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Using a model methanelike chiral system, we theoretically demonstrate a possibility to access
photoelectron circular dichroism (PECD) by a single experiment with two overlapping laser pulses of
carrier frequencies ω and 2ω, which are linearly polarized in two mutually orthogonal directions.
Depending on the relative phase, the resulting electric field can be tailored to have two different rotational
directions in the upper and lower hemispheres along the polarization of the ω pulse. We predict a strong
forward-backward asymmetry in the emission of photoelectrons from randomly oriented samples, which
has an opposite sign in the upper and lower hemispheres. The predicted PECD effect is phase and
enantiomer sensitive, providing new insight in this fascinating fundamental phenomenon. The effect can be
optimized by varying relative intensities of the pulses.
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In 1976, it was theoretically predicted that the photo-
ionization of chiral molecules is sensitive to the helicity of
ionizing light [1]. The effect already emerges in the
electric-dipole approximation, and it manifests itself as a
forward-backward asymmetry in the emission of photo-
electrons from randomly oriented chiral molecules in the
gas phase. It took about 25 years to verify these theoretical
predictions experimentally [2,3]. Later on, this enantiomer-
and helicity-selective effect was termed as photoelectron
circular dichroism (PECD) [4]. During the last decade, one-
photon ionization of chiral molecules by circularly polar-
ized radiation, and the emerging PECD effects, was studied
in numerous experimental and theoretical works (see, e.g.,
review articles [5–8]).
Recently [9,10], a similar PECD effect has been observed

in the multiphoton ionization of chiral molecules by circu-
larly polarized laser pulses. Since then, extensive exper-
imental studies provided many important details on the
multiphoton PECD, like, e.g., its dependence on the pulse
intensity and ellipticity [11–13], the enantiomeric excess of
the target [14,15], or the intermediate electronic states
involved in different multiphoton ionization schemes
[16,17]. In addition, the impact of the nuclear and electron
dynamics during the multiphoton ionization of chiral
molecules has been demonstrated by pump-probe experi-
ments [18–21]. Theoretical approaches to describe the
multiphoton PECD range from the time-independent
perturbative ab initio calculation of the two-photon
absorption followed by the one-photon ionization in the
hydrogenic continuum spectrum [22] to nonperturbative
time-dependent methods [23,24].
Employing overlapping bichromatic laser pulses is a

particularly important example of coherent control schemes
[25,26]. Here, interference between the n-photon route of

one of the fields and the m-photon route of the other field
can be controlled through the relative phase. According to
the selection rules for multiphoton transitions in atoms,
there are two control scenarios [25]. If n and m are both
odd or even numbers, the integral and differential cross
section can be controlled. In the case where n and m are
either odd or even, only the differential cross section, i.e.,
the photoemission in different angles, can be controlled.
The latter effect can also be understood in terms of the
symmetry breaking of the total electric field of two pulses.
The simplest realization of such an interference is the
utilization of integer multiples of frequency components of
a fundamental laser field [27–36].
Polarization- and phase-locked bichromatic pulses have

been successively used to control angular emission dis-
tribution of photoproducts in molecules [37,38] and the
photocurrent in semiconductors [39,40] and on metal
surfaces [41]. Here, we demonstrate the possibility of
utilizing bichromatic pulses to control PECD. For this
purpose, we propose an experiment on the photoionization
of chiral molecules by two temporally-overlapping
laser pulses with carrier frequencies of ω and 2ω, which
are polarized linearly along two perpendicular directions.
Depending on the relative phase ϕ, the resulting electric
field,

E⃗ðtÞ ¼ êxExgðtÞ cosð2ωtÞ þ êyEygðtÞ cosðωtþ ϕÞ; ð1Þ

can have a strong asymmetry in the xy plane. Here, Ex and
Ey are the field amplitudes, and gðtÞ is the time-envelope of
the pulses. For instance, for ϕ ¼ 0 or ϕ ¼ �ðπ=2Þ, the
field E⃗ðtÞ has a “horseshoe” form, which is asymmetric
along the x axis. For the case of ϕ ¼ �ðπ=4Þ, the resulting
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electric field has a “butterfly” form, which is oriented
along the y axis (see the upper right part of Fig. 1). In the
latter case, the resulting field is mirrored with respect to the
x axis, and it exhibits two different rotational directions for
positive and negative values of y.
The geometry of the presently proposed experiment is

illustrated in Fig. 1. In the upper hemisphere (y > 0), the
bichromatic electric field (1) points upward and has one of
the rotational directions. In the lower hemisphere (y < 0), it
points downward and has an opposite rotational direction.
During photoionization, photoelectrons are released along
the electric field in the upper (lower) hemispheres and will
subsequently be projected on the respective up (down) part
of the velocity map imaging (VMI, [42,43]) detector placed
in the yz plane. Such a polarization state allows for a single
and simultaneous measurement with two different rota-
tional directions in the upper and lower hemispheres. A
chiral target acts as a “gearbox” [5,44] that transforms the
rotational motion of the electric field in the translation
motion of the photoelectron along the pulse propagation
direction (z axis). Thus, one can expect a different sign of
the forward-backward (z > 0=z < 0) asymmetry in the
photoelectron angular distribution images on the upper
or lower (y > 0=y < 0) parts of the detector. Such an
experiment can be performed by combining the fundamen-
tal and its second harmonic driving two-red-photon vs one-
blue-photon ionization of a chiral molecule.

In order to verify this hypothesis, we simulated the
proposed experiment theoretically. Calculations were car-
ried out by the time-dependent single center (TDSC)
method and code [23,24]. It consists of the propagation
of the wave packet of a single active electron, which is
driven in the potential of a chiral ion by an intense short
laser pulse. The TDSCmethod accounts for the light-matter
interaction nonperturbatively via the numerical solution of
the time-dependent Schrödinger equation. Details of the
method can be found in Ref. [23]. There, it was applied to
study PECD in the one-photon ionization and two-photon
above-threshold ionization of a model methanelike chiral
system by short intense high-frequency laser pulses.
In the present Letter, we use the methanelike model

chiral system from Ref. [23] (see Fig. 1 there) and similar
high-frequency laser pulses. In particular, we utilize short
Gaussian-shaped pulses of gðtÞ ¼ expð−ðt − t0Þ2=τ2Þ with
τ ¼ 1 fs. The carrier frequency of the “red” pulse is set to
ω ¼ 11.05 eV, such that the absorption of one “blue”
photon of energy 2ω ¼ 22.1 eV results in the ionization of
the system with the ionization potential of 18.3 eV [23].
We, thus, realize the two-red-photon vs one-blue-photon
ionization scheme by the ω and 2ω pulses. All of the
computational details and parameters can be found in our
previous work [23], except that here the photoelectron
wave packets were projected on Coulomb waves (not on
plane waves) in order to obtain final momentum distribu-
tions [45–48]. In Ref. [23], it was demonstrated that the
one-photon ionization spectrum of this model system by a
circularly polarized 2ω ¼ 22.1 eV pulse exhibits a sizable
PECD effect of about 15.6%. For the ω ¼ 11.05 eV
circularly polarized pulse, the two-photon PECD computed
here amounts to about 8.4%.
Owing to the chosen high frequencies, these short

pulses support about 10 and 20 optical cycles for the ω
and 2ω components, respectively. Therefore, any attoclock
asymmetry effects in the dipole plane due to the carrier-
envelope phase can be neglected. The field (1) possesses no
axial symmetry along the pulse propagation direction.
Therefore, in order to simulate the gas phase experiment,
ionization spectra computed at different molecular orien-
tations should be averaged over all rotational Euler
angles (α, β, γ) for the transformation from the molecular
to the laboratory frame. The orientation intervals α, γ ∈
½0; 2πÞ and β ∈ ½0; π� were covered with the steps of
Δα ¼ Δβ ¼ Δγ ¼ 0.1π. Finally, owing to the same reason,
the photoelectron angular distribution images recorded by,
e.g., a VIM detector, cannot be Abel inverted. Therefore,
we theoretically simulate these images by projecting (by
integrating over the x coordinate) the computed three-
dimensional angular distributions on the detector yz plane
(see Fig. 1).
The main set of the present calculations was performed

for the equal peak intensities of two pulses Ix ¼ Iy ¼
1014 W=cm2 (see below). An overview of the total electron

FIG. 1. Scheme of the experiment with bichromatic laser pulses
Eq. (1). The pulses propagate along the z axis. For the relative
phase, ϕ ¼ þðπ=4Þ, the resulting electric field rotates counter-
clockwise in the upper and clockwise in the lower parts of the xy
plane from the point of view of the emitter. During measure-
ments, photoelectrons are projected on the yz plane of, e.g., a
VMI detector. Thereby, photoelectrons released by the field
pointing in the upper (lower) hemispheres are projected onto
the upper (lower) part of the detector (labeled as “Up/Down”).
For a chiral target in the gas phase, it is expected that velocity map
images recorded by the detector will exhibit an opposite sign of
the forward-backward asymmetry (of the PECD) on its upper and
lower parts.
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spectrum, computed for ϕ ¼ þðπ=4Þ and integrated over
all molecular orientations, is shown in Fig. 2(a). It exhibits
three main features. The strongest threshold peak I, at about
ε ¼ 3.8 eV, is produced by the competition of two-photon
ionization by the red pulse and one-photon ionization by
the blue pulse. At the chosen pulse intensities, the indi-
vidual contribution to this peak I from the red pulse
becomes noticeable compared to the contribution from
the blue pulse [see Fig. 2(b)]. The weak features II and III in
Fig. 2(a) represent electrons released by the above-thresh-
old ionization processes. Peak II, at about ε ¼ 14.85 eV, is
produced either by the absorption of one blue and one red
photon or by three red photons. The very weak peak III, at
ε ¼ 25.9 eV, is due to the absorption of two blue photons,
one blue and two red photons, or four red photons.

Figure 2(c) depicts the projection of the three-
dimensional photoelectron angular distribution on the
detector yz plane. One can see that the computed image
exhibits a sizable forward-backward asymmetry (along the
pulse propagation direction, kz axis). The asymmetry is
present in peaks I, II, and III. Very importantly, this
asymmetry is opposite for positive and negative values
of ky momentum (i.e., in the upper and lower hemispheres).
In order to set this effect on a quantitative scale, we
introduce PECD as the difference between the two signals
Iðky; kzÞ − Ið−ky; kzÞ. Figure 2(d) illustrates the effect in
percent of the maximal intensity. One can see that the
computed PECD has a different sign for ky > 0 and ky < 0.
Peak I exhibits the strongest asymmetry, about 20%, while
the above-threshold ionization peaks, II and III, show a
smaller PECD of 11% and 6%, respectively. The difference
in size and angular dependence of chiral asymmetry,
observed for peaks I, II, and III, is dictated by the
interference between the respectively involved n- and m-
photon ionization routes [25].
In order to confirm the chiral origin of this effect, we

performed a set of calculations for different relative phases
and for another enantiomer of the model chiral system.
Results of these calculations are summarized in Fig. 3,
which depicts the detector images and the respective PECDs
for the threshold peak I. The data in Fig. 3(a), obtained for
ϕ ¼ þðπ=4Þ, are the same as those in Figs. 2(c) and 2(d).
Figure 3(b) demonstrates that switching the rotational
directions of the field to the opposite ones by changing
the phase to ϕ ¼ −ðπ=4Þ results in the opposite effect of the
same size. In addition, switching the enantiomer but keeping
the phase ϕ ¼ þðπ=4Þ coincides with keeping the enan-
tiomer and switching the phase to ϕ ¼ −ðπ=4Þ [compare
Figs. 3(b) and 3(c)].
For the relative phase ϕ ¼ 0, the resulting electric field

(1) possesses two different rotational directions for equal
periods of time in each of the hemispheres (see upper right
part of Fig. 1). Such a horseshoe-shaped field, thus, exhibits
no preferable rotational direction in the upper or lower
hemispheres. As is evident from Fig. 3(d), the detector
image computed for ϕ ¼ 0 is almost forward-backward and
up-down symmetric. A very weak asymmetry, seen for
ϕ ¼ 0, is within the error of the present integration over
molecular orientations due to finite intervals Δα, Δβ, and
Δγ. Finally, the three-dimensional photoelectron angular
distribution computed for ϕ ¼ 0 is strongly asymmetric
along the x axis (not shown here), owing to the respective
asymmetry of the electric field (1).
As a final point, we demonstrate that the maximal chiral

asymmetry, achieved at ϕ ¼ �ðπ=4Þ, can be optimized by
varying the field amplitudes of two pulses. Indeed, the
effect demonstrated here depends not only on the asym-
metry of the total electric field but also on intrinsic
electronic properties of a chiral target, i.e., on the respective
transition amplitudes for the one-photon and two-photon

FIG. 2. Panel (a): total photoelectron spectrum computed for
the model chiral system exposed to the bichromatic field (1) with
the ϕ ¼ þðπ=4Þ butterfly form. Note the logarithmic scale of the
vertical axis. Peak I is produced by the absorption of either one
blue photon or two red photons; peak II—by either one blue and
one red photon or by three red photons; peak III—by either two
blue photons or one blue and two red photons or four red photons.
Panel (b): individual contributions to the total spectrum [solid
curve, the same as in panel (a)] from each of the linearly polarized
pulses with carrier frequencies 2ω and ω (see legend). Panel (c):
projection of the photoelectron angular distribution on the
detector yz plane. Maximal pixel intensity in each spectrum is
set to 100%. Note that two outer rings are shown on the enhanced
scales, as indicated by the factors ×42 and ×1300 in this panel.
Panel (d): the photoelectron circular dichroism in percent of the
total intensity of the signal. Note from panels (c) and (d) that the
forward-backward asymmetry in the emission of photoelectrons
(along the kz axis) has different signs in the upper and lower
hemispheres (along the ky axis).
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ionization pathways. In the previous example, the peak
intensities of two pulses were equivalent, and the relative
contribution of the two-photon ionization was rather small
compared to the one-photon ionization [see Fig. 2(b)].
What happens if the two contributions will be made
comparable? This can be achieved by enhancing the Ey

component of the field (1).
Figure 4 depicts computational results obtained for the

peak intensities Ix ¼ 1013 and Iy ¼ 4 × 1013 W=cm2 and

relative phase ϕ ¼ þðπ=4Þ. Thereby, the Ey component is
two times larger than Ex, and the resulting butterfly field is
stretched along the y axis. Now, the individual contribu-
tions to the total spectrum from the one-photon and two-
photon ionization processes are made comparable [see

FIG. 3. Projections of the photoelectron angular distributions on the detector yz plane (upper panels) and the respective PECDs (lower
panels) computed for the model chiral system and different phases in Eq. (1): (a) ϕ ¼ þðπ=4Þ butterfly form, (b) ϕ ¼ −ðπ=4Þ butterfly
form, and (d) ϕ ¼ 0 horseshoe form. Only the contribution from peak I is shown. Results computed for another enantiomer of the system
and phase ϕ ¼ þðπ=4Þ (butterfly form) are shown in panel (c). Switching the phase ϕ from þðπ=4Þ to −ðπ=4Þ is thus equivalent to
switching enantiomers, which confirms a chiral origin of the effect. Note that, color scales of all upper panels (and separately of all lower
panels) are identical. An asymmetry of about 1% seen in panel (d) can be considered as the accuracy of the present integration over
different molecular orientations.

FIG. 4. Computational results obtained for the case of nonequal
field amplitudes Ex and Ey (see text). Panel (a): individual
contributions to the total spectrum from each of the pulses with
carrier frequencies 2ω and ω (see legend). Panel (b): the PECD in
percent of the total intensity of the signal. The observed maximal
asymmetry of about 25% is larger than that of 20%
seen from Fig. 3. One can conclude that, in order to maximize
the effect it is important, as a general rule, to maximize the
interference between the n- and m-photon routes by making their
contributions to the spectrum comparable.

FIG. 5. Projections of the photoelectron angular distributions
on the detector yz plane (upper panels) and the respective
PECDs (lower panels) computed for the case of six-red-photon
vs three-blue-photon ionization of the model chiral system by
bichromatic pulses with ω ¼ 3.4 eV and 2ω ¼ 6.8 eV of equal
peak intensities of Ix ¼ Iy ¼ 1013 W=cm2 and pulse durations of
τ ¼ 3 fs. The observed chiral asymmetry is phase sensitive:
(a) ϕ ¼ þðπ=4Þ and (b) ϕ ¼ −ðπ=4Þ. It is however somewhat
smaller than that shown in Figs. 2–4 for the two-red-photon vs
one-blue-photon ionization scheme.
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Fig. 4(a)]. The respective PECD computed for the threshold
photoelectron peak I is shown in Fig. 4(b). The chiral effect
in this figure is very similar to that obtained for equal peak
intensities of two pulses [see Fig. 3(a)]. However, the
PECD in Fig. 4(b) is larger than that in Fig. 3(a). This may
provide a higher sensitivity in the enantiomeric excess
determination [14,15].
In conclusion, we demonstrate the possibility of studying

the PECD phenomenon by a single experiment with two
orthogonally-polarized laser pulses of frequenciesω and 2ω.
Our simulations show a sizable forward-backward asym-
metry, which depends on the enantiomer and the rotational
direction of the field. We generalize the traditional PECD to
any kind of rotationally-tailored laser pulses, whose electric
fields exhibit circulation, and we propose that this effect
does not rely on the photon-electron angular momentum
transfer. Bichromatic pulses can be generated in many
experimental laboratories in the optical [27–41] and even
XUV regimes [49]. The present results open a new avenue
for future PECDexperiments with tailored bichromatic laser
pulses, and they represent a challenge for the development of
the required theory. Particularly enticing are approaches in
the optical regime thatmake use of higher-ordermultiphoton
ionization schemes. Additional calculations performed in
this work on the same model chiral system confirm the
possibility of generating a notable effect by such schemes.
As an example, the results for the six-red-photon vs three-
blue-photon ionization scheme are displayed in Fig. 5.
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