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Chiral photoelectron spectroscopy using unpolarized light
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This Letter studies the symmetry properties of general vector correlations resulting from one-photon excitation
of chiral molecules. We show that the parity-odd second rank tensor is nonzero for molecules in all chiral point
groups Cn, Dn, T , O, and I . This chirality-sensitive tensor is nonzero even for chiral isotopomers excited by
linearly polarized or even unpolarized light. We develop an irreducible tensor theory based on Curie’s limiting
groups. As an example of vector correlations, recoil-frame photoelectron angular distributions (RFPADs) are
calculated for methyloxirane and CHF 35Cl 37Cl. The difference in the RFPAD between a chiral molecule and its
mirror image reaches ±35% of the maximum value for the RFPAD for unpolarized light and ±55% of the value
for linearly polarized light. Chiral sensitivity in vector correlation is a quite general phenomenon arising from
one-photon excitation by unpolarized and linearly polarized light, and we expect it to be of great importance in
time-resolved spectroscopy of ultrafast chemical reactions.
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The photoelectron angular distribution of chiral molecules
exhibits forward-backward asymmetry [1–3] that is dependent
on the helicity of the light to which these molecules are ex-
posed. Specifically, this asymmetry only appears in the case
that circularly polarized light is employed, while the He I
and He II light sources [4–6] that are typically employed for
photoionization are unpolarized. In addition, short pulses of
linearly polarized light have been frequently used to study
ultrafast chemical reactions, while the generation of ultrashort
pulses of circularly polarized light [7,8] is still under develop-
ment. At present, several techniques allow chiral molecules
to be differentiated using linearly polarized light [9–16] or
unpolarized light [17,18]. Cherebkov pointed out that a longi-
tudinal component of electron spin, due to molecular chirality,
exists even for unpolarized light [17–19], although this re-
mains to be verified experimentally. This theory points to the
importance of symmetry and vector correlation.

As for symmetry, selective elimination and generation of
chiral molecules over their mirror images in the gas and liquid
phases require external fields lacking any rotoreflection (that
is, improper rotation) symmetry, such as circularly polarized
light [20], spin-polarized electrons [21], and combination of
electromagnetic fields [22,23]. Conversely, chiral molecules
can exhibit a lower symmetry response to external fields,
such as the forward-backward asymmetry of the photoelectron
angular distribution [1–3], an electric dipole moment induced
by magnetic fields [24] or orthogonal electric fields [25–27],
and some other examples discussed by Marichez et al. [28]
and by Ordonez and Smirnova [29]. In this way, we may dis-
tinguish chiral molecules by the symmetry of their response

*Contact author: yoshiichisuzuki@hoku-iryo-u.ac.jp

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

to unpolarized light, rather than by the difference in response
between left- and right-handed circularly polarized light.

Circular dichroism in vector correlations [30–33] may
not be related molecular chirality, because vector correlation
[11,17,31–41] can express symmetries that are impossible
with a simple one-particle angular distribution (AD). As an
example, the two-particle AD function x1y2 − x2y1 has the
same symmetry as rotational motions [28], such as angular
momentum xpy − ypx. Here, the particle 1 and 2 [Fig. 1(a)]
are a photoelectron and a phtofragment, respectively, for
the recoil frame photoelectron angular distribution (RFPAD).
This AD function exhibits perfect rotational symmetry about
the z axis but is antisymmetric when the coordinates are in-
verted on a plane including the z axis, while a single-particle
AD with such symmetry does not exist.

This type of antisymmetry in AD will be attributed to the
asymmetry of chiral molecules. As for RFPAD, a one-particle
AD of particle 1 is asymmetric about the plane defined by
the z axis and particle 2 [Fig. 1(b)], due to the left-right
asymmetry of chiral molecules, including chiral isotopomers.
For nonchiral molecules, including nonchiral isotopomers, the
antisymmetric AD is strictly prohibited by symmetry princi-
ples [42,43]. The present Letter shows that chiral molecules
having Cn, Dn, T , O, or I symmetry can be distinguished from
nonchiral molecules on the basis of the reflection symmetry of
the general vector correlation that occurs after irradiating gas
phase molecules with unpolarized light. The symmetry of this
vector correlation can be represented by a parity-odd second
rank tensor. The emergence of this term will prove to be a
rather universal phenomenon using the symmetry principles
[44–48]. Following this, RFPAD is examined as an example
of vector correlation [5,6,49,50] and numerical calculation
results are shown for methyloxirane and a chiral isotopomer.

Seven limiting groups, known as the Curie groups [44–46],
are required to express the symmetry of vector correlation and
light polarization. Three of these,

Kh, D∞h, and C∞v, (1)
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FIG. 1. (a) Geometrical arrangement of recoil-frame photoelec-
tron angular distribution. Here the z axis is parallel to the photon k
vector for the unpolarized light. The blue and red arrows correspond
to the photoelectron (θ1, ϕ1) and recoil fragment (θ2, ϕ2), respec-
tively. (b) Plane of symmetry defined by the D∞ axis and a single
particle (as indicated by the arrow) in D∞h symmetry.

are known as symmetries of atoms and linear molecules. Con-
versely, the remaining four,

K, D∞,C∞, and C∞h, (2)

do not appear as symmetries in single-particle three-
dimensional distributions [51]. This is because a three-
dimensional distribution function having an ∞ axis must
possess a mirror plane that includes the ∞ axis. These four
point groups appear in multiparticle distributions and in more
general vector correlations. This is exactly the case for molec-
ular chirality, which is defined by the relative positions of the
atoms. The symmetry of such molecules, K , can be defined by
rotational averaging while maintaining the relative positions
of atoms, as occurs in the case of gas phase chiral molecules.
Assuming that the symmetry of unpolarized light is D∞h

based on the electric dipole approximation, the symmetry of
the system will equal the intersection

K ∩ D∞h = D∞, (3)

which lacks any rotoreflection symmetry. Even so, the sym-
metry of any single particle will be D∞h based on a
three-dimensional distribution. This is an example of Curie’s
symmetry principle [42], which states that “the effects pro-
duced can be more symmetrical than their causes” [43]. To
make full use of this principle, it is necessary to consider the
theory of irreducible tensors [9,30,52–57].

Constraints associated with the order of the tensor are
included in the symmetry principle [46–48]. As an example,
it is impossible to define a polar molecule using a specific
symmetry operation such as spatial inversion. Instead, the
symmetry of a polar molecule can be defined by a point group
such that the parity-odd rank 1 tensor is totally symmetric. On
this basis, methane (point group Td ) is not polar, even though
the molecule lacks inversion symmetry [58].

The origin of this restriction on tensor order is pertur-
bation theory. In the case of light-matter interactions, the
electric dipole approximation is the lowest order. If we also
use the rotating wave approximation, the interaction Hamil-
tonian can be expressed as T̂ = √

4π/3
∑

q ε
γ ∗
q rY1,q(θ, ϕ).

Here, ε
γ
q is a parity-odd first rank tensor and defines the

polarization of light, γ is the index for purely polarized light,
and any property of excited states, | f 〉 = ∑

i �=0 |i〉〈i|T̂ |0〉,
can be expressed by a linear combination of tensor products

TABLE I. Characters of one-dimensional irreducible represen-
tations (Irrep) for selected elements of D∞h and its subgroups. I ,
inversion; σh, reflection on the xy plane; σv , reflection on the plane
that includes the ∞ axis. The twofold rotation is defined as C′

2 =
σhσv . The last column provides the spherical tensor T (τ )

LM for rank
L and component M = 0, where τ is an index indicating spatial
inversion parity.

Irrep E I σh σv C′
2 D∞ C∞ C∞h C∞v T (τ )

LM

	+
g 1 1 1 1 1 	1 	 	g 	+ T (e)

00 , T (e)
20

	+
u 1 −1 −1 1 −1 	2 	 	u 	+ T (o)

10

	−
g 1 1 1 −1 −1 	2 	 	g 	− T (e)

10

	−
u 1 −1 −1 −1 1 	1 	 	u 	− T (o)

00 , T (o)
20

εq′ε∗
q . These products are decomposed into the parity-even

spherical tensor ρ
γ

LM of rank L and component M, ρ
γ

LM =
−∑

qq′ (−1)q′ 〈1q1q′|LM〉εγ ∗
q ε

γ

−q′ [59]. Due to the properties
of the Clebsch-Gordan coefficients 〈1q1q′|LM〉, L must be in
the range L = 0, 1, 2.

Such tensor constraints are known as Yang’s theorem [60]
in scattering theory. According to this theorem and its exten-
sions to account for odd L [1], light polarization [61], and
vector correlations [31], the AD resulting from one-photon
ionization with arbitrarily polarized light can be expanded
using spherical tensors of rank 2 or less as

dσ

d�
=

2∑

L=0

∑

M

ρLM

∑

τ=o,e

U (τ )
LM (�). (4)

Here, � is a set of angular variables for a many-particle
system, and U (τ )

LM (�) is a spherical tensor function. ρLM is
the statistical tensor for the light, i.e., obtained by averaging
ρ

γ

LM with weight wγ (ρLM = ∑
γ wγ ρ

γ

LM ), and only ρ00 and
ρ20 will have nonzero values in the case of unpolarized light
[9,30,53–57]. To take into account vector correlations, an
index τ is necessary to indicate the spatial inversion parity
and is e or o for even or odd parity, respectively. It should also
be noted that odd parity is possible only for chiral molecules
[62] because ρLM is symmetrical under space inversion.

The function U (τ )
LM (�) obeys the same transformation law

as the spherical tensor components T (τ )
LM . To determine the

difference between D∞ and D∞h, the axially symmetric com-
ponents, M = 0, of the spherical tensor can be classified using
the irreducible representations of D∞h (Table I):

	+
g : U (e)

00 (�), U (e)
20 (�), (5)

	+
u : U (o)

10 (�), (6)

	−
g : U (e)

10 (�), and (7)

	−
u : U (o)

00 (�), U (o)
20 (�). (8)

In Eq. (5), U (e)
00 (�) and U (e)

20 (�) are related to the integral
cross section and the asymmetry parameter [63], respectively.
Using circularly polarized light, the system symmetry can be
C∞ or C∞h for chiral or nonchiral molecules, respectively. In
addition, U (o)

10 (�) in Eq. (6) can appear as a single-particle AD
of chiral molecules by circularly polarized light [1–3], while
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U (e)
10 (�) in Eq. (7) has been observed in the case of spin polar-

ization [64,65] and two-particle correlation [30–32,66,67] in
conjunction with photoionization by circularly polarized light
regardless of molecular chirality.

It is evident that the two components U (o)
00 (�) and U (o)

20 (�)
in 	−

u will be totally symmetric in D∞ [Eq. (8)]. As well,
U (o)

00 (�) can be observed by Coulomb explosion imaging
[36,37] although this requires the participation of at least three
particles. For two-particle AD, the parity-odd second rank
tensor U (o)

20 (�) is the sole chirality-sensitive component to be
observed in one-photon processes with unpolarized light. An
example of U (o)

20 (�) can be generated by an angular momen-
tum addition. That is,

(x1y2 − x2y1)z2 ∝ sin θ1 sin θ2 cos θ2 sin(ϕ1 − ϕ2) (9)

has the same symmetry as U (o)
20 (�).

For polynomial representations like Eq. (9), odd parity
tensors U (o)

LM (�) require at least degree 3, except for a vector
r = (x, y, z), which is a parity-odd rank 1 tensor. The triple
scalar product is an example of U (o)

00 (�), such as (r1 × r2) · r3

and l1 · r2, where l1 is the angular momentum r1 × p1. The
latter suggests that angular momentum polarization is sen-
sitive to molecular chirality, not only electron spin [17–19].
Another example is the one-particle AD function of xyz. This
third rank tensor component describes the AD that occurs
in the photoionization of a chiral molecule by two-photon
linearly polarized light, predicted by Hansen and Berry [9]
and discussed recently [10,62,68].

Until now, tensor components have often been obtained by
controlling the polarization and subtracting or averaging the
responses. For example, the difference

dσ LCP

d�
− dσ RCP

d�
= 2ρ10

[
U (e)

10 (�) + U (o)
10 (�)

]

can be obtained using left and right circularly polarized light,
denoted by LCP and RCP, respectively. Recently, Fehre et al.
observed molecular frame photoelectron angular distribu-
tions, which are three-particle ADs, using circularly polarized
light and they obtained a circular dichroic response [40].
However, in a circular dichroic response, the parity-even
U (e)

10 (�) is still left but parity-odd U (o)
00 (�) and U (o)

20 (�) are
discarded. Alternatively, Tia et al. eliminated U (e)

10 (�) from
U (e)

10 (�) + U (o)
10 (�) via averaging over all azimuthal angles

[33]. A potential issue of this averaging will be discussed later.
Generally, the extraction of a lower symmetry response like
U (o)

10 (�) will be accomplished using the projection operator.
It is possible to extract the chirality-dependent components

U (o)
L0 (�) from the observed AD using symmetry operations.

For a chiral molecule, the AD of its mirror image must be
the same as the AD produced by inverting the laboratory
coordinates, ÎdσR/d� = dσS/d�, where an R/S index [69]
distinguishes the R isomer of a chiral molecule from its
mirror image (the S isomer) and Î is the inversion opera-
tor for the laboratory coordinates of all particles represented
by �. Therefore, the chirality-dependent component can be

defined as

ChAD(�) = dσR

d�
− dσS

d�
(10)

= (1 − Î )
dσR

d�
(11)

= 2ρ20U
(o)
20 (�) (12)

for two-particle ADs (U (o)
00 (�) = 0) using linearly polarized

or unpolarized light (ρ10 = 0). It should be noted that the
reflection operators σ̂h and σ̂v can be used instead of Î . This is
possible because, according to Table I, all improper rotations
of D∞h have the same effect on U (o)

20 (�). This property is
attributed to the fact that D∞ becomes D∞h upon adding
any one of three improper rotations. Hence, no matter which
symmetry operation is used to antisymmetrize AD in Eq. (11),
the same result should be obtained.

To further investigate the symmetry properties of
ChAD(�), this Letter explicitly focuses on the two-particle
AD, ChAD(θ1, θ2, ϕ12), where θ1 and θ2 are the polar angles
associated with particles 1 and 2 and ϕ12 is the difference in
azimuthal angles, ϕ12 = ϕ1 − ϕ2. The symmetry properties

ChAD(π − θ1, π − θ2, ϕ12) = −ChAD(θ1, θ2, ϕ12) (13)

and

ChAD(θ1, θ2,−ϕ12) = −ChAD(θ1, θ2, ϕ12) (14)

can be derived using the reflection operators σ̂h(θi → π − θi )
and σ̂v (ϕi → −ϕi ). In addition, due to the D∞ symmetry,
ChAD(θ1, θ2, ϕ12) is symmetric with the twofold rotation C′

2,
leading to the transformation θ → π − θ and ϕ → −ϕ. Inter-
estingly, if the three angles (θ1, θ2, ϕ12) are regarded simply
as a point in Cartesian coordinates, C′

2 can be interpreted as
inversion about a point ( π

2 , π
2 , 0).

Equations (13) and (14) show that ChAD(θ1, θ2, ϕ12) has
the nodal planes and nodal line

ϕ12 = 0,±π, (15)

θi = 0, π (i = 1, 2) and (16)

θ1 = θ2 = π

2
. (17)

These equations can be regarded as degenerate based on the
two vectors and one line along the ∞ axis in Fig. 1(a). That
is, in the case of Eq. (15), the three elements are on the same
plane whereas, for Eq. (16), one of the vectors overlaps the
line and, for Eq. (17), both vectors are orthogonal to the line.
In all cases, the figure has a plane of symmetry and therefore is
nonchiral. In the theory of prochirality [38,70], this reflection
symmetry has special importance, as explained below.

Certain considerations are associated with calculating
ChAD(θ1, θ2, ϕ12) for nonchiral molecules. According to
Mislow and Siegel [70], a nonchiral molecule can be made
chiral by adding, removing, or substituting an atom at a point
other than on the plane of symmetry. On the basis of this
theorem, which we shall refer to as the chiralization theorem,
nonchiral molecules may be mistakenly regarded as chiral
molecules in the case that only one of the equivalent atoms
or points exchanged by a symmetry operation is considered.
During computational simulations, it is necessary to consider

L060802-3



YOSHI-ICHI SUZUKI PHYSICAL REVIEW A 109, L060802 (2024)

FIG. 2. (a) Molecular z axis of S-methyloxirane. (b) Second
highest occupied molecular orbital. (c), (e) Photoelectron angular
distributions of S- and R-methyloxirane for unpolarized light, as-
suming a photoelectron kinetic energy of 6.1 eV. In the case of (c),
the angle (θ2) between the molecular z axis and the laboratory z
axis, which is parallel to the photon k vector, is assumed to be 45◦.
For (e) the relative azimuthal angle ϕ12 between the photoelectron
and the molecular z axis is assumed to be 90◦. (d), (f) Differ-
ences in photoelectron ADs between the S and R isomers based on
(c) and (e).

all such equivalent atoms simultaneously. In particular, it is
important to note that nonchiral molecules having rotoreflec-
tion symmetry Sn do not possess a plane of symmetry, with
the exception of point group S2(Cs). In calculations for such
molecules, it is essential to average over equivalent atoms.

The above discussion concerning nonchiral molecules also
has implications for chiral molecules. That is, a nonzero
ChAD does not require chirality in the electronic wave func-
tions for the initial and final (continuum) states. This relaxed
condition is the same as that associated with Coulomb ex-
plosion imaging [36,37]. In fact, this Letter demonstrates that
the ChAD of a chiral isotopomer will have the same order of
magnitude as that of a typical chiral molecule even within the
fixed nuclei approximation.

Prior to addressing the numerical calculations, it is helpful
to examine the effect of light polarization on the chirality of
ADs. The symmetry of two-particle AD can be D∞ only for
chiral molecules due to Eq. (3), when using unpolarized light.
D∞ symmetry has no rotoreflection symmetry, so it is chiral.
This is also the case for linearly polarized light because the
difference between unpolarized light and linearly polarized
light is solely the value of ρ20/ρ00. Specifically, these values
are

√
2/2 for unpolarized light and −√

2 for linearly polarized
light. Furthermore, by fixing the angles (θ2, ϕ2), the one-
particle AD symmetries based on Eq. (4) as functions of θ1

and ϕ1 are chiral C1 and nonchiral Cs for chiral and nonchiral
molecules, respectively, due to the mirror plane in Fig. 1(b).
Therefore, the microscopic molecular chirality is projected

FIG. 3. (a) Molecular z axis of R-CHF 35Cl 37Cl. (b) Carbon 1s
molecular orbital. (c), (e) Photoelectron angular distributions of R-
and S-CHF 35Cl 37Cl for unpolarized light assuming a photoelectron
kinetic energy of 2.1 eV. In the case of (c) the angle (θ2) between the
molecular z axis and the laboratory z axis, which is parallel to the
photon k vector, is assumed to be 45◦. For (e) the relative azimuthal
angle ϕ12 between the photoelectron and the molecular z axis is
assumed to be 90◦. (d), (f) Differences in photoelectron ADs between
the R and S isomers based on (c) and (e).

onto the chirality (D∞ and C1) of the macroscopic AD, not
only for a two-particle AD but also for a single-particle AD.

In contrast, as reported by Pier et al. [38], in the case
that circularly polarized light is employed, the ADs associated
with coincident detection may be chiral even for a nonchiral
molecule. The chiralization theorem is a useful means of
examining this phenomenon. The symmetry of a nonchiral
molecules in the gas phase will be Kh while the symmetry
of circular polarization is C∞h. The resulting intersection will
be nonchiral:

Kh ∩ C∞h = C∞h. (18)

According to the chiralization theorem, the symmetry of AD
as a function of (θ1, ϕ1) has a chirality of C1 or C∞ depending
on the fixed point (θ2, ϕ2) that is selected, assuming that this
fixed point is not on the plane of symmetry in C∞h. In other
words, the chirality observed using circular polarization is
induced by the position of the detection device for the particle
2, rather than the chirality of the molecule [38].

In this Letter, RFPADs were calculated for methyloxirane
and CHF 35Cl 37Cl, defining angles θ1 and ϕ1 based on the
photoelectron k vector in the laboratory frame of Fig. 1(a).
Because the dissociation processes of the molecular ions were
unknown, uniaxially oriented molecules were incorporated
into RFPADs [6,49,50]. The direction of particle 2 [Figs. 2(a)
and 3(a)] was defined by the molecular z axis [71], meaning
(θ2, ϕ2) in Fig. 1(a), and the rotational average of the molecule
was taken around this axis. Although there is no atom that
exactly represents particle 2, the hydrogen atom connected to
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the asymmetric carbon atom of methyloxirane and the 35Cl
atom of CFH 35Cl 37Cl are nearby the z axis.

Subsequently, the spherical tensors U (τ )
LM (θ1, θ2, ϕ12) and

Eq. (4) could be expanded as

dσ

d�
=

∑

L1L2L

c(L1L2 )
L

∑

M

ρLMBLM (L1, L2) (19)

using bipolar harmonics [11,31,34,52]

BLM (L1, L2) = 4π

[L1][L2]

∑

M1M2

〈L1M1L2M2|LM〉

× YL1M1 (θ1, ϕ1)YL2M2 (θ2, ϕ2) (20)

where the coefficients c(L1L2 )
L are functions of bound-free tran-

sition dipole moments, [x] = 2x + 1, 〈L1M1L2M2|LM〉 are
the Clebsch-Gordan coefficients, and τ in Eq. (4) is defined
implicitly by the parity of L1 + L2, such as

U (o)
L0 (θ1, θ2, ϕ12) =

∑

L1+L2= odd

c(L1L2 )
L BL0(L1, L2). (21)

For example, Eq. (9) is proportional to B2,0(1, 2) with odd
parity.

As for circular dichroic response (L = 1), the integration
over azimuthal angles gives certainly the relationship L1 +
L2 = odd, due to the property of Clebsch-Gordan coefficients
in Eq. (20). Although this averaging was used in the studies
on RFPAD upon O(1s) photoionization [33,39], azimuth-
dependent components were completely lost. The existence of
azimuthal dependence of ChAD for circularly polarized light
was demonstrated in Figs. S1–S3 of Supplemental Material
[72] for O(1s) of methyloxirane. Specifically, with respect
to ϕ12 = 180◦ in Fig. S2(d), the symmetric component is a
chirality-sensitive component derived due to circularly polar-
ized light, while there is only the asymmetric component in
the case of unpolarized light [Fig. S1(d)]. Only the constant
component remains in the azimuthal average (Fig. S3).

The coefficients c(L1L2 )
L are scalars because they do not

depend on M. In contrast, these coefficients are affected by
the rotation of the molecular coordinates. As an example,
changing the direction of the z axis in Fig. 2(a) modifies the
values of the coefficients. It is possible to show that these
coefficients are tensors of rank L2 with respect to the rotation
of the molecular coordinates [72]. In addition, if a specific ten-
sor contains the totally symmetric representation of the point
group of the molecule, these coefficients will not become zero.
For tensors that depend on the chirality of the molecule, the
only condition is that L1 + L2 is an odd number, such that the
rank L2 is arbitrary. The symmetry of tensor coefficients c(L1L2 )

L
in the molecular frame can be investigated using the effective
operator formalism [73,74]. Such an analysis indicates that for
all chiral point groups Cn, Dn, T , O, and I , U (o)

20 (θ1, θ2, ϕ12) is
nonzero [72]. Therefore, ChAD(�) is sensitive and specific
to chirality because it is nonzero for all chiral molecules and
only for chiral molecules.

It is noteworthy that nonchiral molecules may have
nonzero coefficients c(L1,L2 )

2 with odd (L1 + L2). One exam-
ple is that c(2,1)

2 of the Cs point group has a nonzero value
[72]. Nevertheless, those coefficients must become zero after

averaging over the equivalent atoms, as a particle 2, due to
symmetry principles.

The bound-free transition dipole moments were calculated
based on the equilibrium geometry as optimized using the
second-order Møller-Plesset perturbation theory with the 6-
31G* basis set. These calculations considered ionization from
an initial orbital φ0 to a continuum orbital with an effective
single electron potential [75,76]. The initial orbitals φ0 were
obtained by Hartree-Fock/4-31G calculations. Continuum or-
bitals were obtained by the continuum multiple scattering
Xα method and were then orthogonalized with all orbitals
occupied [75,76]. The energy dependence of selected c(L1L2 )

L
is shown in Fig. S4 of Supplemental Material [72].

Figures 2 and 3 present the RFPADs obtained for the
molecular orbitals in Figs. 2(b) and 3(b). Here, the intensity
has been normalized to the maximum value identified on a
20 × 20 × 20 grid in the three-dimensional space of θ1, θ2,
and ϕ12. In Figs. 2(c) and 2(e), the difference between the
RFPADs of the chiral molecule and its mirror image can be
clearly seen. The difference values shown in Figs. 2(d) and
2(f) reach a magnitude of ±35% of the maximum value of AD
for unpolarized light and ±55% for linearly polarized light,
shown in Fig. S5 of Supplemental Material [72].

Figure 2(d) also clearly shows the angles at which
ChAD(θ1, θ2, ϕ12) becomes zero as in Eqs. (15) and (16).
In particular, Fig. 2(d) is antisymmetric with respect to the
line ϕ12 = 180◦. Similarly, the center of Fig. 2(f) corresponds
to the point at which ChAD becomes zero as expressed by
Eq. (17), and Fig. 2(f) is antisymmetric with respect to the
180◦ rotation around this point.

Figure 3 demonstrates that the ChAD(θ1, θ2, ϕ12) of a
chiral isotopomer CHF 35Cl 37Cl is of the same order of mag-
nitude as that of an ordinary chiral molecule methyloxirane
and that the ChAD does not require the electronic wave func-
tions to be chiral. The latter means that in the calculations,
electronic wave functions (bound and free) belonged to the a′
or a′′ symmetries of the Cs point group of CFHCl2. Nonzero
ChAD is due to the left-right asymmetry of the molecule
[Fig. 3(a)], H on the left and F on the right, and the distin-
guishability of 35Cl and 37Cl. If both 35Cl and 37Cl are detected
equally, another configuration H right and F left should be
taken into account in the calculation, in which case the value
of ChAD becomes zero.

In summary, the RFPAD is very sensitive to molecular
chirality even without circular polarization. Moreover, due
to the chiralization theorem, single-particle ADs are chiral
only for chiral molecules when using linearly polarized and
unpolarized light, as opposed to circularly polarized light.
This phenomenon could potentially be used to perform time-
resolved spectroscopy in conjunction with short pulses of
linearly polarized light. This technique may also assist in
explaining the origin of the homochirality of life based on
light-matter interactions. To this end, it will be important
to perform numerical calculations involving the dissociative
photoionization of chiral molecules using realistic potential-
energy surfaces.
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