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Molecular chirality plays an essential role in most biochemical processes. The observation and
quantification of chirality-sensitive signals, however, remains extremely challenging, especially on ultrafast
timescales and in dilute media. Here, we describe the experimental realization of an all-optical and ultrafast
scheme for detecting chiral dynamics in molecules. This technique is based on high-harmonic generation
by a combination of two-color counterrotating femtosecond laser pulses with polarization states tunable
from linear to circular. We demonstrate two different implementations of chiral-sensitive high-harmonic
spectroscopy on an ensemble of randomly oriented methyloxirane molecules in the gas phase. Using two
elliptically polarized fields, we observe that the ellipticities maximizing the harmonic signal reach up to
4.4� 0.2% (at 17.6 eV). Using two circularly polarized fields, we observe circular dichroisms ranging up
to 13� 6% (28.3–33.1 eV). Our theoretical analysis confirms that the observed chiral response originates
from subfemtosecond electron dynamics driven by the magnetic component of the driving laser field. This
assignment is supported by the experimental observation of a strong intensity dependence of the chiral
effects and its agreement with theory. We moreover report and explain a pronounced variation of the signal
strength and dichroism with the driving-field ellipticities and harmonic orders. Finally, we demonstrate the
sensitivity of the experimental observables to the shape of the electron hole. This technique for chiral
discrimination will yield femtosecond temporal resolution when integrated in a pump-probe scheme and
subfemtosecond resolution on chiral charge migration in a self-probing scheme.
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I. INTRODUCTION

The detection and characterization of chirality plays a
central role in a broad range of sciences. Therefore, the
development of ever more sensitive chiral spectroscopies
has received considerable attention. Their basic principle
relies on the interaction with light, which is itself chiral
[e.g., circularly polarized light (CPL)] [1], as in optical
rotatory dispersion [2], circular dichroism (CD), or Raman
optical activity [3–6]. The asymmetry in the absorption
of right versus left CPL is typically <10−3 (see Ref. [7])
due to the small size of most chiral molecules relative to
the helical pitch of the CPL [8], which has limited the
applicability of these methods to the condensed phase.
Recently, several chiral-sensitive techniques have been

developed for the gas phase. The sensitivity of thesemethods,
such as three-wave-mixing microwave spectroscopy [9],
Coulomb-explosion imaging [10–13], and laser-induced
mass spectrometry [14,15], resides in the electric-dipole

nature of the relevant interactions. Photoelectron circular
dichroism (PECD) [16] encodes the chiral response into the
asymmetry of the photoelectron angular distribution with
respect to the field propagation direction [17,18]. PECD
measurements have been realized both in the single-photon
[16,19] as well as in the multiphoton regimes [20–23] and
have recently been extended to study molecular relaxation
dynamics [24] and timedelays inmultiphoton ionization [25].
High-harmonic generation (HHG) has recently been

shown to offer an attractive alternative approach [26,27].
HHG can be rationalized on a simplistic level as a sequence
of three steps: strong-field ionization, propagation of the
liberated electron in the continuum, and recombination
with the parent ion. As each step encodes structure-specific
information into the resulting spectrum, a temporal reso-
lution of a fraction of an optical cycle (≈0.1 fs) can be
achieved [28–30]. Unfortunately, CD studies using HHG
have remained extremely challenging due to the drastic
reduction of the HHG yield associated with the increase of
the driving-field ellipticity. The only published experimen-
tal investigation of chiral media using HHG [27] revealed a
chiral response defined in terms of the ellipticity maxi-
mizing the HHG yield on the order of 1% for methylox-
irane and 2% for fenchone.
In this article, we describe the realization of an exper-

imental scheme for studying chiral ultrafast phenomena in
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isolated molecules. It relies on bicircular high-harmonic
generation (BHHG) [31–33] driven by laser fields of
tunable ellipticities. The application of BHHG to study
static and time-dependent symmetries of atoms and mol-
ecules has been termed bicircular high-harmonic spectros-
copy (BHHS) [34–36]. Its potential for the study of chiral
molecules has ignited some theoretical interest [26,37,38],
whereby inconsistent predictions regarding the expected
degree of circular dichroism have been made (∼3% in
Ref. [37] versus up to 80% in the previous study [26]).
On the experimental side, chirality-sensitive BHHS is still
in development, and promising experimental results have
been reported from several groups. In Ref. [39], Fleischer
et al. reported on the observation of a 30%-chiral effect.
Using an experimental scheme based on the detection of
photoelectrons generated in a krypton gas target employing
BHHG radiation, Harada et al. [40] found a pronounced
difference in the responses of the (R) and the (S) enan-
tiomers of gas-phase limonene.
Our experimental results obtained with methyl oxirane

(MOX, C3H6O) show CD effects of 3%–8% over wide
parameter ranges, reaching up to 13% in specific cases. This
level of chiral discrimination is similar to that achieved in
PECD, but is simpler to realize because it is detected all-
optically and does not require the angle-resolved detection of
electrons. Moreover, the CD observed in our work extends
over a broad range of photon energies (∼10–30 eV), in
contrast to PECD, which is large only in the close vicinity of
the ionization threshold (see, e.g., Ref. [19]). Our theoretical
analysis shows that the measured CD is entirely dominated
by laser-field-induced magnetic-dipole transitions in the
molecular cation between ionization and recombination.
In this way, our findings lend support to the predictions
and conclusions of previous theoretical work [26,37,38].
The observed chiral discrimination thus relies on subfemto-
second electron dynamics driven by the magnetic-field
component of the laser field, offering the opportunity to
study a new class of laser-controlled charge migration [30].

II. RESULTS

Our experiments consist in measuring the high-harmonic
spectra emitted from enantiopure samples of chiral mole-
cules (methyl oxirane) in a seeded supersonic molecular
beam. High-harmonic generation is driven by a laser field
synthesized from elliptically polarized laser pulses centered
at 1800 or 1900 nm (∼40 fs pulse duration) and their second
harmonic with opposite ellipticity. The emitted high-
harmonic spectra, which typically cover photon energies
of up to 35 eV, are detected with a flat-field spectrometer.
Further experimental details are given in the Appendix.
We discuss two complementary approaches for detecting

CD using BHHS. In both cases, the HHG yields of the
two enantiomers are recorded as a function of the field
ellipticity (ϵω ¼ −ϵ2ω) as the polarizations of the funda-
mental (ω) and the second-harmonic (2ω) components are

simultaneously varied from linear (ϵω ¼ −ϵ2ω ¼ 0) via
elliptical to circular (ϵω ¼ −ϵ2ω ¼ 1). The two schemes
differ in the range of ellipticities at which the CD effect is
studied and will be referred to as “bicircular” and “biellip-
tical.” Details on the optical implementation of these two
schemes are given in the Appendix.
Figure 1 illustrates the results of the bicircular measure-

ments. The top panel of Fig. 1(c) displays the high-
harmonic spectrum emitted from R-MOX when using
circularly polarized driving fields. This spectrum displays
the expected emission of pairs of neighboring frequencies,
i.e., ð3qþ 1Þω and ð3qþ 2Þω, whereas the frequencies
3qω are strongly suppressed (q being an integer). This is a
consequence of the conservation of angular momentum,
spin symmetry, and parity in BHHG, which has been
discussed previously [31,32,34].
Our work focuses on identifying the signatures of

molecular chirality in these spectra. For this purpose, we
show in Fig. 1(a) the intensity of a selected harmonic order
(H20) emitted from R- or S-MOX as a function of the
ellipticity ϵω ¼ −ϵ2ω ¼ jϵj of the two field components,
which is varied by rotating an achromatic broadband zero-
order quarter-wave plate (QWP) in the common beam path.
The relation between the ellipticity and the QWP angle α is
given by ϵ ¼ tanðαÞ. The comparison of the two traces
immediately reveals that the intensity of the R enantiomer
dominates for α ¼ 45°, whereas that of the S enantiomer
dominates for the opposite setting. Prior to comparison, the
traces corresponding to the two enantiomers have been
normalized with respect to the signal integrated over the
entire scanned range as a function of the QWP angle α, i.e.,

IR=Sðα; nωÞ ¼
ĨR=Sðα; nωÞR

α ĨR=Sðα; nωÞdα
; ð1Þ

with ĨR=Sðα; nωÞ being the signal prior to normalization.
We note that the value of the denominator in Eq. (1) is
independent of the system’s chirality. We first discuss
the CD at a given photon energy nω as a function of α,
defined as

CDðnω; αÞ ¼ 2½IRðnω; αÞ − ISðnω; αÞ�
max ½IRðnω; αÞ þ ISðnω; αÞ�

; ð2Þ

where max stands for the maximum with respect to α.
CDðnω; αÞ is plotted as a green curve in Fig. 1(b). The
chiral response maximizes for ellipticity values close to
perfectly circular polarization. It is opposite for the two
rotation directions of the light polarization, as required by
symmetry. Our definition of CD differs from the tradi-
tional one, where the denominator is merely given by the
sum of the signals of the two enantiomers, because
the latter yields artificially high values of the CD in the
ellipticity regions associated with low intensities and is
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even ill defined in the limit of pure bicircular polarization
since IR=Sð3qω;�45°Þ ¼ 0.
The ellipticity-resolved CD signal shown in the lower

panel of Fig. 1(c) exhibits a pronounced oscillatory pattern,
which is mainly localized in the high-ellipticity region
α ∈ ½�35°–�55°� and progressively decreases as the
ellipticity is diminished. Each class of harmonic orders
[n ¼ f3q; ð3qþ 1Þ; ð3qþ 2Þg] possesses a distinct modu-
lation pattern; most notably, the maxima of CDð3q;ωÞ are
shifted from the positions of maximum field ellipticity by
Δα ≈�10°, whereas the remaining groups peak around
α ≈�45°. A comparison of the CD oscillation pattern with
the ellipticity variation of the HHG yield is presented in
Fig. 2 for three selected harmonic orders [and over the
complete range of photon energies in Figs. S1(a) and S2(a)
of Supplemental Material (SM) [41] ]. These results show
that the maxima of jCDðnω; αÞj closely follow the locations
of maximal spectral intensity.
In the following, we use the trajectory formalism arising

from the saddle-point treatment of the BHHG process [42]
in order to identify the physical origin of this behavior.
Restricting the analysis to one cycle of the fundamental,
the suppression of the 3q orders at α ¼ �45° results from
the destructive interference of the emission from three
identical electron trajectories separated by a phase shift
of ð2πÞ=ð3ωÞ. Multiple representative “branches” of
such solutions for ionization events constrained to ti ∈
f−½ð2πÞ=ð3ωÞ�; 0g are given in Fig. S3 of the SM [41] as a
function of the (real part of the) recombination time.

Detuning the ellipticity of the drivers from circularity
perturbs the location of the saddle points and lifts the
degeneracy between the three replicas of each branch
[cf. Figs. S4(a) and S4(b) of SM [41] ], thus removing
the destructive interference in the 3q harmonics. As a
result, the latter start to gain intensity as the polarization of
the driving fields is tuned from circular to elliptical.
We restrict our analysis to the set of shortest electron

trajectories (saddle-point solutions; see red line in Fig. S3
of SM [41]). This contribution is by far the dominant one
because the solutions associated with longer travel times
are exponentially suppressed by wave-packet dispersion.
This solution is, moreover, strongly favored by phase-
matching considerations. Simultaneously, we consider only
small deviations from the (bi)circular case, i.e., Δα ≈�15°,
as in this region the spectrum can still be assumed to
be dominated by this single-branch contribution. We
calculate the perturbed saddle points within one cycle of
the fundamental and coherently sum their contributions
using a simplified approach based on hydrogenlike ioniza-
tion or recombination matrix elements. Interestingly, this
approximate treatment is sufficient to capture the main
features of the oscillatory structure of the spectrum
(cf. Fig. 2 herein and Fig. S5 of SM [41]). The experimental
variations of the intensities of three selected harmonic
orders as a function of the QWP angle are compared to the
theoretical predictions in Figs. 2(a)–2(c). As observed in
the experiment, the modifications in the relative phases
between the emissions from the three subcycle replicas of

(a)

(b)

(c)

+

+

FIG. 1. Circular dichroism measurement using the bicircular scheme. (a) HHG yields for harmonic 20 of R- and S-MOX as a function
of the QWP rotation angle. A moving average with a span of 5 data points was applied on the measured signal. The insets show Lissajous
representations of the electric component of the driving laser fields. (b) Ellipticity-dependent differential circular dichroism signal
CDð20ω; αÞ. (c) Top: Spectrum of R-MOX recorded for the setting α ¼ −45°; bottom: spectrogram showing the CD as a function of the
QWP angle and the photon energy. The colors encode the sign of the CD. The intensities are Iω ∼ 3 × 1013 W=cm2 and
I2ω ∼ 1.1 × 1013 W=cm2. The error bars in (a) represent 2 standard deviations of the measured signal.
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one trajectory branch give rise to maxima in the 3q-
harmonic intensities appearing at α ¼ 35° and 52°,
respectively. These are the same positions at which the
associated CD signal (jCDð3qω; αÞj) maximizes, as evident
from the data displayed in Figs. 2(d)–2(f). At perfect
ellipticity, the destructive-interference condition brings
the CD below the detection threshold of the experiment.
Simultaneously, the introduced relative phase shift between
the three emissions from the trajectories can result in
destructive interferences in the remaining two groups of
harmonics, as seen from the spectral signal for n ¼ 3q� 1
at α ≈ 35°. Importantly, the magnitude of the CD again
closely follows the magnitude of the total signal, just as in
the case of the 3q harmonics. The fact that the forbidden
harmonics maximize at positions different from α ¼ 45°
has consequences for the magnitude of the chiral response
at these energies, as we elaborate below when discussing
the ellipticity-averaged CD.
Our analysis thus explains the observed modulations of

the high-harmonic intensities as a function of the ellipticity
(or QWP angle) in terms of constructive and destructive
interferences between the three dominant trajectories
launched during one cycle of the fundamental field. We
further observe that the magnitude of the CD follows the
high-harmonic intensity, suggesting that the CD itself is
controlled by the same interference effect that modulates
the high-harmonic intensity, for both the “allowed” har-
monics (3q� 1) and the forbidden harmonics (3q).
We now investigate the effect of the laser parameters on

the observed spectra. This is an important aspect in all
studies of high-harmonic spectroscopy, since it enables a
distinction of effects originating from the static (electronic
and geometric) structure of molecules from effects induced
by dynamics taking place between ionization and recombi-
nation [43–47]. The importance of such dynamics in the
chiral response has indeed been inferred from theoretical
work in Ref. [27], but an experimental confirmation in

terms of an intensity dependence of the observed spectra
has not been reported.
Figure 3 shows two complete sets of data recorded at

different intensities, i.e., an unchanged fundamental inten-
sity (Iω ¼ 3 × 1013 W=cm2) and a second-harmonic inten-
sity of I2ω ¼ 1.1 × 1013 W=cm2 (top row of Fig. 3, same as
in Fig. 1) or I2ω ¼ 7.5 × 1012 W=cm2 (bottom row). This
minor change of the intensity ratio between the two fields
has a major impact on the observed signals.
First, we note that neither the cutoff nor the intensity

envelope of the HHG spectra [Figs. 3(a) and 3(b)] is
significantly changed. In contrast to this, the intensity ratio
of neighboring harmonics [Ið3qþ 2Þ=Ið3qþ 1Þ, shown in
Figs. 3(c) and 3(d)] changes substantially; e.g., the photon
energy at which the ratio drops below 1 shifts from ∼16 to
∼13 eV [35,48]. Second, we study the CD as a function of
energy by integrating over ellipticity ranges of large CD:

CD�ðnωÞ ¼
Z �55°

�20°
CDðnω; αÞdα: ð3Þ

The superscript � specifies the helicities of the two field
components; i.e., “þ” denotes the configuration where the
fundamental beam is (close-to-)right circularly polarized
(ϵω ≈ 1) and the second harmonic is (close-to-)left circu-
larly polarized (ϵ2ω ≈ −1) and vice versa.
The quantity CD�ðnωÞ [Figs. 3(e) and 3(f)] shows an

even higher sensitivity to the intensity compared to the
previously discussed observables. The reduction of I2ω by
one-third reduces the CD�ðnωÞ by a factor of ∼2–5,
depending on the photon energy. In the SM (Sec. 2.2)
[41], we present additional measurements recorded at a
different fundamental wavelength (1420 nm, cf. Fig. S7
[41]) and two different intensities. The strong dependence
of the measured CD on the wavelengths and intensities of
the driving lasers suggests that the CD is dominated by

(a) (b) (c)

(d) (e) (f)

FIG. 2. Ellipticity dependence of the spectral intensity and the CD. (a)–(c) Comparison of the HHG intensity modulations for
harmonic orders 18, 19, and 20 of 1800 nm (full lines) with the calculation results (dashed lines) obtained with the theoretical model
discussed in the text. The data sets shown correspond to the measurement presented in Fig. 1 for R-MOX. Panels (d)–(f) show the
corresponding ellipticity-dependent chiral response CDðnω; αÞ. The strong-field (SFA) calculations have been performed assuming a
single-cycle continuous-wave bicircular pulse centered at 1800þ 900 nm, with intensity of the fundamental driving field set at
Iω ¼ 5 × 1013 W=cm2 and a field strength ratio of η ¼ F2ω=Fω ¼ 0.75.
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chiral electronic dynamics induced by the strong driving
fields. We return to this point in Sec. III B.
The angle-averaging procedure has the advantage of

partially canceling the effects of polarization impurities.
Residual imperfections lead to an asymmetric intensity
distribution for the bielliptical fields of opposite hand-
edness (Fig. S2 of SM [41]). However, the averaging
procedure also reduces the maximum of CDðnω; αÞ
as a function of α. The nonaveraged quantity is
presented in Figs. S3 and S6 (SM) [41]. While the
averaged CD [CD�ðnωÞ] varies in the range of 3� 1%
(at 20.7 eV) to 7.7� 1.5% (30.3 eV), the maximal CD
values reach up to 13� 6%.
Closer inspection of Figs. 3(e) and 3(f) indicates that

CD�ðnωÞ does not vary smoothly as a function of the
photon energy, but exhibits pronounced variations from one
harmonic order to the next. This trend is most clearly
observed in the “forbidden” 3q harmonics, whereby
CD�ð3qωÞ assumes consistently lower values (by a factor
of ∼1.5) compared to the “allowed” harmonics. We
attribute this trend to the shift of the CD maxima of the
3q harmonics to regions of lower ellipticity [cf. Figs. 2(a)
and 2(d)] discussed earlier. This behavior becomes pro-
gressively less pronounced on approaching the cutoff,
which is in line with the reduction of the contrast in the
suppression of the 3q orders in this region [cf. spectra in
Figs. S1(a) and S1(b) in the SM [41]].

Figure 4 introduces the principle of the bielliptical
approach, which relies on locating the ellipticity ϵω ¼
−ϵ2ω that maximizes the high-harmonic signal for a
given enantiomer in the region of small ellipticity values
jϵωj≲ 0.2. In this approach, the polarizations of the
two driving fields are chosen to be parallel to each
other at zero ellipticity (linear polarization) as opposed
to the perpendicular configuration imposed by the “in-line”
setup chosen to realize the bicircular’ scheme. Figure 4(a)
shows the yields of R-MOX (blue), S-MOX (red), and a
racemic mixture of the two enantiomers. Whereas the yield
of the racemate maximizes at zero ellipticity, the yields
from the two enantiopure samples maximize for nonzero
and opposite values of the ellipticity. The circles represent
measured high-harmonic intensities, whereas the full lines
represent a Gaussian fit to the data points.
Figures 4(b) and 4(c) show the maximizing ellipticities

ϵ1 ¼ −ϵ2 as a function of the photon energy for two
different combinations of Iω and I2ω given in the caption.
The data in Fig. 4(c) extend to higher photon energies
compared to Fig. 4(b) because of the higher driving
intensities. In both panels, the maximizing ellipticities of
the enantiopure samples display the expected symmetry
with respect to zero ellipticitiy. In Fig. 4(b), the maximizing
ellipticities are larger, up to ∼4.4�0.2% (17.6 eV), com-
pared to Fig. 4(b), where all ellipticities remain well
below 2%.

(a) (c) (e)

(b) (d) (f)

FIG. 3. Intensity dependence of CD. (a),(b) Angle-integrated [α ∈ �ð20° − 55°Þ] CD�ðnωÞ for bielliptical fields of opposite
handedness (þ or −, encoded as blue or red) as a function of the photon energy for two different intensities [cf. text insets in (c) and (d)].
(c),(d) Energy dependence of the ratio of two neighboring allowed harmonics [Ið3qþ 2Þ=Ið3qþ 1Þ] at α ¼ 45° for the measurements in
(a) and (b). (e),(f) HHG spectra of R-MOX at the bicircular configuration (QWP angle α ¼ 45°) recorded under the experimental
conditions reported in (c) and (d), respectively. The error bars in (c)–(f) represent 2 standard deviations of the measured signal.
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These results demonstrate a second experimental
approach to detect molecular chirality using BHHS. As
in the case of the bicircular scheme, the observed signatures
are found to display a large intensity dependence, which
again points to the central role of electronic dynamics in
the chiral response.

III. DISCUSSION

A. Mechanisms of chiral discrimination

In the following, we discuss possible mechanisms
underlying the chiral discrimination observed in our experi-
ments. Our analysis closely follows the theoretical pro-
cedure outlined in Ref. [27]. Since HHG is only phase
matched along the propagation direction of the driving
beams, the present measurements lack an observable
sensitive to the forward-backward asymmetry, which rules
out a mechanism based solely on electric-dipole inter-
actions (as in PECD measurements). This implies the
participation of the magnetic laser field component [27],
which can manifest itself in two ways: first, by means of the
Lorentz force deflecting the electron trajectory out of the

plane perpendicular to the field propagation axis, and
second, through the interplay of electric- and magnetic-
dipole transitions between the cationic states during the
transit of the electron in the continuum [27].
Regarding the first mechanism, which has so far not been

studied for the case of bicircular driving fields, the results
of our analysis presented in the SM (Sec. III) [41] suggest
that at the intensities employed in the experiment, its role
is negligible as the predicted chiroptical response lies 2
orders of magnitude below the experimental outcome.
These conclusions are similar to the findings for the case
of single-color weakly elliptical fields [27] and suggest that
the second mechanism dominates in inducing the chiral
response. Our observation of a pronounced intensity
dependence of the chiral response in Figs. 3(e), 3(f),
and 4 lend further support to this interpretation. The next
section summarizes the results of our extended theoretical
analysis of this second mechanism. Compared to
Refs. [26,37], our model uses a more accurate description
of the photorecombination step based on electron-molecule
quantum scattering calculations, as in our work on rare-gas
atoms [35]. Our present results show that a good agreement

(a) (b)

(c)

R-MOX

S-MOX

rac-MOX
excluded from fit

FIG. 4. Bielliptical high-harmonic spectroscopy. (a) HHG yield (data points) as a function of the driving ellipticity and Gaussian
fits (full lines). The displacement of the maxima from α ¼ 0 is a signature of the chiral response. The Lissajous figures indicate the
polarization ellipses of the two drivers. The black points and curve have been shifted vertically for better visibility. The displayed
data correspond to H28 of 1900 nm recorded at Iω ¼ 1.2 × 1013 W=cm2 and I2ω ¼ 1.8 × 1013 W=cm2. (b),(c) Maximizing ellipticity
ϵmax as a function of the photon energy for two different intensities. (b) Iω ¼ 1.2 × 1013 W=cm2, I2ω ¼ 1.8 × 1013 W=cm2 and
(c) Iω ¼ 1.5 × 1013 W=cm2, I2ω ¼ 2.1 × 1013 W=cm2. The error bars in (b) and (c) represent the 95% confidence interval obtained
from the fitting procedure.
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between experiment and theory can also be achieved for
much more complex systems, i.e., chiral molecules. This
agreement is an important conclusion of our work that
validates the theoretically predicted origin [26,37,38] of the
circular dichroism in bicircular driving fields.

B. Theoretical model of chiral discrimination

In this section, we outline our approach to modeling
BHHG from chiral media. The strong-field-ionization step
at the employed laser intensities can lead to the population
of two states of the C3H6Oþ cation (X̃ and Ã with vertical
ionization potentials of 10.22 and 11.12 eV). During the
electron excursion in the continuum, the strong laser field
can transfer population between the two cationic states X̃
and Ã through electric-dipole, magnetic-dipole, or electric-
quadrupole transitions. By symmetry, only the magnetic-
dipole transitions can contribute to the CD in randomly
oriented molecules (for details, see SM, Sec. IV [41]).
In the final step, the electron can recombine with the ion
in either of these eigenstates. The various ionization-
recombination paths [also referred to as “channels,”
cf. Fig. 5(a)] realized during the HHG process will be
described by the nomenclature IF, fI; Fg ∈ fX; Ag, where
I is the initially populated state and F is the cationic state
to which recombination occurs. The appearance of “cross
channels” XA and AX is solely due to the laser-induced
population transfer between X̃ and Ã.
The HHG amplitude associated with the contribution

of the channel IF can be formulated by performing a
decomposition of the frequency-domain HHG emission
dipole dtot into a product of the matrix elements pertaining
to each individual step,

dIFðnωÞ ∝
1ffiffi
i

p aIiona
Ĩ
propaFrecbIF; ð4Þ

where bIF are the coefficients describing the population
transfer between the X̃ and Ã states. The matrix elements
aion, aprop, arec are calculated on the basis of complex-valued
quantum trajectories resulting from the saddle-point analysis
of the HHG response. The electronic-structure calculations
are performed at the multireference-configuration-
interaction (MRCI) level following an equally weighted
two-state-averaged complete-active-space self-consistent-
field (CASSCF) calculation with 7 electrons in 6 active
orbitals. The calculation of photorecombination matrix
elements in the molecular frame are obtained from quantum
scattering calculations based on the Schwinger variational
principle [49,50]. Equation (4) is evaluated in the molecular
frame and subsequently coherently averaged over an Euler-
angle grid with 72 × 72 × 72 points. Further details are
given in the SM (Sec. IV) [41].
The results of our calculations for two intensities

matching the experimental conditions are compared to

the observed ratio curves in Fig. 5(b). The ratios are
qualitatively well reproduced, especially at low orders
and the local minima at q ¼ 11. The lack of quantitative
agreement is not surprising considering the complexity of
the system and the remaining approximations made in our
model. In Fig. 5(c), the calculated CD is compared to the
experimental values. The latter are obtained by integrating
the ellipticity-dependent HHG intensity over the narrow
range (α ¼ �40°–�50°). The very encouraging result is
the agreement in the magnitude of the effect, the calculation
predicting CD values up to ∼7% without any adjustable
parameter (except for the relative phase ϕ at ionization
discussed below). The predicted magnitude of the CD
thus lies close to the experimentally observed values in the
energy region n ∼ 30–32. Most remarkably, the intensity
dependence of the CD is also correctly reproduced,
decreasing by a factor of ∼2 when the ratio of the driving
fields (η ¼ E2ω=Eω) is changed from η ≈ 0.6 to η ≈ 0.5.
We now turn to the dependence of the ratio and the CD

on the shape of the electron hole created in the ionization
step [30]. Figures 5(d) and 5(e) show the calculated results
assuming different relative phases ϕ in the electronic
superposition state created at ionization (defined as t ¼ 0):

Ψðt ¼ 0Þ ¼ cX̃ðt ¼ 0Þψ X̃ þ cÃðt ¼ 0Þψ Ãe
iϕ: ð5Þ

Both the intensity ratio and the CD are found to be sensitive
to the initial phase of the superposition state, i.e., the shape
of the initial hole. The best agreement is obtained for
ϕ ≈ −π=8, whereas values of ϕ that are much larger in
magnitude can be excluded.
With the knowledge of the relative phase at the time of

ionization, we can reconstruct the evolution of the electron-
hole density in the cation as a function of time. The
result obtained by employing the calculated HOMO and
HOMO-1 canonical Hartree-Fock orbitals, the initial phase
ϕ ¼ −π=8 estimated from the comparison with the exper-
imental results and the time dependencies of cX̃ðtÞ and cÃðtÞ
resulting from electric- and magnetic-dipole transitions, is
shown in the top panel of Fig. 6. We note that the displayed
hole dynamics is not per se responsible for the measured
circular dichroism because the random orientation of the
molecules cancels this possible contribution. Instead, it is
the modification of the hole dynamics by the magnetic-
dipole coupling that causes the chiral response. Since the
influence of the magnetic field on the hole dynamics is very
small, we visualize the effect underlying the CD by
representing differential hole densities. The bottom panel
of Fig. 6 shows the differences between hole densities
obtained in the presence and in the absence of magnetic-
dipole coupling. Although the relative differences are on the
order of 10−4, this small deviation underlies the large chiral
response observed in our experiments. This is the conse-
quence of the coherent amplification realized through the
interference of the emission from the two channels AX and
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XA carrying the chiral response, with the two remaining
channels. A similar coherent amplification mechanism has
been observed in HHG from a superposition of two
electronic states of a neutral molecule (NO) [51].
We note that our present model does not capture the CD

increase towards the cutoff region at n ≳ 40. This might be
attributed to the divergence of the saddle-point solutions in
the cutoff region where trajectory pairs start to coalesce. An
additional source of error is the magnitude of the magnetic

transition dipole moment, since this quantity determines the
chiral response (see SM, Sec. 4. 6 [41]). Nevertheless, our
theoretical results are in better agreement with our exper-
imental results compared to earlier predictions of the CD
(∼20% at jϵj ≈ 1) [26], obtained within the eikonal-Volkov
approximation of the recombination amplitude (arec), and
also compared to the values of <3% predicted with the
use of photorecombination matrix elements from density-
functional theory [37].

(a)

(b)

(c)

(d) (e)

FIG. 5. Comparison of predicted and observed CD in BHHS. (a) Schematic illustration of the four ionization-recombination paths
considered in the model. (b) Comparison (experiment versus theory) of the intensity ratios between two neighboring allowed harmonics
at two different experimental conditions (cf. legends). (c) Energy dependence of the calculated CD: theory (markers) versus experiment
(solid lines). (d) and (e) Calculated result for the intensity ratios (d) and the CD degree (e) using three different values of the initial phase
ϕ between the two cationic states.
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IV. CONCLUSION

We present two variants of BHHS for detecting a strong
chiroptical response in an ensemble of randomly oriented
gas-phase molecules. Combining two counterrotating
pulses of different frequencies and tunable polarization
states provides many rich opportunities for controlling the
degree of CD by tuning the driving wavelength, the relative
intensity, and the polarization of the two field components.
The bicircular technique leads to relatively high levels of
CD of up to 13% whereas the bielliptical technique leads to
maximizing ellipticities of up to∼4%. Both techniques thus
achieve a higher degree of chiral discrimination than single-
color elliptically polarized HHG [27]. Detailed measure-
ments of the high-harmonic yields and circular dichroism
as a function of the driving-field ellipticities have revealed
a characteristic dependence on the “allowed” (3q) or
“forbidden” nature (3q� 1) of the harmonic orders.
These effects are shown to originate from the interference
between the emissions of three quantum trajectories, which
become inequivalent when the driving fields deviate from
circularity. All chiral observables were found to sensitively
depend on the intensities of the driving fields. These
observations are a direct experimental indication that the
chiral response originates from laser-driven dynamics in the
molecular cation. This assertion was fully validated by a

complete theoretical model of BHHS in bicircular driving
fields, including complex-valued quantum trajectories,
accurate electronic-structure calculations, and quantitative
photorecombination matrix elements obtained from
molecular quantum scattering calculations. On the basis
of this model, a good agreement was achieved between
measured and calculated intensity ratios of neighboring
harmonics as well as on the magnitude of the CD effect.
This level of agreement, paired with the correct reproduc-
tion of the intensity dependence of the chiral dichroism,
supports theoretical predictions for BHHG, which identi-
fied chiral electron dynamics in MOXþ as being the
dominant effect behind the chiral discrimination. Our work
has established a pronounced sensitivity of the observables
to the relative phase of the electronic states of MOXþ
prepared in the ionization step. This has allowed us to relate
the measured chiral effects to the chiral hole dynamics of
MOXþ and to theoretically investigate the influence of the
magnetic-dipole coupling on the hole dynamics. Although
the results in this work focus on MOX, the technique is
expected to be completely general because multiple elec-
tronic states of the cation will contribute to HHG in all
chiral molecules and magnetic-dipole transitions between
them are always allowed by symmetry. Owing to its
ultrafast timescale, this method offers the prospect for
probing chiral dynamics in a pump-probe scheme. The

FIG. 6. Electron-hole dynamics underlying the chiral response. These simulations were done for laser parameters matching the
experimental results in Fig. 1 (1800 and 900 nm, Iω ¼ 3.0 × 1013 W=cm2, I2ω ¼ 1.1 × 1013 W=cm2) and ϕ ¼ −π=8, as estimated by
comparison with the experimental results. Top row: Absolute magnitude of the hole density at the time of recombination for 5 harmonic
orders (H17, 24, 32, 40, and 48). The corresponding transit times of the continuum electron τ are indicated. Bottom row: Difference
between the hole densities calculated with and without the contribution of the magnetic-dipole interaction. The contour levels are coded
in the colors of the isocontour surfaces (color bar on the right). Top right: Spatial profiles of the electric (blue) and the magnetic (red)
fields. The ionization times of the five trajectories are indicated as black circles (electric field) or black squares (magnetic field),
respectively. Bottom right: Real part of the spatial quantum trajectories.
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demonstrated sensitivity of the BHHS spectra to the initial
phase of the electronic superposition state prepared in the
cation opens the path to the study of magnetic-field-
controlled attosecond charge migration in chiral molecules,
offering an additional, chirality-specific control aspect to
previous work [30].
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APPENDIX: EXPERIMENTAL METHODS

The experimental setup comprises an amplified femto-
second Ti:sapphire laser system and a vacuum chamber
for the generation and spectral analysis of high-harmonic
radiation. A portion (5.8–6 mJ) of the output of the laser
system (≈11.5 mJ, 800 nm, ≈30 fs, 1 kHz) is used to
pump an optical parametric amplifier (TOPAS-HE, Light
Conversion). We use the idler beam (pulse energy of 0.9–
1 mJ and duration of ≈45 fs) with central wavelength tuned
to either 1800 or 1900 nm. The pulse is frequency doubled in
a BBO type-I crystal of thickness 250 μmor 1mm, enabling
conversion efficiencies from ≈18% to ≳50%. Two alter-
native setups are used to convert the orthogonally polarized
fundamental and second harmonic into a bicircular field.
The “bicircular” scheme is realized in an “in-line” setup

described in detail in Ref. [52]. After the BBO, the two
linearly polarized orthogonal driving fields are temporally
synchronized by a pair of calcite plates (2 × 600 μm), that
precompensate the different group delay dispersions accu-
mulated in the BBO and the additional dispersive optics in
the remaining part of the beam paths, and pass a broadband
achromatic quarter-wave plate. The major axis orientation
of the latter is gradually varied from −60° to þ60°, thereby
converting the polarization of the two beams from circular
(α ¼ −45°), where the ω component is left circularly-
polarized (LCP) and the 2ω is right circularly-polarized
(RCP), via elliptical to linear (α ¼ 0, with the two
polarization axes being orthogonal to each other), and
finally to circular at α ¼ þ45° (of the opposite helicity, i.e.,
with RCP ω and LCP 2ω).
The “bielliptical” scheme is realized in a Mach-Zehnder

interferometric setup [32–35], whereby the two frequency
components are separated and later recombined with the
help of a dichroic mirror pair (HT 1800–2000 nm, HR 900–
1000 nm). The polarization of each beam is varied
independently with the aid of a λ=2þ λ=4 wave plate pair

located in each arm. The relative ω − 2ω delay between the
pulses is controlled with the help of an ultraprecise
(�0.2 μm accuracy) translation stage (XMS50, Newport)
in the 2ω arm.
In both cases, the bicircular beam is focused into a

vacuum chamber with the help of a silver mirror with
f ¼ 35 cm. The chamber window material is CaF2 or
ultraviolet-grade fused silica and has a thickness of
1 mm. The focused two-color laser beam intersects a thin
molecular beam of enantiopure methyl oxirane seeded in
helium. Under the chosen laser intensities, no emission from
helium is detected. The harmonic radiation is dispersed on a
grating with 1200 lines mm−1 or 300 lines mm−1 and
detected on a microchannel plate detector backed up with
phosphor screen and imaged on a CCD camera.
Approximately 3–5 mL of neat liquid methyl oxirane

(enantiopure R- or S-MOX, GC >98%, Tokyo Chemical
Industry, or racemic R=S-MOX, ≥99.5%, Aldrich-Fine
Chemicals) are loaded into stainless-steel vessels connected
to a gas delivery system that enables rapid switching
between the samples. A continuous flow of helium carrier
gas at a backing pressure of 0.8–1 bar is passed through the
liquid samples kept at room temperature, thereby delivering
the vapor to the nozzle of a pulsed valve operating at
100 Hz. The gas is subsequently injected into the vacuum
via a 500 μm orifice. The vapor pressure of MOX is
sufficiently high at standard conditions to yield a pressure
of ≈10−4 mbar in the source chamber, as measured with a
Pfeiffer Vacuum pressure gauge. In order to prevent
potential condensation, the pipes of the delivery manifold
as well as the nozzle itself are kept at a slightly elevated
temperature of 35 °C–40 °C. (For comparison, the boiling
temperature of MOX is 34 °C at atmospheric pressure.)
The laser intersects the thin gas jet ≈1 mm below the
nozzle. The estimated length of the interaction region is
thus much smaller than the Rayleigh length. This choice
minimizes the influence of macroscopic effects on the
high-harmonic emission. Moreover, owing to their longer
transit times, the “long” trajectories in bicircular fields are
sufficiently more suppressed than the long trajectories in
linearly polarized single-color fields that they play no role
in our measurements.
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