

so that all options are actually equivalent to each other up to either a sign, a complex conjugation, or both. The ambiguity in the sign
reflects the fact that in general right-handed and left-handed cannot be defined in an absolute way, i.e. without reference to another chiral

object, so it is equally valid to define a chiral measure h(5) = h
(5)
a or a chiral measure h(5) = h

5)
b = −h

(5)
a to characterize the “absolute”

handedness of the field. Choosing h
(5)
a or h

(5)
b , i.e. ordering vectors in the vector product, corresponds to choosing a left- or a right-handed

reference frame. On the other hand, if we consider the interaction with matter, h(5) and h(5)∗ appear on the same footing (see Eq. (13)),
therefore it is only natural that we have found both options in this derivation. Even if we consider the field by itself, since h(5) is the
Fourier transform of a real quantity, h(5) and h(5)∗ contain the same information, so it is again to be expected that we find both options
in our derivation.

Replacing Eqs. (15) and (16) in Eq. (18) we obtain

h
(5)
a = 2iFxFyFz

(︁
F 2
x − F 2

y

)︁
e2i(δ2ω−δω), (25)

so that h
(5)
a is sensitive to the phase difference between the two colors and also to the sign of the ellipticity of the ω field ε ≡ Fy/Fx. In

the supplementary information we show that, although the chiral-field correlation function h(n) does not have a unique non-zero form for
higher odd orders n = 7, 9, ..., only a single form is non-negligible provided that the fields along y and z are weak in comparison to the
field along x, such as the field employed in the main text.

Practical generation of synthetic chiral light

We can generate synthetic light fields that are locally and globally chiral using the non-collinear setup presented in Fig. 2a. It consists
of two beams that propagate along k1 and k2, in the xy plane, creating angles ±α with the y axis. Each beam is composed of a linearly
polarized field, whose polarization is contained in the xy plane, and a z-polarized second harmonic. We shall assume that the two beams
(n = 1, 2) are Gaussian beams [32], and thus their electric fields can be written at the focus as

Fω
n(r, t) = F0 e−ρ2n/ω̃2

cos (kn · r− ωt− ϕω
n) ên (26)

F2ω
n (r, t) = r0F0 e−ρ2n/ω̃2

cos (2kn · r− 2ωt− 2ϕ2ω
n )  ̂ (27)

where F0 is the electric field amplitude, r20 is the intensity ratio between the two colours, ρn is the radial distance to beams’ axis
(ρ = ρ1 ≃ ρ2 in the focus), ω̃ is the waist radius, the propagation vectors of the fundamental field are defined as

k1 = k sin (α)x̂ + k cos (α)ŷ (28)

k2 = −k sin (α)x̂ + k cos (α)ŷ (29)
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where k = 2π
λ

, λ being the fundamental wavelength, and the polarization vectors are given by

ê1 = cos (α)x̂− sin (α)ŷ (30)

ê2 = cos (α)x̂ + sin (α)ŷ (31)

Near the focus, the total electric field can be written as

F(r, t) = 2F0 e−ρ2/ω̃2
[︂
fx(x) cos

(︁
k cos (α)y − ωt− δω+

)︁
x̂+fy(x) sin

(︁
k cos (α)y − ωt− δω+

)︁
ŷ+fz(x) cos

(︁
2k cos (α)y − 2ωt− 2δ2ω+

)︁
 ̂
]︂

(32)

with

fx(x) = cos (α) cos
(︂
k sin (α)x + δω−

)︂
(33)

fy(x) = sin (α) sin
(︂
k sin (α)x + δω−

)︂
(34)

fz(x) = r0 cos
(︂

2k sin (α)x + 2δ2ω−
)︂

(35)

where

δmω
± =

ϕmω
2 ± ϕmω

1

2
(36)

Equations (32)-(35) show that the total electric field is locally chiral. It is elliptically polarized in the xy plane at frequency ω (with major
polarization component along x) and linearly polarized along z at frequency 2ω. Equation (2) of the main text is a simplified version of

Eq. (32) that assumes y = 0 and δω+ = 0, with Fω = 2F0e−ρ2/ω̃2
fx(x), ε = −fy(x)/fx(x), F2ω = 2F0e−ρ2/ω̃2

fz(x), and ϕω,2ω = 2δ2ω+ .

Note that the relative phases between the three field components do not change along z, as the two beams propagate in the xy plane.
They do not change along y either, since k1 · y = k2 · y. Indeed, one can easily see in Eq. (32) that a spatial translation y → y + ∆y is
equivalent to a temporal displacement t → t−∆t, with k cos(α)∆y = ω∆t. However, the relative phases between the field components do
change along x, because k1 · x ̸= k2 · x (we have k1 · x = −k2 · x instead), and their modulation is given by fx(x), fy(x) and fz(x).

To maximize the enantio-sensitivity of the macroscopic harmonic emission, we ensure that the handedness is maintained in globally
space. As fx and fy change along x, so does the ellipticity in the xy plane, which can be defined as

ε(x) = − fy(x)

fx(x)
= − tan (α) tan (k sin (α)x + δω−) (37)

The field changes handedness when either ε(x) or fz(x) flip sign. To maintain the field handedness in space, we need to ensure that both
quantities change sign at the same positions. The spatial points where forward ellipticity flips sign satisfy

k sin (α)x + δω− = n
π

2
, with n ∈ Z. (38)

Whereas for fz we have

2k sin (α)x + 2δ2ω− =
π

2
+ nπ, with n ∈ Z. (39)

Combining Eqs. (38) and (39), we obtain the general condition for the field handedness to be maintained in space:

2δω− − 2δ2ω− =
π

2
+ nπ, with n ∈ Z (40)

Let us consider the situation where the ω fields in the two beams are out of phase, i.e. ϕω
1 = δω+ − π/2 and ϕω

2 = δω+ + π/2, and therefore

δω− = π/2 (see Eq. (36)). The condition given by Eq. (40) is verified if 2δ2ω− = π/2, i.e. if the 2ω fields in the two beams are also out of

phase. Then, we have 2ϕ2ω
1 = 2δ2ω+ − π/2 and 2ϕ2ω

2 = 2δ2ω+ + π/2. This means that the relative phase between the two colours in both

beams has to be shifted by π, i.e. ϕ2ω
n − ϕω

n = δ2ω+ − δω+ + π. This analysis shows that the locally chiral field shown in Fig. 1a of the main
text maintains its handedness globally in space. The same condition can be derived using chiral-field correlation functions, as we show in
the next section.

Global handedness in chiral-field correlation functions

Here we analyze how the handedness of the locally chiral field described in the main text changes in space by analyzing the spatial
modulation of its fifth-order chiral correlation function h(5) (Eq. (3)). We can see in Eqs. (15), (25), and (32)-(35) that h(5) depends on
x through Fx, Fy , and Fz . Fx and Fy oscillate as a function of x with frequency k sinα, and Fz oscillates with frequency 2k sinα. As a
result, h(5) also oscillates as a function of x. To quantify the global handedness of the field, we integrate h(5) along x. By decomposing
Fx, Fy , and Fz into exponential functions with positive and negative frequencies, we find that there is a null-frequency component in h(5)

that does not oscillate as a function of x. Unless the beams are tightly focused, it is this null-frequency component that defines the global
handedness of the field. It is given by

[︂
h
(5)
a

]︂
0

= 2i
[︁
FxFyFz

(︁
F 2
x − F 2

y

)︁]︁
0
e2i(δ

2ω
+ −δω+) =

1

8
F 5
0 r0 sin (4α) sin

(︁
2δ2ω− − 2δω−

)︁
ei(2δ

2ω
+ −2δω++π

2 ). (41)

This expression shows that the global handedness of the field vanishes when the relative phases satisfy 2δ2ω− − 2δω− = nπ, for n ∈ Z. On

the other hand, the absolute value of the global handedness reaches a maximum when 2δ2ω− − 2δω− = (n + 1)π/2, for n ∈ Z, in agreement
with the analysis presented in the previous section (see Eq. (40)). This condition is satisfied by the field shown in Fig. 1 of the main text.
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Model for high harmonic generation in propylene oxide

We have adapted the method described in Ref. [33] to describe high harmonic generation in the chiral molecule propylene oxide [34–36].
The macroscopic dipole moment in a medium of randomly oriented molecules results from the coherent addition of the contributions from
all possible molecular orientations, i.e.

D(Nω) =

∫︂
dΩ

∫︂
dαDΩα(Nω) (42)

where ω is the fundamental frequency, N is the harmonic number, and DΩα is the harmonic dipole associated with a given molecular
orientation. The integration in the solid angle Ω was performed using the Lebedev quadrature [37] of order 17. For each value of Ω, the
integration in α was evaluated using the trapezoid method.

The dipole moment associated with a given molecular orientation results from the coherent addition of all channel contributions [33]:

Dmn
Ωα (Nω) =

∑︂

mn

Dmn(Nω) (43)

where Dmn is the contribution from a given ionization (m) - recombination (n) channel, in the frequency domain. We have considered
the electronic ground state of the ionic core (X) and the first three excited states (A, B and C), i.e. 16 channels, and found that only
those involving ionization from the X and A states and recombination with the X, A and B states play a key role under the experimental
conditions of Ref. [6]. Each channel contribution can be factorized as the product of three terms:

Dmn
Ωα (Nω) = amn

ion,Ωα(Nω) · amn
prop,Ωα(Nω) · amn

rec,Ωα(Nω) (44)

which are associated with strong-field ionization, propagation and radiative recombination, respectively [33].

Recombination amplitudes are given by

anm
rec,Ωα =

(︃
2π

i∂2Sm(tr, ti,p)/∂t2r

)︃1/2

e−iSm(tr,t
′
r,p)+iNωtr dΩα

rec,n

(︁
k(t′r)

)︁
(45)

where ti = t′i + it′′i and tr = t′r + it′′r are the complex ionization and recombination times resulting from applying the saddle-point method
[33], p represents the canonical momentum, which is related to the kinetic momentum by k(t) = p(t) + A(t), A(t) being the vector
potential, with F(t) = −∂A(t)/∂t, drec,n is the corresponding photo-recombination matrix element, and Sm is given by

Sm(t, t′,p) =
1

2

∫︂ t

t′
dτ

[︁
p + A(τ)

]︁2
+ IPm(t− t′) (46)

Photo-recombination matrix elements have been evaluated using the static-exchange density functional theory (DFT) method [38–45], as
in [35].

Propagation amplitudes are given by

anm
prop,Ωα =

(︃
2π

i(tr − ti)

)︃3/2

e−iSm(t′r,t
′
i,p)aΩα

mn(t′r, t
′
i) (47)

where aΩα
mn is the transition amplitude describing the laser-driven electron dynamics between ionization and recombination, which is

calculated by solving the time-dependent Schrödinger equation numerically in the basis set of ionic states [33].

A reasonable estimation of the ionization amplitudes can be obtained using the following expression:

anm
ion,Ωα = 2π

(︃
1

i∂2Sm(tr, ti,p)/∂t2i

)︃1/2

e−iSm(t′i,ti,p)F{Ψm}
(︁
ℜ{k(t′i)}

)︁
(48)

where F{Ψm} is the Fourier transform of the Dyson orbital associated with the initial state wave function Ψm. The evaluation of sub-cycle
ionization amplitudes in organic molecules is very challenging because non-adiabatic and multi-electron effects influence the dynamics of
laser-driven electron tunneling, and the estimations provided by Eq. (48) are not sufficiently accurate for the purpose of this work.
Nonetheless, these quantities can be reconstructed from multi-dimensional HHG spectroscopy measurements, when available, [28, 46, 47].
Here we have reconstructed the sub-cycle ionization amplitudes from the experimental results of Ref. [6], using the estimations provided
by Eq. (48) as a starting point for the procedure.

Far field image

The harmonic intensity in the far field has been evaluated using the Fraunhofer diffraction equation:

I(Nω, β) ∝ (Nω)4

⃓⃓
⃓⃓
⃓

∫︂ ∞

−∞
D(Nω, x)e−iKxdx

⃓⃓
⃓⃓
⃓

2

, (49)

where β is the far field angle (divergence), K = Nω
c

β, c being the speed of light, and D(Nω, x) is the harmonic dipole driven by the strong
field in the focus (Eq. (42)), which has been computed along the transversal coordinate x using the procedure described in the previous
section.
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Accurate determination of the enantiomeric excess

Let us consider a macroscopic mixture of right-handed and left-handed molecules, with concentrations CR and CS . The intensity of
the odd harmonics, which is not enantio-sensitive in the dipole approximation, depends on the total concentration of molecules,

I2N+1 ∝ (CR + CS)2|Dx,2N+1|2, (50)

where Dx,2N+1 is the projection of the macroscopic dipole along x. This dipole component is essentially driven by the x-polarized
component of the driving field and unaffected by the weak y and z polarization components.

The intensity of the z-polarized even harmonics results from the interference between chiral and achiral multiphoton pathways (see SI):

I2N ∝ |(CR + CS)D0
z,2N + (CR − CS)D

(R)
z,2N |2 (51)

where D0
z,2N and D

(R)
z,2N are the dipole components associated with the achiral and chiral pathways, for the R enantiomer. Whereas the

z-polarized component of the driver barely modifies D
(R)
z,2N , it controls the amplitude and phase of D0

z,2N (see SI). This allows us to achieve

perfect constructive or destructive interference, D0
z,2N ≃ ±D

(R)
z,2N , by tuning the laser parameters. If D0

z,2N ≃ D
(R)
z,2N , we have

I2N

I2N+1
∝ (1 + ee)2

I2N

I2N+1

⃓⃓
⃓
ee=0

(52)

where ee is the enantiomeric excess, ee = CR−CS
CR+CS

, and I2N
I2N+1

⃓⃓
⃓
ee=0

is the intensity ratio between consecutive harmonics in a racemic

mixture. Alternatively, we can adjust the driving field so that D0
z,2N ≃ −D

(R)
z,2N = D

(S)
z,2N , and then

I2N

I2N+1
∝ (1 − ee)2

I2N

I2N+1

⃓⃓
⃓
ee=0

(53)

Eqs. (52) and (53) allows us to quantify the enantiomeric excess in macroscopic mixtures from single-shot measurements, with high

accuracy and with sub-femtosecond time resolution. If ee > 0, we can determine its value more accurately if we set D0
z,2N ≃ D

(R)
z,2N and

use Eq. (52). Setting D0
z,2N ≃ D

(S)
z,2N and using Eq. (53) provides a more accurate determination if ee < 0 (see Fig. 5f).

Experimental setup

The experimental setup proposed here to generate synthetic light that is locally and globally chiral is depicted in Fig. 2. A single,
linearly polarized fundamental beam (we have considered λ = 1770 nm) is frequency doubled in a nonlinear BBO crystal. The second
harmonic field is ortogonally polarized to the fundamental. The resulting two-colour beam is then split into two. In each beam, ϕω,2ω is
tuned using calcite wedges. The beams are then refocused in a non-collinear geometry, with opening angle 2α = 10◦. The molecular gas
medium is placed before the focus to favour phase matching of the so-called ”short trajectories” in HHG [48], with Rayleigh length well
above the medium thickness. As shown in two-color gas-phase HHG experiments (e.g. [27, 28]), dispersion of ω and 2ω beams does not
change the ϕω,2ω phase across the interaction region, for medium thickness lower than around 5mm, at pressures well below atmospheric.
Using liquids is also possible thanks to modern flat liquid jet technology, which provides medium thickness from a few tens of nanometers
to a few micrometers [49]. In liquid jets, the ω-2ω dispersion limits the medium thickness to a few micrometers. This thickness is sufficient
to achieve strong HHG signal, see e.g. [50].

In our manuscript we have chosen to use a molecular gas as an example. We have performed our calculations for the laser radia-
tion parameters used in the first experiment on HHG in chiral molecules [6], assuming gas phase molecules (density about 1018 cm−3,
corresponding to intermolecular distances of approximately 100 Angstrom, i.e. larger than the electron oscillation amplitude). Sample
preparation can follow [6] using a gas cells filled by enantiopure chiral molecules, heated to 100◦C and reaching a vapour pressure of 60
mbar, and closed by teflon drilled by the laser on both sides of the cell. To detect radiation in the frequency range of our interest, a
standard HHG detection technique can be used (see e.g. [6]), including a grazing-incidence concave grating with a microchannel plate
(MCP) coupled to a phosphor screen, imaged with a charge coupled device (CCD) camera. The expected photon count is about 107

photons per second, i.e. 104 photons per pulse (for 1kHz laser rep rate), based on typical results and standard conversion efficiency in the
near IR and mid IR ranges, taking into account the scaling of the single-molecule response with the driving wavelength as λ6 in the IR
range.

While we have considered a gas-phase medium of randomly oriented chiral molecules in our calculations, high harmonic generation is
ubiquitous in gas-phase atoms and molecules, liquids [50] and solids [51, 52]. The mechanism of interference between chiral and achiral
pathways that we demonstrate in randomly oriented gas-phase molecules is completely general. Thus, we expect to find an equally strong
enantio-sensitive response in isotropic chiral liquids and amorphous solids.

Dynamical symmetry description of chiral light

Locally chiral fields can be characterized using the dynamical symmetry group theory formalism [24]. In this approach, a light field
is considered locally chiral if its symmetry group is completely free of any reflection or inversion based symmetry elements. Here we
summarize the symmetry requirements that a field needs to uphold in order to be locally chiral (see SI for a detailed description):

1. F(t) must be a non-collinear field that exhibits polarization in three dimensions, and not within a plane.

2. F(t) must exhibit both even and odd harmonics of the fundamental frequency in its carrier waves.
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3. If the even and odd harmonics are not perpendicular, then F(t) is locally chiral. If they are perpendicular, then F(t) is locally
chiral if at least one of the odd harmonics is not linearly polarized and one of the following conditions is fulfilled:

• One of the odd harmonics is not circularly polarized.

• The odd harmonics are circularly polarized, but they do not have alternating helicities.

• The odd harmonics are circularly polarized and have alternating helicities, but F(t) contains odd harmonics of frequencies
other than (2nq ± 1)ω and even harmonics of frequencies other than n(2q + 1)ω, where q and n are integer numbers, n being
even.
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I. DERIVATION OF THE CHIRAL SUSCEPTIBILITY TENSOR IN EQS. (13) AND (14)

Here we derive Eq. (13) used in Methods. The polarization corresponding to absorption of a single 2ω photon is
given by

P
(1)
i (2ω) = χ

(1)
ij (2ω)Fj (2ω) , (1)

where the orientation-averaged susceptibility is given by

χ
(1)
ij =

(︃∫︂
dϱ liαljβ

)︃
χ
(1)
αβ =

1

3
δi,jδα,βχ

(1)
αβ (2)

and yields

P(1)(2ω) =
1

3
χ(1)
αα (2ω)F (2ω) . (3)

Here liα is the direction cosine between axis i in the lab frame and axis α in the molecular frame. We use latin indices
for the lab frame and greek indices for the molecular frame. The fourth-order term corresponding to absorption of
three and emission of one ω photon reads as

P
(4)
i (2ω) = 4χ

(4)
ijklm (2ω = −ω + ω + ω + ω)F ∗

j (ω)Fk (ω)Fl (ω)Fm (ω) , (4)

where the degeneracy factor 4 comes from the four possible photon orderings. The orientation-averaged fourth-order
susceptibility in the lab frame is given by

χ
(4)
ijklm =

(︃∫︂
dϱ liαljβlkγ llδlmϵ

)︃
χαβγδϵ. (5)

Using standard expressions for the orientation averaging (see e.g. Refs. [1] and [2]) we obtain (see also [3]):

P(4) (2ω) =
2

15
χ
(4)
αβγδϵ (2ω = −ω + ω + ω + ω)

× (ϵαβγδδϵ + ϵαβδδγϵ + ϵαβϵδγδ) [F
∗ (ω)× F (ω)] [F (ω) · F (ω)] . (6)

In Eq. (13) we have used shorthand notations for the first-order and the fourth-order susceptibilities:

χ(1) ≡ 1

3
χ(1)
αα (2ω) , (7)

∗ david.ayuso@mbi-berlin.de
‡ mikhail.ivanov@mbi-berlin.de
§ olga.smirnova@mbi-berlin.de
† These authors contributed equally to this work.
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χ
(4)
± ≡ 2

15
χ
(4)
αβγδϵ (2ω = −ω + ω + ω + ω) (ϵαβγδδϵ + ϵαβδδγϵ + ϵαβϵδγδ) . (8)

Note that, for a field containing only frequencies ω and 2ω, the second-order response at frequency 2ω vanishes (see
Eq. (7)) and therefore there is no interference between P(2)(2ω) and P(3)(2ω). Although P (3)(2ω) is non-zero, it
behaves either as |F (ω)|2F (2ω) or as |F (2ω)|2F (2ω). The last term should be omitted, since we keep only terms
linear in F (2ω). As for the first term, which includes additional absorption and emission of ω photons, it merely
describes the standard nonlinear modification of the linear response to the weak 2ω field due to the polarization of
the system by the strong ω field, leading e.g. to the Stark shifts of the states involved. Thus, while these terms do
modify the effective linear susceptibility χ(1)(2ω), which should include the dressing of the system by the strong ω
field, they do not modify the overall result.

II. HIGHER ORDER CHIRAL-FIELD CORRELATION FUNCTIONS

Higher order chiral-field correlation functions h(n) control the sign of the enantio-sensitive and dichroic response
in multiphoton interactions. Here, we consider higher-order (n > 5) correlation functions h(n) for the locally chiral
field employed in our work (Eq. (2)). We show that, for such a field, h(n) has a unique form in every order, which is
helpful for achieving ultimate control.

The n-th order chiral correlation function in the time domain is defined as

H(n) (0, τ1, . . . , τn−1) ≡
∫︂

dt {F (t) · [F (t+ τ1)× F (t+ τ2)]}

× [F (t+ τ3) · F (t+ τ4)] . . . [F (t+ τn−2) · F (t+ τn−1)] (9)

for n ≥ 3 odd. The Fourier transform with respect to all variables τi yields the n-th order chiral correlation function
in the frequency domain:

h(n) (ω0, ω1, . . . , ωn−1) =
1

(2π)
n

∫︂
dτ1 . . .

∫︂
dτn−1e

iω1τ1 · · · eiωn−1τn−1H(n) (0, τ1, . . . , τn−1)

= {F (ω0) · [F (ω1)× F (ω2)]} × [F (ω3) · F (ω4)] . . . [F (ωn−2) · F (ωn−1)] (10)

where ω0 is defined by the equation

n−1∑︂

i=0

ωi = 0 (11)

We now consider all possible permutations of the frequencies in h(n), which is equivalent to considering all possible
permutations of times in H(n). We will show that the handedness of the field employed in our work (see Eq. (15) in
Methods) is invariant with respect to such permutations.

The seventh-order chiral-field correlation function reads as:

h(7) ({ω0, ω1, ω2}, [ω3, ω4], [ω5, ω6]) = {F (ω0) · [F (ω1)× F (ω2)]} × [F (ω3) · F (ω4)] [F (ω5) · F (ω6)] (12)

where we grouped the frequency arguments of h(7) with curly and squared brackets to improve readability. In this
case there are new symmetries, we can exchange ω3 with ω5 and ω4 with ω6 simultaneously, or ω3 with ω6 and ω4

with ω5 simultaneously. Again, the first step is to make sure that the triple product is non-zero, which yields the
same four triple products we got for h(5) (see Methods). But this time, if we choose ω0 = −2ω, ω1 = −ω, and ω2 = ω,
instead of one we get five different options that satisfy Eq. (17) for the rest of the frequencies :

h(7)a1 = h(7) ({−2ω,−ω, ω}, [ω, ω], [−ω, ω]) , (13)

h(7)a2 = h(7) ({−2ω,−ω, ω}, [−2ω, 2ω], [ω, ω]) , (14)

h(7)a3 = h(7) ({−2ω,−ω, ω}, [−ω,−ω], [2ω, 2ω]) , (15)

h(7)a4 = h(7) ({−2ω,−ω, ω}, [−2ω, ω], [ω, 2ω]) , (16)

h(7)a5 = h(7) ({−2ω,−ω, ω}, [−ω, 2ω], [−ω, 2ω]) . (17)
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FIG. 1. Control over enantio-sensitive high harmonic generation with locally chiral fields. Interference of chiral (left diagram)
and achiral (central and right diagrams) pathways in even high harmonic generation.

Since the triple product can be written in three additional different forms (see analogous discussion for h(5) in Methods)

there are a total of 20 different possible versions of h(7): h
(7)
ai , h

(7)
bi

, h
(7)
ci , and h

(7)
di

, with 1 ≤ i ≤ 5. If we now consider
the interaction with matter and limit the number of 2ω photons to a maximum of one, i.e. we consider the 2ω

component to be much weaker than the ω component |Fz| ≪ |Fx|, we are left only with h
(7)
a1 , h

(7)
b1

, h
(7)
c1 , and h

(7)
d1

.

These four options are related to each other the same way that h
(5)
a , h

(5)
b , h

(5)
c and h

(5)
d were related to each other (see

Eqs. (18)-(24) and the corresponding discussion in Methods), and therefore we arrive to the same conclusion as for
h(5): up to a sign and complex conjugation, there is a unique expression for h(7) given by (see Eqs (15) in Methods)

h(7)a1 = 2iFxFyFz
(︁
F 2
x − F 2

y

)︁ (︁
F 2
x + F 2

y

)︁
e2i(δ2ω−δω). (18)

The next order chiral measure reads as

h(9) ({ω0, ω1, ω2} , [ω3, ω4] , [ω5, ω6] , [ω7, ω8]) = {F (ω0) · [F (ω1)× F (ω2)]}
× [F (ω3) · F (ω4)] [F (ω5) · F (ω6)] [F (ω7) · F (ω8)] (19)

As for the seventh-order case, we obtain some new (trivial) symmetries derived from the commutativity of scalar
products. If we allow only a single 2ω photon and choose ω0 = −2ω, ω1 = −ω, and ω2 = ω then the possible options
for h(9) are

h(9)a1 = h(9) ({−2ω,−ω, ω} , [ω, ω] , [−ω, ω] , [−ω, ω]) , (20)

h(9)a2 = h(9) ({−2ω,−ω, ω} , [ω, ω] , [−ω,−ω] , [ω, ω]) . (21)

Like before, since the triple product can be written in three additional different forms there are a total of 8 different

possible versions of h(9) that involve a single 2ω photon (absorbed or emitted): h
(9)
ai , h

(9)
bi

, h
(9)
ci , and h

(9)
di

, with i = 1, 2;

related to each other as in the case of h(5) (see Eqs. (18)-(24) and the corresponding discussion in Methods). The

explicit expressions for h
(9)
a1 and h

(9)
a2 read as (see Eq. (15) in Methods)

h(9)a1 = 2iFxFyFz
(︁
F 2
x − F 2

y

)︁ (︁
F 2
x + F 2

y

)︁2
e2i(δ2ω−δω) (22)

h(9)a2 = 2iFxFyFz
(︁
F 2
x − F 2

y

)︁3
e2i(δ2ω−δω) (23)

If we impose small ellipticity |ε| ≡ |Fy/Fx| ≪ 1, then to first order in ε we get F 2
x ±F 2

y ≈ F 2
x and therefore h

(9)
a1 = h

(9)
a2 ,

which leaves a unique expression for h(9) up to a sign and complex conjugation:

h(9)a1 = 2iF 7
xFyFze

2i(δ2ω−δω). (24)

Higher-order measures will follow the same pattern and will not introduce any new feature provided we enforce the
restrictions |Fy| , |Fz| ≪ |Fx|, which is satisfied by the field employed in our work to demonstrate the highest possible
degree of control over enantio-sensitive light matter interactions (see Figs. 4 and 5 of the main text).

III. CONTROL OVER CHIRAL LIGHT MATTER INTERACTION IN THE STRONG FIELD REGIME

Here we describe the mechanism of control over enantionsensitive HHG driven by the synthetic chiral field in Fig.
1a,b of the main text. Even HHG results from the interference between the chiral and achiral pathways depicted
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in Fig. 1. The chiral pathway is associated with the enantio-sensitive polarization along z driven by the ω field
component, which is elliptically polarized in the xy plane. It involves the absorption of 2N +1 x-polarized photons of
ω frequency, the emission of one y-polarized photon of ω frequency and the emission of a 2Nω z-polarized harmonic.
The process of absorption of an x-polarized photon and emission of a y-polarized photon records the helicity of the
driver and the molecular handedness. Note that this pathway is not affected by the presence of the 2ω, z-polarized
component of the driver, as long as its amplitude is weak.

There are two achiral pathways giving rise to even HHG with z-polarization (Fig. 1), which are controlled by the
relative strength and phase of the 2ω field component of the driver. The first one involves the absorption of 2N − 2
photons of ω frequency and x polarization, absorption of one photon of 2ω frequency and z polarization, and emission
of a 2N harmonic with z polarization. The polarization associated with this pathway can be written as

P↑
2N = P2N−2 χ

(1)
↑ F(2ω) = a↑e

iϕω,2ω ẑ (25)

where P2N−2 is a (complex) scalar describing the absorption of 2N − 2 photons with x polarization, which depends

on the properties of the molecule and of the strong field component, χ
(1)
↑ is the first order susceptibility of the system

dressed by the ω field describing the absorption of a 2ω photon with z polarization, and a↑ = P2N−2 χ
(1)
↑ |F(2ω) · ẑ|.

The relative phase between the two colours ϕω,2ω fully controls the phase of P↑
2N .

The second achiral pathway (Fig. 1) involves the absorption of 2N +2 x-polarized photons of ω frequency, emission
of a z-polarized photon of 2ω frequency and emission of a z-polarized 2N harmonic. The polarization term associated
with this pathway is

P↓
2N = P2N+2 χ

(1)
↓ F∗(2ω) = a↓e

−iϕω,2ω ẑ (26)

where a↓ = P2N+2 χ
(1)
↓ |F∗(2ω) · ẑ|. The arrows ↑ and ↓ indicate whether the 2ω photon is absorbed or emitted.

The total achiral contribution to polarization at 2Nω frequency is given by P↑↓
2N = P↑

2N + P↓
2N . If one of the

two pathways is dominant, then ϕω,2ω fully controls the phase of P↑↓
2N . If both pathways are equally intense, i.e.

a↑ = a0e
iϕ↑ and a↓ = a0e

iϕ↓ , then we have

P↑↓
2N = a0

(︂
eiϕ↑eiϕω,2ω + eiϕ↓e−iϕω,2ω

)︂
ẑ = 2a0e

ϕ+ cos (ϕ− − ϕω,2ω)ẑ (27)

where ϕ± =
ϕ↓±ϕ↑

2 . Here we control the amplitude and the sign of the achiral contribution in full range. The phase
control is associated with the dependence of the phase of the recombination matrix element on the direction of electron
approach (in the molecular frame). Further, once one includes changes in ionization and recombination times due to
the presence of the 2ω field, one finds δ−dependent corrections to the Volkov phase and thus the phase of a given
harmonic.

IV. DYNAMICAL SYMMETRY GROUP THEORY FOR SYNTHETIC CHIRAL LIGHT

The chirality of molecules is standardly analyzed using molecular point-group theory [4]. Within this approach, a
molecule is chiral if and only if its point-group does not include any improper rotations ŝn. Note that reflection σ̂
and inversion î operations are improper rotations with n = 1 and n = 2, respectively. In this section, we develop
an analogous approach to characterize the chirality of light that is complementary to the formalism based on chiral
correlation functions described in the main text.

A. Locally chiral fields.

Here we show how to use the dynamical symmetry (DS) group theory formalism [5] to characterize whether a field
is locally chiral or not. The spatial dependence of the field is neglected within the dipole approximation, and thus it
can be fully characterized by a time-dependent electric field vector F(t). We assume that F(t) is periodic, with period
T , but our analysis can also be applied to finite pulses that contain several cycles. Following the molecular group
theory approach, we define a locally chiral field from a symmetry perspective as a field whose DS point-group excludes
the following improper-rotational elements (i.e. it is free from reflection and inversion based symmetry elements):

• F(t) cannot be invariant under improper rotations ŝn of any order n. This includes reflection σ̂ and inversion î
operations. Therefore, F(t) cannot be contained within a plane, and thus a non-collinear set-up with at least
two different carrier frequency components is required.
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• F(t) cannot be invariant under time-translations accompanied by spatial improper-rotations. There is a finite
amount of such operations [5]:

1. Time translation of half a period accompanied by spatial inversion, F(t) → î · F(t+ T/2) = −F(t+ T/2).
A field exhibiting this DS is comprised of odd-only harmonics of its fundamental frequency [5]. Thus, to
be locally chiral, F(t) must contain both even and odd harmonics.

2. Time translation of half a period accompanied by spatial reflection, F(t) → σ̂ ·F(t+T/2). A field exhibiting
this DS can only contain even harmonics within the reflection plane and odd harmonics in the perpendicular
axis [5]. Thus, even and odd harmonics must either not be perpendicular or, if they are perpendicular,
then at least one odd harmonic cannot be linearly polarized.

3. Dynamical (2n + 1)-fold improper rotations (odd orders) comprised of time-translations by T/(4n + 2)
accompanied by odd-order improper rotations, F(t) → ŝ2n+1 ·F(t+ T/(4n+ 2). If this DS is a member of
the point-group of F(t), then dynamical reflection is also a member due to closure. As a result, exclusion
of these symmetries leads to the same constraints derived above.

4. Dynamical 2n-fold improper rotations (even orders) comprised of time-translations by T/2n accompanied
by even-order improper rotations, F(t) → ŝ2n ·F(t+T/2n). A field exhibiting this DS for odd values of n is
also invariant with respect to dynamical inversion due to closure, and no further restrictions are required.
A field exhibiting this DS for even values of n is comprised of counter-rotating pairs of circular (2nq± 1)ω
harmonics within the plane transverse to the improper-rotation axis, and even n(2q+1)ω harmonics along
it [5]. Thus, to be locally chiral, it is sufficient that the even and odd harmonics are not perpendicular. If
they are perpendicular, then F(t) must either contain some even harmonics other than n(2q + 1)ω, where
q is any integer, or it must contain some odd harmonics other than (2nq± 1)ω, or at least one of these odd
harmonics cannot be circularly polarized. Another option is that the odd harmonics do not alternate from
right to left circular polarization.

The symmetry requirements presented in Methods that determine whether a field is locally chiral or not are
derived from these constraints. We note that it is also possible to obtain chiral response in HHG within the dipole
approximation using fields that are not locally chiral [6], but the total intensity signal cannot be enantio-sensitive.
Whereas correlation functions describe the interaction of synthetic chiral light with matter, the DS based definition
strictly describes the chirality of light. Thus, the symmetry based approach complements the correlation function
formalism, providing insight into the properties of the field and the design of an experimental set-up.

B. Connection between locally chiral fields and reflection and inversion free fields.

We now prove that if a field is achiral from a symmetry perspective, then all correlation functions h(n) are zero.
The most simple case is when the field is contained within a plane. Then, h(n) = 0 for any order n, as all possible
triple products involving field components are zero. The following proofs involve more complex relations.

Proof 1. Let F(t) be invariant under dynamical inversion such that F(t) = −F(t+ /2). We show that h(n) = 0 for
all orders n. We start with h(3).

H(3)(τ1, τ2) =
1

2π

∫︂ T

0

dtF(t) · (F(t+ τ1)× F(t+ τ2))

=
1

2π

∫︂ T/2

0

dtF(t) · (F(t+ τ1)× F(t+ τ2)) +
1

2π

∫︂ T

T/2

dtF(t) · (F(t+ τ1)× F(t+ τ2)). (28)

Changing variables on the second integral t→ t+ T/2 and using the periodicity of the field, we can write

H(3)(τ1, τ2) =
1

2π

∫︂ T/2

0

dtF(t) ·(F(t+τ1)×F(t+τ2))+
1

2π

∫︂ T/2

0

dtF(t+T/2) ·(F(t+T/2+τ1)×F(t+T/2+τ2)). (29)

Now we use the dynamical inversion relation

H(3)(τ1, τ2) =
1

2π

∫︂ T/2

0

dtF(t) · (F(t+ τ1)× F(t+ τ2))−
1

2π

∫︂ T/2

0

dtF(t) · (F(t+ τ1)× F(t+ τ2)) = 0. (30)

A similar approach is valid for the higher-order correlation functions, because they all involve an odd number of field
vector products.
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FIG. 2. Light’s degree of chirality (Eq. (33)) for the locally chiral field used in the main text (Eq. (2) of the main text) as
a function of ellipticity ε and the relative strenght betweeen the two colours r = F2ω/Fω, for ϕω,2ω = π/2.

Proof 2. Let F(t) be invariant under dynamical reflection such that F(t) = σF(t+T/2). Without loss of generality,
we assume that the reflection is in the xy plane. We start with h(3). Using a similar strategy, we apply the dynamical
reflection relation to Eq. (29), obtaining

H(3)(τ1, τ2) =
1

2π

∫︂ T/2

0

dtF(t) · (F(t+ τ1)×F(t+ τ2))+
1

2π

∫︂ T/2

0

dt(σ̂ ·F(t)) · (σ̂ ·F(t+ τ1))× (σ̂ ·F(t+ τ2)) = 0 (31)

The two terms cancel each other because the triple product forms a pseudoscalar that changes sign every time we
reflect one of the three vector components. Equivalently, h(n) = 0, for any n. A similar proof holds if the field is
invariant under some higher order improper rotational DS.

C. Characterization of light’s degree of chirality using a symmetry-based approach.

In this section we show that the degree of chirality (DOC) of locally chiral light can be analyzed in a way similar
to that used for chiral molecules. While there is no absolute definition of the DOC for molecules, it can be described
using so-called overlap measures [7], which quantify the extent to which an object is different from its mirror image:

DOCmol =
minθ,ϕ,ψ

{︂∫︁
d3r

⃓⃓
⃓R̂z(ψ) · R̂x(ϕ) · R̂z(θ) · V (r)− V (−r)

⃓⃓
⃓
}︂

∫︁
d3r |V (r)| , (32)

where V (r) is the molecular potential and θ, ϕ and ψ are three independent Euler angles. It is easy to verify that
this quantity vanishes if V (r) is invariant under improper rotations, i.e. if the molecule is not chiral. We extend this
definition to light by applying the same concept to the Lissajous curve traced by the electric field over one period,
which is an object spanned in (3+1)D,

DOClight =
minθ,ϕ,ψ∆t

{︂∫︁
dt

⃓⃓
⃓R̂z(ψ) · R̂x(ϕ) · R̂z(θ) · F(t+∆t) + F(t)

⃓⃓
⃓
}︂

∫︁
dt |F(t)| , (33)

where ∆t ∈ [0, T ]. Similarly, DOClight = 0 if the field is not locally chiral. This measure quantifies how far away the
light field is from one of the DSs that render it achiral. We note that, as in molecules, this definition is not unique.

We have calculated the DOC of the locally chiral field of Eq. (2) of the main text, as a function of ellipticity and
the relative strength between the two colours r = F2ω/Fω, for ϕω,2ω = π/2, see Fig. 2. If ε = 0 or r = 0, then the field
is not locally chiral, and thus DOC= 0. For small values of ε or r, the DOC increases linearly with both variables.
Note that, for each value of r, there is an optimal ε0(r) that maximizes the DOC. For ε > ε0(r), the DOC decreases
as ε increases, since the y field component (proportional to ε) becomes negligible for large values of F2ω.
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V. ANOTHER EXAMPLE OF LOCALLY CHIRAL FIELD: COUNTER-ROTATING BI-ELLIPTICAL
FIELD

The field shown in Fig. 1a,b of the main text is only one example of a locally chiral field. Fig. 3 presents an
alternative locally chiral field that has different properties. This field results from combining two counter-rotating
elliptically polarized drivers with frequencies ω and 2ω that propagate in different directions, with their polarization
planes creating a small angle α. Near the focus, the electric fields can be written as [8]

F1(r, t) =
1

2
F1,0 e

−ρ21/ω̃2

ei(k1·r−ωt−δω) (ê1 + iε1 ẑ) + c.c. (34)

F2(r, t) =
1

2
F2,0 e

−ρ22/ω̃2

ei(k2·r−2ωt−2δ2ω) (ê2 − iε2 ẑ) + c.c. (35)

where Fn,0 is the electric field amplitude, εn is the ellipticity, ρn is the radial distance to beams’ axis, ω̃ is the waist
radius, the propagation vectors are defined as k1 = k sin (α)x̂+ k cos (α)ŷ and k2 = −2k sin (α)x̂+2k cos (α)ŷ, where
k = 2π

λ , λ being the fundamental wavelength, and the polarization vectors are given by ê1 = cos (α)x̂− sin (α)ŷ and
ê2 = cos (α)x̂+ sin (α)ŷ. The locally chiral field resulting from combining both beams can be written as

F(r, t) = F0 e
−ρ21/ω̃2

[f1(r, t) + f2(r, t)] (36)

where we have assumed F0 = F1,0 = F2,0 and that ρ = ρ1 ≃ ρ2 at the focus; f1 and f2 are

f1(r, t) =
1

2
ei(Φ1−ωt) (ê1 + iε1 ẑ) + c.c. (37)

f2(r, t) =
1

2
e2i(Φ2−ωt) (ê2 − iε2 ẑ) + c.c. (38)

with

Φ1 = k sin (α)x+ k cos (α)y − δω (39)

Φ2 = −k sin (α)x+ k cos (α)y − δ2ω (40)

The handedness of this locally chiral field depends on the relative phase between the two colours

∆Φ = Φ2 − Φ1 = −2k sin (α)x+ δω − δ2ω (41)

This relative phase does not depend on the direction of light propagation y because k1·y
ω1

= k2·y
ω2

, but it depends on the

transversal coordinate x, as k1·x
ω1

̸= k2·x
ω2

. Thus, the field handedness is not maintained globally in space, it changes

along x. Changing ∆Φ by ±π/2 transforms the locally chiral field into its mirror image (Fig. 3b). This means that
the field has opposite handedness at positions (x, y, z) and (x+∆x, y′, z′), with ∆x = λ

8 sin (α) .

In order to illustrate that this locally chiral field can drive enantio-sensitive response in chiral media, we have
performed calculations for randomly oriented bromochlorofluoromethane molecules using a DFT-based model imple-
mented in Octopus [9–11], as in [6]. We employed the Perdew-Burke-Ernzerhof exchange-correlation functional [12]
of the generalized gradient approximation and pseudopotentials [13] for the Br, Cl, F, and C atoms.

Fig. 3c shows the single-molecule high harmonic response of enantiopure, randomly oriented media of left and right
handed bromochlorofluoromethane molecules. To demonstrate enantiosensitivity in odd harmonic frequencies, we
have applied a polarization filter and show the intensity of the z-polarized radiation. The calculated single-molecule
high harmonic response shows extremely high degree of chiral dischroism in even and odd harmonic orders, reaching
60%. The error bars at the level of 18% are associated with limited number of molecular orientations used for
averaging over orientations. The extreme computational cost of these calculations makes optimization of enantio-
sensitive response prohibitively expensive. In contrast to the field in Fig. 1a, this field is not globally chiral, as its
handedness periodically alternates in space, see below.

A. Analysis of local and global handedness of the counter-rotating bi-elliptical field.

Here we apply the chiral correlation function h(5) (see Eq. (16)) to illustrate the properties of the locally chiral
field in Eq. (36) from this perspective. The analysis of the field correlation function h(5) shows that this locally chiral
field carries different elements of chirality, which manifest itself in two types of correlation functions. (see Eq. (17))

h(5)a = h(5) (−2ω,−ω, ω, ω, ω) (42)

h
(5)
b = h(5) (−ω,−2ω, 2ω, 2ω,−ω) (43)
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FIG. 3. Enantio-sensitive HHG in randomly oriented CBrClFH molecules. Two counter-rotating elliptically polarized ω and
2ω fields (a) generate the locally chiral field shown in panel b, for ϕω,2ω = −π/3 (upper image) and 2π/3 (central and bottom
images). The bottom image has been rotated 180◦ around the y axis to show that the fields for ϕω,2ω = −π/3, 2π/3 are mirror
images. c) z-polarized harmonic intensity in opposite enantiomers of CBrClFH for λ = 1500 nm, Imax = 1.2 × 1013 W/cm2,
ϕω,2ω = 2π/3, ε1 = 0.4, ε2 = 0.3, α = 5◦, and a trapezoidal envelope with 4 cycle turn-on/off and 3 cycle flat-top. d) Chiral
dichroism in the harmonic intensity. An error of ±18% is estimated based on convergence with the number of orientations.

Other options are related to either of these two by a change of sign, by complex conjugation, or by both as discussed
in Methods. Note that the second option was not available for the field discussed in the main text because this option
requires the 2ω field to be elliptically polarized. Furthermore, it requires more than one 2ω photon. Replacing Eq.
(36) in Eqs. (42) and (43) yields

h(5)a = 2i

(︃
F0

2

)︃5

ε1
(︁
1− ε21

)︁
sin (2α) ei[4kx sinα+2(δ2ω−δω)], (44)

h
(5)
b = −2i

(︃
F0

2

)︃5

ε2 sin (2α) [cos (2α) + ε1ε2] e
i[−4kx sinα−2(δ2ω−δω)]. (45)

Interestingly, h
(5)
a is independent of the ellipticity of the 2ω beam. We can also see from these expressions that we

can obtain a locally chiral field with a unique h(5) by setting either of the two ellipticities to zero. That is, the fields
with either ε1 or ε2 equal to zero are also locally chiral. Two different versions of h(5) mean that the field displays
chirality at two different levels, i.e. like a helix made of a tighter helix. Finally, from these expressions it is clear that

h
(5)
a and h

(5)
b oscillate as a function of x with a frequency 4k sinα, in agreement with the reasoning in the previous

section. Consequently, this field is not globally chiral.
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