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We propose and numerically demonstrate a new chiral spectroscopy method that is based on a universal
system-independent mechanism of dynamical symmetry breaking in high harmonic generation (HHG).
The proposed technique relies only on intense electric-dipole transitions and not on their interplay with
magnetic dipole transitions. The symmetry breaking results in the emission of otherwise “forbidden”
harmonics from chiral media (i.e., that are not emitted from achiral or racemic media), yielding a huge,
nearly background-free, chiral-achiral signal that is correlated to the magnitude of the medium’s
enantiomeric excess. The handedness of the medium can be directly detected by measuring the polarization
helicity of the emitted harmonics. Moreover, the strength of the “allowed” harmonics (that are not related to
symmetry breaking) is chirality independent; hence, they can be used as a reference to probe chiral degrees
of freedom within a single measurement. We numerically demonstrate up to 99% chiral-achiral signal level
(normalized difference between the chiral and achiral HHG spectra) from microscopic gas-phase emission
using state-of-the-art models for HHG in bromochlorofluoromethane and propylene oxide. We expect the
new method to give rise to precise tabletop characterization of chiral media in the gas phase and for highly
sensitive time-resolved probing of dynamical chiral processes with femtosecond-to-attosecond temporal
resolution.
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I. INTRODUCTION

Chirality is a fundamental property of asymmetric sys-
tems that is abundantly observed in nature. Its analysis and
characterization are of tremendous importance in multiple
scientific fields, including particle physics, astrophysics,
chemistry, and biology. For example, amino acids are
generally chiral, as well as DNA and other biologically
active molecules [1,2], making molecular chiral

spectroscopy a necessity for modern drug design [3,4].
Chiral spectroscopy is therefore paramount, and novel
spectroscopic methods are required to enhance signal
strength and resolution, as well as to probe systems with
ultrafast chiral dynamics.
Chiroptical techniques that rely on light-matter inter-

actions are often used to detect and characterize molecular
chirality [5] and are generally divided into two types: (I)
those that require interactions with the magnetic compo-
nents of the light field, and (II) those that rely solely on
the interactions with the electric components of the light
field, which are typically much stronger. The latter usually
provide higher selectivity, while the former usually
provide an easier experimental setup. Accordingly, meth-
ods that require magnetic interactions are historically more
common and include optical rotation, circular dichroism
(CD) absorption spectroscopy, and many more [5,6].
Nevertheless, in the last two decades, electric-dipole-based
approaches have been implemented in liquids and surfaces
(see Refs. [5,7–9] and references therein) and very recently
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also in the gas phasewith several interrelated [10] innovative
methods: photoelectron CD (PECD) [5,11–14] and its
extension to multiphoton [15,16] and strong-field regimes
[17], Coulomb explosion imaging [18,19], and microwave
three-wave mixing spectroscopy [20,21]. Another key chal-
lenge in chiral spectroscopy is probing ultrafast chiral
processes, i.e., time-resolving chiral signals. Femtosecond
resolution was obtained with vibrational CD spectroscopy in
chiral liquids [22], and PECD [12,23–25] and photoexcita-
tion CD (PXCD) [26,27] in the gas phase. Note that PECD
andPXCDarebasedonangularly resolving thephotoelectron
spectrum rather than detecting purely optical responses.
Recently, it was also discovered that high harmonic

generation (HHG) with a helically polarized pump is
chirality sensitive [28–33]. In chiral HHG (cHHG), a chiral
medium is irradiated with an intense laser field, and the
emission spectrum is measured. cHHG is a very promising
technique since it naturally leads to all-optical femtosecond
time-resolved signals, and it is accessible in the gas phase
by simple tabletop setups [28]. However, current imple-
mentations of cHHG exhibit relatively low sensitivity:
about 3% with a somewhat elliptically polarized driver
[28] and about 10% with the so-called bicircular driver
[30,31,33]). This relatively low sensitivity means, for
example, that if the enantiomeric excess of the medium
is 20%, then the observed discrimination is about 2%,
which may already be within the noise level and therefore
not detectable. The main reasons for this relatively low
signal are as follows: (1) it is based on interactions
involving both the electric and the magnetic components
of the light field, and (2) the chiral signal is found by
comparing small differences between two or more har-
monic spectra that are measured separately, which increases
noise. Clearly, a method for cHHG with much larger chiral
signals would open many opportunities, both for character-
izing chiral gas media and for exploring ultrafast chirality.
Here, we predict and numerically demonstrate the first

cHHG scheme with extreme chiral selectivity, which relies
solely on electric-dipole transitions. First, this scheme
yields a chiral signal that is embedded in the intensity of
otherwise “forbidden” harmonics that are not emitted
from achiral media, meaning that the signal is nearly
background-free. Second, we show that the medium’s
handedness is embedded in the emitted harmonic’s
polarization helicities, which change sign if the medium’s
handedness is switched. These properties make possible
chiral selectivity from a single HHG spectrum (single shot).
The new scheme is based on a universal system-independent
mechanism of symmetry breaking in chiral media, utilizing
the fact that chiral media inherently breaks certain sym-
metries (e.g., reflections, inversions, dynamical reflections,
etc.) that are upheld by the pump field. This idea leads to the
emission of a huge chiral signal in the HHG spectrum that is
directly correlated to the enantiomeric excess (ee). We
analyze this approach and detect the responsible physical

mechanism. We present here three feasible realizations of
the method based on (A) a static reflection symmetry, (B) a
dynamical reflection symmetry, and (C) a dynamical inver-
sion symmetry.
The paper is organized as follows: In Sec. II, we present

the concept of our proposal and derive the conditions under
which chirality can be detected. In Sec. III, we numerically
demonstrate and explore three realizations of cHHG that
are based on symmetry breaking of different dynamical
symmetries, using a model chiral potential, a quantitative
DFT-based model, and a state-of-the-art strong-field model
[30,31,34]. We conclude and provide an outlook in Sec. IV.

II. DYNAMICAL SYMMETRY
BREAKING IN CHIRAL MEDIA

We first briefly review dynamical symmetries (DSs) and
selection rules in HHG [35] and explain how they can be
utilized for chiral spectroscopy. We focus on the micro-
scopic response of a molecule to an intense laser pulse,
E⃗ðtÞ. Since the pulse has a femtosecond duration, the Born-
Oppenheimer approximation is employed, and in this
paper, we also employ the dipole approximation (DA).
The microscopic Hamiltonian of a single molecule inter-
acting with a laser field is then given in atomic units and in
the length gauge by

HΩðtÞ ¼ − 1

2

X
j

∇⃗2
j þ

1

2

X
i≠j

1

jr⃗i − r⃗jj
þ
X
j

VΩðr⃗jÞ þ
X
j

E⃗ðtÞ · r⃗j; ð1Þ

where HΩðtÞ is the time-dependent multi-electron

Hamiltonian, r⃗j is the coordinate of the jth electron, ∇⃗2
j

is the Laplacian operator with respect to r⃗j, VΩðr⃗Þ is the
molecular potential, and Ω represents the molecular ori-
entation (as that of a rigid body). The Hamiltonian in
Eq. (1) describes the interaction of an oriented molecule
with a laser pulse, which, due to the nonlinear laser-matter
interaction [the rightmost term in Eq. (1)] generates new
harmonic frequencies. Quantum mechanically, the emitted
harmonics are calculated as the second-order time deriva-
tive of the molecular-induced polarization:

P⃗ΩðtÞ ¼ −hΨΩðtÞjr⃗jΨΩðtÞi; ð2Þ

where ΨΩðtÞ is the full multi-electron wave function for the
orientation Ω, and the integration is performed over all
electronic and spin coordinates. The emitted harmonic
spectrum is extremely sensitive to the presence of sym-
metries in HΩ. For example, only odd harmonics are
emitted if HΩ is invariant under a half-wave rotational
DS [36], and only circularly polarized harmonics are
emitted if HΩ is invariant under an n-fold rotational DS
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(for n > 2) [37–39]. More generally, selection rules are
derived as constraints that are a consequence of the
invariance of HΩ with respect to a unitary spatiotemporal
transformation (see Ref. [35], which presents a general
derivation through group theory for DSs).
When the media is nonoriented, the laser pulse interacts

with all possible rigid-body orientations of the molecule
uniformly. Therefore, the induced polarization from all
orientations should be summed:

P⃗totðtÞ ¼
Z

P⃗ΩðtÞdΩ: ð3Þ

The interaction is described by an effective Hamiltonian for
the orientation-averaged ensemble, HðtÞ, which exhibits a
higher symmetry than HΩðtÞ. As a consequence, many of
the molecular properties are “washed out” in HHG experi-
ments. For instance, HHG from randomly oriented molecu-
lar SF6 gas and atomic argon gas driven by the same
linearly-polarized or bi-circular pump result in identical
selection rules [40] because, in both cases, the orientation-
averaged molecular potential is spherically symmetric. It is
important to note that if the orientation-averaged molecular
potential is spherically symmetric (as in achiral media),
then selection rules arise only as a consequence of the DSs
of the driving laser and not of the microscopic medium.
Accordingly, in spherically symmetric media, one may
engineer a desired spectral selection rule by wisely choos-
ing the pump-beam geometry.
We now describe the rational of our proposal. Let us

consider a chiral ensemble of randomly oriented (chiral)
molecules and an achiral ensemble that could be a medium
of randomly oriented achiral molecules or a racemic
mixture (we do not consider oriented molecular media).
Both ensembles are invariant under rotations [i.e., SOð3Þ],
as they are isotropic. However, only the achiral ensemble is
invariant under reflections and inversions [i.e., underOð3Þ]
since chiral media, by definition, cannot exhibit reflection
and inversion symmetry elements (note that inversion is a
product of a reflection about a plane and a π rotation around
the axis normal to that plane). We can use this property in
order to distinguish between the ensembles and generate a
purely chiral high harmonic signal. To achieve this sepa-
ration, we suggest using pump fields that (i) generate bright
high harmonics, (ii) exhibit a reflection- or inversion-
related DS that leads to forbidden harmonic selection rules
in achiral media (easy to observe) that are broken in chiral
media, and (iii) do not exhibit other DSs that also lead to the
same selection rule but are not broken by chiral media
(such as rotational DSs). To elucidate this last requirement,
consider the following counterexample: Within the DA, a
single monochromatic beam (linearly, elliptically, or cir-
cularly polarized) exhibits a dynamical inversion symmetry
that forbids even harmonic generation [35]. Thus, one may
expect to measure even harmonics from chiral media

driven by such a field. However, monochromatic fields
also uphold trivial 180° rotational DSs around their
propagation axis that are not broken by chiral media,
and lead to the same selection rule. Consequently, the
propagating HHG emission from a single monochromatic
pump beam cannot detect chirality within the DA.
In this paper, we present three representative HHG

geometries that uphold these requirements. Each example
utilizes one of the following three DSs:

σ̂xz; ð4Þ
Ẑ ¼ σ̂xz · τ̂2; ð5Þ

F̂ ¼ ι̂ · τ̂2: ð6Þ

We follow the notation in Ref. [35], where σ̂ij represents
reflection about the ij plane, τ̂2 represents temporal trans-
lation by half of the fundamental period (T), and ι̂
represents spatial inversion. Hence, Eq. (4) describes a
“static” space-only reflection transformation about the xz
plane (y → −y), Ẑ in Eq. (5) is a dynamical reflection
symmetry about the xz plane (y→−y, t → t − T=2), and F̂
in Eq. (6) is a dynamical inversion symmetry (r⃗ → −r⃗,
t → t − T=2). The three DSs in Eqs. (4)–(6) lead to
different selection rules on the emitted harmonic spectrum
from the spherically symmetric ensemble: σ̂xz results in
forbidden y-polarized HHG emission, Ẑ results in forbidden
x-polarized odd harmonic emission and forbidden
y-polarized even harmonic emission [35], and F̂ results in
forbidden even harmonic emission [35] (see Appendix A. 5
for details). These symmetries are all upheld by randomly
oriented achiral media but broken by chiral media, causing
an emission of a background-free (up to noise) chiral signal
in the form of new harmonics, where the medium’s handed-
ness can be retrieved bymeasuring the harmonic’s helicities.

III. CHIRALITY-SENSITIVE HHG
SPECTROSCOPY BASED ON DYNAMICAL

SYMMETRY BREAKING

In this section, we present three schemes for chiral
spectroscopy based on cHHG symmetry breaking using
different pump-beam geometries, where each one upholds
one of the symmetries in Eqs. (4)–(6). We numerically
explore these schemes by (i) solving the time-dependent
Schrödinger equation (TDSE) for a model chiral potential
within the single active electron approximation, (ii) with
a DFT-based model for bromochlorofluoromethane (for
details, see Appendixes A. 1–A. 4), and (iii) using a strong-
field model for propylene oxide (for details, see
Appendix A. 7).

A. “Static” reflection symmetry breaking

We start with the simplest case of the space-only
reflection symmetry, σ̂xz in Eq. (4). In order to engineer
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a laser field that exhibits this symmetry and upholds the
desired requirements, one must consider noncollinear HHG
schemes [41–43]. Any collinear scheme necessarily exhib-
its other DSs that prevent chiral sensitivity in the propa-
gating modes. We therefore consider the following ω − 2ω
noncollinear HHG scheme:

E⃗Aðt; r⃗Þ¼AðtÞE0Re
n
eiðωt−k⃗1·r⃗þϕÞê1þΔeið2ωt−2k⃗2·r⃗Þê2

o
;

ð7Þ

where ω is the optical frequency, k⃗1¼ kðsinðαÞx̂−cosðαÞẑÞ
is the wave vector for the ω beam, k⃗2¼−kðsinðαÞx̂þ
cosðαÞẑÞ is the wave vector for the 2ω beam, ê1 ¼
cosðαÞx̂þ sinðαÞẑ, ê2¼cosðαÞx̂−sinðαÞẑ, α is half the
opening angle between the two beams in the xz plane, k
is the magnitude of the wave vector related to the optical
frequency, AðtÞ is a dimensionless envelope function, E0 is
the field amplitude, Δ is the amplitude ratio between the
beams, and ϕ is an arbitrary phase. The spatial envelope of
the field in Eq. (7) is neglected in the DA (plane-wave
treatment). Overall, E⃗Aðt; r⃗Þ comprises a linearly polarized
fundamental ω beam propagating in the xz plane, and a
linearly polarized 2ω beam propagating in tandem. Both
beams are polarized in the xz plane, and their coherent
superposition generates a microscopic field that is invariant

under σ̂xz, independently of the values of the parameters ϕ
and Δ [see Fig. 1(a)]. This field is not invariant under any
other DS (except σ̂xz); hence, all harmonic orders are
allowed with general elliptical polarization in the xz plane,
while emission of y-polarized harmonics is forbidden yet
should occur in chiral media because of reflection sym-
metry breaking. The microscopic pump field may differ in
areas far from the beam center, but this does not hamper the
scheme since σ̂xz symmetry holds for any phase or intensity
ratio between the ω and 2ω beams.
Figure 1(b) shows the microscopic y-polarized HHG

emission from the model potential chiral ensemble, where
y-polarized harmonics survive orientation averaging. In
contrast, the y-polarized spectrum from the racemic mix-
ture is zero; i.e., y-polarization components do not survive
orientation averaging. This occurs within the DA because
the partner enantiomers in the ensemble acquire an opposite
phase factor—an (R) enantiomer driven by an orientationΩ
is equivalent to an (S) enantiomer driven by the reflected
orientation Ω�, up to a minus sign for the y-polarized
emission, because the pump is reflection invariant. Hence,
in the racemic mixture (achiral ensemble), these contribu-
tions exactly interfere destructively (this is schematically
illustrated in Fig. 2). In other words, there exists a mapping
between the HHG emission from the (R) and (S) ensembles
due to the mirror symmetry in the pump. On the other hand,

(a)

(b) -polarized harmonic spectrum

(A) scheme illustration

Harmonic order

Chiral ensemble
Achiral ensemble

(c) Harmonic ellipticity in plane

E
ll

ip
ti

ci
ty

×
H

el
ic

ity

Harmonic order

Electric field at the focus 

(R) Ensemble
(S) Ensemble

(d) -polarized harmonic yield

FIG. 1. Static reflection symmetry-breaking-based chirality detection in HHG: Numerical model potential results. (a) Illustration of
scheme (A) with the pump field from Eq. (7). The inset shows the 3D Lissajou plot of the microscopic electric field vector in the focus
(though, in this case, the field is 2D and is contained in the xz plane), which exhibits a static reflection symmetry (arrows along the
Lissajou represent the direction of time). (b) Numerically calculated y-polarized HHG emission from the chiral and achiral ensembles
(ψ6 in model potential) for λ ¼ 900 nm, Imax ¼ 6.5 × 1013 W=cm2, ϕ ¼ 0, Δ ¼ 1, α ¼ 150, and a trapezoidal envelope with four-
optical-cycle long turn-on/off and four-optical-cycle long flattop. In the chiral ensemble, all harmonic orders have y-polarized
components (both even and odd), while there is no y-polarized harmonic emission from the achiral ensemble. (c) Calculated harmonic
ellipticities in the xy plane from (R) and (S) ensembles—the helicity changes sign with the medium’s handedness. (d) Integrated
y-polarized yield per harmonics 8–20 vs ee in log scale.

OFER NEUFELD et al. PHYS. REV. X 9, 031002 (2019)

031002-4



there is no such mapping in the chiral ensemble because, by
definition, there is no orientation for which the molecule
can be superposed onto its mirror image. In-between these
two extreme cases (for 0 < jeej < 1), there is partial
destructive interference for the y-polarized emission, caus-
ing the yield to depend on the value of the ee. Importantly,
the y-polarized chiral emission is perpendicular to the plane
of incidence and can therefore conserve momentum and
propagate.
This interference-based mechanism means that the

cHHG spectra from partner chiral ensembles have identical
spectral intensities and are distinguishable in the DA only
through the global π phase shift—the chiral signal emitted
with y-polarization changes sign with the medium’s
handedness, while the x-polarized emission does not
[20,26]. This global phase shift is directly reflected in
the emitted harmonics ellipticities, which change their
handedness between (R) and (S) media as shown in
Fig. 1(c). The ellipticities of some harmonics reach as
high as �0.5; hence, they can be used to characterize
the medium’s handedness in a single-shot measurement
(a single-perturbative or nonperturbative harmonic order
is enough). Furthermore, we note that this electric-dipole-
based response does not require interference between
different HHG channels because it is a result of the
coherent interference of emissions from different molecular
orientations, making our scheme general and system
independent (the only prerequisite is that harmonics are
generated). It is also worth mentioning that the pump field
in Eq. (7) leads to chiral selectivity even though it is
comprised of linearly polarized beams (that are individually
achiral). This is because the coherent superposition of the

beams generates an overall helical field with nonzero
optical chirality [44–46], analogously to the scheme pre-
sented in Ref. [20].
Figure 1(d) presents the integrated intensity of the

y-polarized emission per harmonic order vs the medium’s
ee, which is numerically calculated by coherently adding
the polarization from both enantiomers and renormalizing:

P⃗ee
totðtÞ ¼

ð1þ eeÞP⃗ðRÞ
tot ðtÞ þ ð1 − eeÞP⃗ðSÞ

tot ðtÞ
2

; ð8Þ

where ee is the enantiomeric excess. The intensity of the y
emission increases parabolically as a function of the ee for
ee ∈ ½0; 1�, and it results in extremely large chiral/achiral
signals that are effectively single shot because the intensity
of the “forbidden” emission can always be normalized with
respect to the “allowed” emission that is chirality insensi-
tive. The spectroscopy technique can therefore be used for
single-shot high-resolution ee measurements. We define
the chiral/achiral signal between the two ensembles per
harmonic order n as

Sn ¼
Iee¼1
n − Iee¼0

n

Iee¼1
n þ Iee¼0

n
; ð9Þ

which ranges from 0 to 100% (note that Sn discriminates
between the chiral and achiral ensembles, not the (R)
and (S) ensembles, and differs by a factor of 2 from standard
definitions for chiral signals). A similar measure can be
defined through the HHG helicity in the xy plane to
distinguish the (R)/(S) ensembles:

Hn ¼ hee¼1
n − hee¼−1

n ; ð10Þ
where hn is the helicity of the nth harmonic. The product of
Hn and Sn provides the standard (R)/(S) chiral selectivity
that ranges from −200% to 200% per harmonic order.
Other effective chiral observables can also be defined. For
example, one may average Sn over all harmonic orders to
increase the signal-to-noise ratio. Numerically, we find
100% disparity between chiral and achiral media for the
y-polarized emission, and (R)/(S) handedness selectivity
through the helicity of the emitted harmonics. The maximal
signal is attributed to the fact that σ̂xz is an exact symmetry
of our model (this symmetry has no temporal part and is
therefore not broken by the finite duration of the laser pulse,
or by ionization). In reality, magnetic interactions that are
neglected in this analysis may increase the noise in accor-
dance with standard cHHG (∼5%) [30], possibly slightly
reducing the signal.

B. Dynamical reflection symmetry breaking

We now consider symmetry breaking of the dynamical
reflection symmetry in Eq. (5). In order to engineer a laser
field that exhibits Ẑ symmetry and upholds the desired
requirements, we consider the following bichromatic non-
collinear ω − 2ω geometry:

(R) (S)

Molecular mirror image

FIG. 2. Mechanism for destructive interference in HHG from
racemic mixtures illustrated in scheme (A): For every orientation
Ω of enantiomer (R), there exists a DA-equivalent orientation Ω�
for enantiomer (S) due to the reflection symmetry of the pump
and the mirror image relation between the (R) and (S) enan-
tiomers. These two orientations exactly destructively interfere for
y-polarized HHG emission in the achiral ensemble (which differs
by a sign between the two enantiomers for every orientation pair
Ω;Ω�). However, for nonracemic mixtures (nonzereo ee), the
destructive interference is incomplete, leading to y-polarized
HHG emission. The purple Lissajou plot shows the overall vector
pump field in the dipole approximation, and Ω and Ω� denote the
equivalent molecular orientations of (R) and (S) enantiomers that
lead to destructive interference.
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E⃗Bðt; r⃗Þ ¼ AðtÞE0Refeiðωt−k⃗1·r⃗þϕÞŷþ Δ1 eið2ωt−2k⃗1·r⃗Þê1
− iΔ2eið2ωt−2k⃗2·r⃗Þê2g; ð11Þ

whereΔ1;2 are relative amplitude ratios between the beams,
and other symbols are as previously defined. Note that
E⃗Bðt; r⃗Þ is comprised of a 2ω beam linearly polarized in the
xz plane and propagating with a wave vector k⃗2, and a
bichromatic cross-linearly polarized ω − 2ω beam propa-
gating with a wave vector k⃗1 [see Fig. 3(a) for illustration].
The superposition of these noncollinear bichromatic beams
is invariant in the DA under Ẑ DS, independently of the
phase relation ϕ and amplitude ratios Δ1;2, even though the
microscopic field is a 3D vector field [see inset in Fig. 3(a)].
This results from the fact that the ωwave is polarized along
the y axis and is always transverse to the 2ω waves that are
elliptically polarized in the xz plane.
Figure 3(b) presents the intensity of the emitted har-

monics polarized along the x axis from the model potential
chiral and achiral ensembles. As seen, x-polarized odd
harmonics do not survive orientation averaging in the
achiral ensemble due to the selection rules imposed by
Ẑ DS. However, they do survive orientation averaging in
the chiral ensemble. The mechanism for this effect is
identical to that in the static symmetry-breaking case
described in Fig. 2, though here the signal-to-noise ratio

is lower since Ẑ DS is also somewhat broken by the finite
duration of the pulse and by ionization in the medium (i.e.,
some x-polarized odd harmonics can also be emitted from
the achiral ensemble). Similarly to scheme (A), the map-
ping between HHG emission from (R) and (S) ensembles
leads to a global π phase shift for the chiral signal, while the
achiral emission is identical between the (R) and (S)
ensembles. Consequently, the ellipticity of the odd har-
monics [see Fig. 3(c)] in the xy plane changes sign with the
medium’s handedness (because y-polarized odd harmonics
constitute an achiral signal). Note that in Fig. 3(b), the
intensity of the even allowed harmonics does not depend on
the chirality and can be used as a normalization to make
the scheme single shot. Figure 3(d) presents the integrated
power of x-polarized odd harmonics vs the ee, for ee ∈
½0; 1�, showing that this scheme is highly sensitive over a
wide spectral range, with the same parabolic scaling as in
scheme (A). We find a disparity of 99% between the chiral
and achiral ensembles through the integrated x-polarized
odd harmonic power, though magnetic interactions will
slightly decrease this signal (by about 5% according to
standard cHHG [30]).
It is worthwhile mentioning that Ẑ DS also leads to

forbidden y-polarized even harmonic emission selection
rules [35]. As a result, y-polarized even harmonics also
constitute a nearly background-free chiral signal. Their
ellipticity also changes sign with the medium’s handedness,

Electric field at the focus 

+

(b) -polarized harmonic spectrum

Harmonic order

Chiral ensemble
Achiral ensemble

(c) Harmonic ellipticity in plane

E
ll

ip
ti

ci
ty

×H
el

ic
ity

Harmonic order

(R) Ensemble
(S) Ensemble

(d) -polarized odd harmonic yield

(a) (B) scheme illustration

FIG. 3. Dynamical reflection symmetry-breaking-based chirality detection in HHG: Numerical model potential results. (a) Illustration
of scheme (B) with the pump field in Eq. (11). The inset shows the 3D Lissajou plot of the microscopic electric field vector in the focus,
which exhibits a dynamical reflection symmetry (arrows along the Lissajou represent the direction of time). (b) x-polarized high
harmonics emitted from the chiral and achiral ensembles (ψ6 in the model potential), for fundamental wavelength λ ¼ 900 nm,
Imax ¼ 4.2 × 1013 W=cm2, ϕ ¼ π=9, Δ1 ¼ 1.1, Δ2 ¼ 0.97, α ¼ 150, and a trapezoidal envelope with four-cycle turn-on/off and four-
cycle flattop. (c) Calculated harmonic ellipticities in the xy plane from (R) and (S) ensembles—the helicity changes sign with the
medium’s handedness. (d) Integrated power of the y-polarized odd harmonics 9–19 vs the ee in log scale.
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since the x-polarized even harmonics are achiral, and can be
used as a single-shot reference [see Fig. 3(c), which
presents the ellipticities of both even and odd harmonics].
This scheme, therefore, favorably leads to chiral signal
emission in all polarization axes, unlike scheme (A).

C. Dynamical inversion symmetry breaking

We consider a third method for chiral spectroscopy
through dynamical inversion symmetry breaking [Eq. (6)]
that is driven by the following noncollinear bichromatic
ω − 3ω beam geometry:

E⃗Cðt; r⃗Þ ¼ AðtÞE0Re

�
eiðωt−k⃗2·r⃗þϕÞðê2 − iε1ŷÞ

þ Δ eið3ωt−3k⃗1·r⃗Þðê1 þ iε3ŷÞ
�
; ð12Þ

where ε1 is the ellipticity of theω beam, ε3 is the ellipticity of
the 3ω beam, and other symbols are as previously defined
[see Fig. 4(a) for illustration]. E⃗Cðt; r⃗Þ is comprised of two
elliptical beams propagating in tandem in the xz plane with
carrier frequency ratios 1∶3, which upholds F̂ symmetry for
all coordinates along the beampaths, for any ellipticities ε1;2,

amplitude ratioΔ, opening angleα, and phaseϕ, aswell as in
the presence of ω components in the 3ω beam.
Figure 4(b) shows that in the model potential, F̂

symmetry is broken by the chiral ensemble and leads to
the generation of even harmonics, while this symmetry is
upheld in the achiral ensemble where even harmonics are
forbidden. A disparity of 96% is obtained in the even
harmonic intensities, while odd harmonics provide an
achiral reference signal. Similar to schemes (A) and (B),
the chiral even harmonic emission is globally phase shifted
by π when the medium’s handedness is switched. However,
in this case, there is no achiral emission of even harmonic
frequencies; therefore, this phase is difficult to measure,
as it is not directly reflected in the harmonic ellipticities.
Still, scheme (C) has some advantages because here the
chiral signal is nearly background-free regardless of its
polarization components. Notably, there are 7 independent
degrees of freedom (d.o.f.) in the bichromatic beam
E⃗Cðt; r⃗Þ, including ellipticities, opening angles, etc., which
provide much freedom for optimizing the signal-to-noise
ratio. Because of limited computational time, we cannot
fully optimize these parameters (each calculation for a
single orientation takes about 24 hrs on a Tesla K80 GPU,
and many calculations need to be performed to orientation

(a)

(b) Emitted harmonic spectrum

(C) scheme illustration

Chiral ensemble
Achiral ensemble

(c) Chiral/achiral signal vs. 

[deg]
Si

gn
al

 %
Harmonic order

Electric field at the focus 

+

FIG. 4. Dynamical inversion symmetry-breaking-based chirality detection in HHG: Numerical model potential results. (a) Illustration
of scheme (C) with the pump field given in Eq. (12). The inset shows the 3D Lissajou plot of the microscopic electric field vector in the
focus, which exhibits a dynamical inversion symmetry (arrows along the Lissajou represent the direction of time). (b) High harmonics
emitted from the chiral and achiral ensembles (ψ15 in the model potential), fundamental wavelength λ ¼ 700 nm, Imax ¼ 1013 W=cm2,
ϕ ¼ π=2, Δ ¼ 1, ε1 ¼ 0.4, ε3 ¼ 0.3, α ¼ 200, and a trapezoidal envelope with four-cycle turn-on/off and five-cycle flattop. (c) Chiral/
achiral signal from y-polarized even harmonics as a function of α for the same conditions as in panel (b). The dashed line represents an
approximately ∼ sinð2αÞ trend line for the harmonic yield, roughly representing the increase of the chiral signal with α.
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average both ensembles). Thus, we focus on the most
important d.o.f.
Figure 4(d) presents TDSE calculations of the chiral/

achiral signal of several harmonic orders as a function of
the opening angle, α. For α → 0, the signal diminishes,
which is expected because for α ¼ 0 the microscopic field
is invariant under a 180° rotational DS that forbids even
harmonic generation, and it is not broken by chiral media;
hence, the signal diminishes as this DS is approached. The
noncollinear scheme is thus necessary to break this rota-
tional DS. The chiral/achiral signal ratio shows an overall
increasing trend with the longitudinal pump-field ampli-
tude, which depends linearly on sinðαÞ. This behavior is
complex and different for different harmonic orders, as
shown in Fig. 4(d). The trend also applies to schemes (A)
and (B)—a noncollinear beam geometry is essential for
chiral signal propagation. Similarly, we expect the chiral
signal to decrease when any other parameter choices lead to
a 180° rotational DS in Eq. (12), such as Δ → 0. Another
prominent principle for choosing the values of the free
parameters is maximizing the harmonic yield (see
Appendix A. 6 for further discussion).
For scheme (C), we also present density-functional-

theory (DFT) based model calculations for the chiral

molecule bromochlorofluoromethane (CBrClFH) and
molecular strong-field model calculations for the chiral
molecule propylene oxide (C3H6O). Generally, the chiral/
achiral signal may differ in different systems due to
dependence on various parameters, including the molecular
structure, ionization potential, and other chemical and
physical properties. It is therefore useful to perform
quantitative calculations on real systems other than the
examined model potential. For this purpose, we employ a
DFT-based model for CBrClFH using the real-space grid-
based octopus code [47,48] (see Appendix A. 2). Scheme
(C) is realized using 3ω − 5ω frequency ratios in the pump
field, where ω corresponds to 3300-nm light [F̂ symmetry
may also be obtained by any pair of beams with frequency
ratios ω1∶ω2 that, in reduced fractional form, are odd
integers, where for a 1∶1 ratio from monochromatic beams,
scheme (C) reduces to (A)]. Results are presented in
Figs. 5(c), and confirm the model potential calculations—
the disparity between the chiral and achiral ensembles
reaches as high as 99%, and the odd harmonic signal
remains achiral, corroborating the generality of our
approach. Moreover, a molecular strong-field model is
employed in C3H6O (see Appendix A. 7) as is presented in
Figs. 5(d) and 5(e); it supports previous analytical and

(a) (b) (c)Total harmonic yield Chiral/achiral signal per harmonic

Chiral ensemble
Achiral ensemble

Si
gn

al
 %

-polarized harmonic yield

(d) (e)

Bromochlorofluoromethane (DFT)

Propylene oxide (strong field)

Total harmonic yield -polarized harmonic yield

Harmonic order Harmonic order

Harmonic order Harmonic order Harmonic order

FIG. 5. Dynamical inversion symmetry-breaking-based chirality detection in HHG from DFT-based calculations for CBrClFH
[(a)–(c)] and a molecular strong-field model for C3H6O [(d,e)]. (a) Total orientation-averaged high harmonic signal from the chiral and
achiral ensembles of CBrClFH from a DFT-based model for fundamental wavelength λ ¼ 3300 nm, frequency ratios 3ω − 5ω in the
pump field, Imax ¼ 1.2 × 1013 W=cm2, ϕ ¼ π=2, Δ ¼ 1, ε1 ¼ 0.4, ε3 ¼ 0.3, α ¼ 200, and a trapezoidal envelope with four-cycle turn-
on/off and three-cycle flattop. (b) Same as panel (a) but for a y-polarized emitted harmonic signal. (c) Chiral/achiral signal per harmonic
order defined through the harmonic integrated y-polarized signal, reaching as high as 99%. (d,e) Orientation-averaged harmonic spectra
under similar settings to (a)–(c) from a strong-field model for C3H6O but with ω − 3ω in the pump field for fundamental wavelength
λ ¼ 1900 nm, and Imax ¼ 5 × 1013 W=cm2.
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numerical results (though here the signal reaches exactly
100% because the strong-field model is perfectly time
periodic).
It is worth noting that the chiral/achiral signal obtained

from CBrClFH is larger than the one obtained from the
model potential under a similar setting (the mean intensity
ratio of chiral even harmonics to their reference achiral
neighboring odd harmonics is larger by a factor of 3 in
CBrClFH than in the model potential). This naturally
reflects the degree of chirality of these two systems, where
the model potential exhibits a relatively low chirality
compared to that of a real molecule (see Appendix A. 1).

IV. CONCLUSIONS AND OUTLOOK

To summarize, we proposed and numerically demon-
strated a novel system-independent approach for cHHG
that is based on dynamical symmetry-breaking spectros-
copy (and not on the detailed mechanism of the HHG
process). Our approach relies solely on intense electric-
dipole transitions and not on the interplay of both magnetic
and electric dipoles as in all other cHHG schemes [28–
31,33], making it strong and highly robust. We explored
different feasible realizations for the scheme by systemati-
cally engineering pump fields with various dynamical
symmetry properties that are broken in chiral media.
This approach is general and can be applied via an infinite
set of geometries [i.e., our suggested schemes (A), (B),
and (C) are representative.] Remarkably, the technique
results in extremely high chiral/achiral sensitivity of up to
99%, which outperforms, by far, the ability of previous
cHHG techniques to discern chiral media [28–33]. It also
allows direct access to the medium’s handedness by
measuring the harmonic’s helicities, which change sign
when the medium’s handedness is switched. Notably, here
we predicted and analyzed cHHG based on electric-dipole
interactions microscopically. In a future paper [49], we will
show that cHHG based on electric-dipole interactions can
provide very large chiral sensitivity, both in the microscopic
response and in the macroscopic emission. Furthermore, in
Ref. [49] we will introduce a new type of chiral light and
show that it allows discriminating between opposite enan-
tiomers at the level of total signal intensities.
At first glance, the conditions at which chiral sensitivity

can be observed within the electric-dipole approximation
may seem arbitrary. For instance, schemes (B) and (C)
only differ by beam-frequency ratios, but one allows
(R)/(S) sensitivity while the other only allows chiral/achiral
sensitivity. Nonetheless, these seemingly minute
differences are a manifestation of the underlying dynamical
symmetry group of the pump beam [35] and of which
symmetry elements are included or excluded from it. We
believe that this comprehensive analysis will be useful in
many areas of physics and chemistry. Beyond the general
formalism, our work paves the way for tabletop, highly
sensitive, chiral spectroscopy in the gas phase, and for

single-shot, femtosecond-resolved, ultrafast spectroscopy
of chiral processes (including weak chirality). We also
believe that this work will advance HHG spectroscopy for
other physical phenomena, including magnetic inter-
actions, spin-orbit effects, and more, by implementing an
analog approach.
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APPENDIX: A NUMERICAL DETAILS AND
ADDITIONAL DATA

This appendix contains details on the methodology
used in numerical calculations presented in the main
text, as well as additional results. The file is ordered as
follows: Appendix A. 1 describes the model chiral poten-
tial. Appendix A. 2 describes the DFT-based model used
for bromochlorofluoromethane (CBrClFH). Appendix A. 3
describes the integration details of the TDSE performed for
both models. Appendix A. 4 describes the details of the
orientation averaging and its convergence. Appendix A. 5
derives the selection rules for the dynamical symmetries
(DSs) used in schemes (A)–(C), following Ref. [35].
Appendix A. 6 provides additional numerical DFT-based
model calculations for CBrClFH in different parameter
settings for scheme (C). Appendix A. 7 describes the
molecular strong-field model used for propylene oxide.

1. Model chiral potential—Numerical details

A chiral model potential is described by the following
expression:

Vðr⃗Þ ¼ − z1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr⃗ − r⃗1Þ2 þ a

p − z2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðr⃗ − r⃗2Þ2 þ a

p
− z3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðr⃗ − r⃗3Þ2 þ a
p − z4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðr⃗ − r⃗4Þ2 þ a
p ; ðA1Þ

where z1;2;3;4 ¼ 1.5, 1.25, 1, 0.75, respectively, r⃗1 ¼ 0,
r⃗2 ¼ −x̂, r⃗3 ¼ ŷ, r⃗4 ¼ ẑ bohr, and a ¼ 0.05 a:u: The
isosurface plot for this potential is presented in Fig. 6(a).
The enantiomeric atom is found by reflecting along the yz
plane (i.e., r⃗�2 ¼ x̂). The eigenstates for this potential
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are found by complex time propagation of the TDSE
(as detailed in A. 3) and a Gram-Schmidt algorithm, imple-
mented to a self-consistency convergence<10−8 hartree and
<10−5 in the maximal wave-function difference. The initial
states chosen in calculations are the 6th, 14th, and 15th
excited states. Their ionization potentials are Ip ¼ 1.112,
0.776, 0.633 hartree, respectively, which were converged in
the grid parameters <10−3 hartree. The isosurface plots for
these orbitals are presented in Fig. 6(d) and clearly show a
chiral nature (the lack of any reflection or inversion sym-
metries).Notably, themain text presents numerical results for
this model chiral potential even though its orbitals are not
highly chiral (see Fig. 6—the orbitals do not exhibit exact
reflection or inversion symmetries but are not far from it).
In a realistic molecular system with valance orbitals that are
localized on the chiral center, the signal is higher. This
prediction is supported by numerical calculations from
different initial orbitals that show that orbitals with larger
chirality lead to larger disparity, as well as in comparison to
the case of CBrClFH, which is much more chiral. This
example highlights the importance of the chirality of the
initial state and not just that of the chiral molecular potential.

2. DFT-based model for bromochlorofluoromethane

The DFT-based model for a chiral molecule was con-
structed using real-space, grid-based, ground-state DFT
calculations performed with the octopus code [47,50,51].
Calculations were performed using the Perdew-Burke-
Ernzerhof (PBE) [52] exchange-correlation functional of
the generalized gradient approximation (GGA), which was
previously shown useful for describing the optical pro-
perties in CBrClFH [53]. The frozen-core approximation
was assumed, and inner-core orbitals were treated using
norm-conserving pseudopotentials [54], where a total of 26
valence electrons were used in the neutral molecule.
Specifically, the ½Ar�3d10, [Ne], [He], and [He] shells of
Br, Cl, F, and C atoms were described with pseudopoten-
tials, respectively. The Kohn-Sham (KS) equations were

solved to self-consistency with a tolerance of less than
<10−9 hartree, and the grid spacing was converged to
Δx ¼ 0.4 bohr, such that the total energy per electron was
converged to less than <10−4 hartree, and the KS highest
occupied molecular orbital (HOMO) eigenvalue was con-
verged to less than <10−4 hartree.
First, the molecular structure of CBrClFH was relaxed to

less than <10−4 hartree=bohr in forces within unpolarized
DFT calculations (i.e., neglecting the spin d.o.f.). Second,
in this relaxed geometry, spin-polarized DFT calculations
were performed on the singly ionized system (the molecular
ion). From these calculations, the KS potential was
extracted, which includes contributions from both the
external molecular potential and mean-field electron-
electron effects. This effective potential has the correct
Coulomb tail to describe the single HOMO electron and is
completely free of self-interaction for the HOMO orbital.
Third, this effective KS potential was diagonalized similarly
to the chiral model potential in A. 1, and the TDSE for the
HOMO electron was solved as specified in Appendix A. 3.
The second enantiomerwas found by reflecting the potential
and HOMO orbital along the yz plane. Figure 7 describes
the effective KS potential and HOMO.

(a) (c)(b)

FIG. 6. Isosurface plots for (a) the chiral model potential, (b) the sixth orbital, and (c) the 15th orbital. In each subfigure, a second
viewpoint is shown in the inset. Isosurfaces for the potential are s ¼ 0.15, 0.3, 0.4, 0.5, 0.6 Vmax, and for the orbitals, they are s ¼ 0.05,
0.1, 0.25, 0.75jψ jmax

2. In diagram (a), the lines represent the molecular backbone for the model potential, where d ¼ 1 a:u:

(b)(a)

FIG. 7. (a) Effective KS potential for the molecular CBrClFH
ion. (b) The HOMO orbital for the effective KS potential used in
calculations. Blue, purple, yellow, red, and green spheres stand for
C, F, Cl, Br, andH atoms, respectively. Isosurfaces for the potential
are s ¼ 0.05; 0.1; 0.25; 0.75jψ jmax

2.
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3. TDSE—Numerical details

The TDSE defined by the Hamiltonian in Eq. (1) in the
main text was solved numerically on a 3D real-space L3

grid for L ¼ 100 bohr for the model potential and L ¼
120 bohr for the DFT-based model. The grid spacing was
chosen to be equidistant with Δx ¼ Δy ¼ Δz ¼ 0.2604,
and 0.4 bohr for the model potential and DFT-based model,
respectively. The numerical integration was performed
using the third-order split step method [55,56], with a time
step of Δt ¼ 0.02 a:u: if λ ¼ 900 nm, 1500 nm, 3300 nm,
and Δt ¼ 0.015 a:u: if λ ¼ 700 nm. An imaginary absorb-
ing potential was used to prevent reflection from the
boundaries of the form

Vabðr⃗Þ ¼ −iηðjr⃗j − r0ÞγΘðjr⃗j − r0Þ; ðA2Þ
where for the model potential, η¼1.5×10−3, r0 ¼ 36 bohr,
and γ ¼ 4.3 for ψ15 and η ¼ 10−3, r0 ¼ 33 bohr, and γ ¼ 4

for ψ6, and for the DFT-based model, η ¼ 10−3,
r0 ¼ 39 bohr, and γ ¼ 3.2. The induced polarization
was calculated according to Eq. (2) in the main text on
a twice-reduced time grid (i.e., every other time step), and
the dipole acceleration was calculated directly using a fifth-
order finite difference approximation for the second-order
time derivative:

a⃗ðtÞ ¼ d2

dt2
P⃗totðtÞ: ðA3Þ

4. Orientation averaging—Numerical details

Orientation averaging for the models described in
Appendixes A. 1 and A. 2 was achieved by repeatedly
solving the TDSE for varying beam propagation orienta-
tions and realigning the calculated induced polarization
along the correct axis with rotation matrices. This pro-
cedure was used for 24 major alignments along the three
Cartesian axes, which were prechosen such that, for each
orientation Ω in the ensemble, the inverted and reflected
orientations Ω� also exist, which was verified against a
48-orientation ensemble that upheld similar constraints.
Two independent variables are required in order to define

the orientation of a rigid body in 3D. We used a normalized
vector v⃗, which defines the z axis in the frame of the
propagating beams in terms of the Cartesian coordinates x0,
y0, z0 in the molecular frame of reference [which corre-
sponds to the potential form in Eq. (A1), or the effective KS
potential for the DFT-based model], accompanied by an
angle 0 < θ ≤ 2π that defines the relative rotation about the
v⃗ axis (such that θ ¼ 00 corresponds to the x axis in the
beam’s frame of reference). The orientations are given by
all permutations of the angles θ ¼ 00, 90°, 180°, 270°, and
v⃗0 ¼ �x̂0;�ŷ0;�ẑ0, which altogether span 24 rigid-body
orientations, and the 48-orientation ensemble against which
convergence was attained was additionally spanned by the
vectors v⃗0 ¼ ð�x̂0 � ŷ0 � ẑ0Þ.

Convergence is tested with respect to the amount of
orientations and is converged up to 3% in chiral signal
strength [i.e., the chiral signal per harmonic changes, on
average, by 3% between the 24- and 48-orientation ensem-
bles; see Fig. 8(a)] and up to 15% in the ratio of the chiral-to-
nearby-achiral harmonic emission, i.e., the relative yields of
2n=2nþ 1, even/odd, harmonic orders for integer n [see
Fig. 8(b)]. This relatively rapid convergence can be explained
as follows:
(1) The grid is specifically chosen to hasten the con-

vergence of the DS selection rule—the mechanism
relies on interference between the inverted molecular
orientations, so a clever grid choice reduces the
amount of orientations required for convergence.

(2) The chiral signal is based on intense electric-dipole
transitions. This case is very different from standard
magnetic effects that lead to small signals, wheremild
changes to the harmonic yield can drastically change
the signal strength. Consider the following example—
a reduction in the intensity of a harmonic by 10%
(i.e., due to some unaccounted for orientations) only
changes the chiral/achiral signal from 96.3% to
95.5%. By contrast, in a magnetic-dipole-based small
signal (standard cHHG), a 5% chiral/achiral signal
will change to 0% (no chiral signal) if the intensity is
changed by the same mere 10% because the achiral
signal is much larger than the chiral one. This result
means that such techniques requirevery dense angular
grids to reach convergence compared to our scheme.

(3) The pump field spans all 3D coordinate space; thus,
even a single orientation excites all three spatial axes
in the molecular reference frame [see Fig. 8(c) for
illustration of the 48-orientaion ensemble pump-
field Lissajou curves], meaning less orientations are
required to probe the full molecular response.

5. Selection rules derivation for the DSs in
schemes (A)–(C)

For self-completeness, we derive the selection rules for
the three DSs used in the main text, following the derivation
in Ref. [35]. First, we expand the nonlinear polarization
P⃗totðtÞ from Eq. (3) in the main text to a Fourier series:

P⃗totðtÞ ¼
X
n

F⃗n expðinωtÞ; ðA4Þ

where the coefficients F⃗n are complex numbers, n is any
integer that represents the nth harmonic, and ω is the optical
frequency. This expansion is justified in the Floquet limit,
where the HHG process is time periodic and only discrete
harmonics are emitted. Following the proofs in Ref. [35], a
DS of the full Hamiltonian is also necessarily a DS of the
induced polarization in Eq. (A4). Using this rule, one can
derive the constraints on the emitted frequency components
F⃗n by enforcing the invariance of P⃗totðtÞ under the DSs,
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which leads to eigenvalue problems in the frequency
domain. For σ̂xz presented in scheme (A), this means

X
n

F⃗n expðinωtÞ ¼
X
n

σ̂xz · F⃗n expðinωtÞ: ðA5Þ

Equation (A5) can be simplified to the following constraint
for all harmonic orders:

σ̂xz · F⃗n ¼ F⃗n: ðA6Þ

Assuming a general form for F⃗n,

F⃗n ¼ ðFn;x; Fn;y; Fn;zÞ; ðA7Þ

Eq. (A6) leads to the constraint Fn;y ¼ 0. This result means
that if σ̂xz is upheld in the Hamiltonian, no microscopic
y-polarized harmonics are emitted.

Similarly, we derive the constraints for Ẑ ¼ σ̂xz · τ̂2 DS
used in scheme (B):

X
n

F⃗n exp(inωtÞ¼
X
n

σ̂xz · τ̂2 · F⃗n expðinωtÞ

¼
X
n

σ̂xz · F⃗n expðinωðt−T=2Þ); ðA8Þ

leading to the selection rules where Fy emission is only
allowed for odd harmonics, and Fx;z emission is only
allowed for even harmonics.
Lastly, the constraints for F̂ ¼ ι̂ · τ̂2 DS used in scheme

(C) are

X
n

F⃗n exp (inωtÞ ¼
X
n

ι̂ ·τ̂2 · F⃗n expðinωtÞ

¼
X
n

− F⃗n exp ðinωðt − T=2Þ); ðA9Þ
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Lissajou electric field in scheme (C) in molecular 
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FIG. 8. Convergence with respect to angular grid density in scheme (C) for the DFT-based model, with the same parameters as
Fig. 5. (a) Chiral/achiral signal per harmonic order vs orientations. (b) Chiral even harmonic emission ratio to nearby
odd achiral harmonic emission. The average ratio is 0.5 for this particular parameter choice. (c) Exemplary representation of the
48-orientation ensemble—the Lissajou curves of the 48 different orientations of pump fields used in the molecular reference frame.
As seen, the electric field drives all three spatial axes, even from a single orientation.
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FIG. 9. Dynamical inversion symmetry-breaking-based chiral selectivity in HHG from DFT-based model calculations for CBrClFH.
(a)–(c) Chiral signal per harmonic order defined through the harmonic integrated y-polarized yield for fundamental wavelength
λ ¼ 3300 nm, frequency ratios 3ω-5ω in the pump field, Imax ¼ 1.2 × 1013 W=cm2, ϕ ¼ π=2, Δ ¼ 1, ε1 ¼ 1, ε3 ¼ 1, for
α ¼ 7.50; 13.750; 200, and a trapezoidal envelope with four-cycle turn-on/off and three-cycle flattop.
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leading to selection rules where no even harmonic emission
is allowed. Because these DSs involve a reflection oper-
ation (inversion is a product of reflection and a rotation),
they are upheld in achiral media and break in chiral media,
emitting a nearly background-free chiral signal.
Notably, one may also consider time-reversal DSs for

chiral spectroscopy [35]. However, these DSs lead to linear
polarization restrictions that do not allow background-free
detection when broken (because the selection rules do not
lead to forbidden emission). Furthermore, time reversal is
also slightly broken due to strong-field ionization, which
reduces the signal-to-noise ratio. Hence, we do not consider
these DSs for chiral spectroscopy.

6. Numerical calculations for different α values
and bicircular beams

We present here calculations for scheme (C) for the DFT-
based model of CBrClFH under several parameter settings
that are different than those presented in Figs. 4 and 5 in the
main text. Figure 9 presents the chiral signal per harmonic
order for several opening angles α but for ε1 ¼ ε3 ¼ 1, i.e.,
a bicircular beam (whereas in Figs. 4 and 5 in the main text,
results are presented for a bi-elliptical beam). The same
qualitative scaling of the chiral signal is observed for
α → 0.

7. Numerical model for strong-field HHG calculations
in propylene oxide

The high-order harmonic response of a gas-phase
ensemble of randomly oriented propylene oxide molecules
was evaluated using the method described in Ref. [30], for a
single ionization-recombination channel. The harmonic
intensity is given by [34]

In ¼ ðnωÞ4jD⃗ðnωÞj2; ðA10Þ

where ω is the fundamental frequency, n is the harmonic
number, and D⃗ is the frequency-domain dipole induced by
the strong field, which results from coherently adding the
contributions from all possible molecular orientations:

D⃗ðnωÞ ¼
Z

dΩ
Z

dβD⃗ΩβðnωÞ; ðA11Þ

where D⃗Ωβ is the harmonic dipole associated with a given
molecular orientation (denoted by two parameters,Ω and β).
The integration over the solid angle Ω was calculated using
the Lebedev quadrature [57] of order 17, i.e., employing 110
Lebedev points. For eachLebedev point, the integration over
β was performed within the trapezoid method, using 40
different geometries. The single-molecule dipole response
D⃗Ωβ associated with a given orientation was evaluated using
the saddle-point method for HHG [34]. Within this method,
D⃗Ωβ is factorized into three terms:

D⃗ΩβðnωÞ ¼ aionΩβðnωÞ · apropΩβ ðnωÞ · a⃗recΩβðnωÞ; ðA12Þ

which are associated with strong-field ionization, propaga-
tion, and radiative recombination, respectively. Strong-field
ionization amplitudes were evaluated using the following
expression:

aionΩβ ¼
�

2π

i∂2Sðtr; ti; p⃗Þ=∂t2i
�

1=2
exp (−iSðt0i; ti; p⃗Þ)

E⃗ðt0iÞ · d⃗ionΩβðt0iÞ; ðA13Þ

where ti ¼ t0i þ it00i is the complex ionization time, p⃗ is the
canonical momentum [related to the kinetic momentum,
k⃗ðtÞ ¼ p⃗þ A⃗ðtÞ], A⃗ðtÞ is the vector potential [related to the
time-dependent electric field E⃗ðtÞ ¼ −∂tA⃗ðtÞ], d⃗ionΩβðt0iÞ is
the dipole-transition amplitude from the initial state to the
Volkov state with kinetic momentum Refk⃗ðt0iÞg, and

Sðt; t0; p⃗Þ ¼ 1

2

Zt

t0

(p⃗þ A⃗ðτÞ)2dτ þ Ipðt − t0Þ; ðA14Þ

where Ip is the ionization potential. For the single-channel
response considered here, propagation amplitudes can be
written as

apropΩβ ¼
�

2π

iðtr − tiÞ
�

3=2
exp (−iSðt0r; t0i; p⃗Þ); ðA15Þ

where tr ¼ t0r þ it00r is the complex recombination time.
Recombination amplitudes are given by

a⃗recΩβ ¼
�

2π

i∂2Sðtr; ti; p⃗Þ=∂t2r
�

1=2
expð−iSðtr; t0r; p⃗Þþ inωtrÞ

d⃗recΩβ(k⃗ðt0rÞ); ðA16Þ

where d⃗recΩβ is the corresponding photorecombination matrix
element. These matrix elements were computed within the
static-exchange DFT method [58–61], as in Ref. [30].
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