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Light-matter interaction based on strong laser fields enables probing the structure and dynamics of
atomic and molecular systems with unprecedented resolutions, through high-order harmonic spectroscopy,
laser-induced electron diffraction, and holography. All strong-field processes rely on a primary ionization
mechanism where electrons tunnel through the target potential barrier lowered by the laser field. Tunnel
ionization is, thus, of paramount importance in strong-field physics and attoscience. However, the
tunneling dynamics and properties of the outgoing electronic wave packets often remain hidden beneath the
influence of the subsequent scattering of the released electron onto the ionic potential. Here, we present
a joint experimental-theoretical endeavor to characterize the influence of sub-barrier dynamics on the
amplitude and phase of the wave packets emerging from the tunnel. We use chiral molecules, whose
photoionization by circularly polarized light produces forward-backward asymmetric electron distributions
with respect to the light propagation direction. These asymmetric patterns provide a background-free
signature of the chiral potential in the ionization process. We first implement the attoclock technique, using
bicircular two-color fields. We find that, in the tunnel-ionization process, molecular chirality induces a
strong forward-backward asymmetry in the electron yield, while the subsequent scattering of the freed
electron onto the chiral potential leads to an asymmetric angular streaking of the electron momentum
distribution. In order to access the phase of the tunneling wave packets, we introduce subcycle gated chiral
interferometry. We employ an orthogonally polarized two-color laser field whose optical chirality is
manipulated on a sub-laser-cycle timescale. Numerical simulations are used to interpret the electron
interference patterns inherent to this interaction scheme. They show that the combined action of the chiral
potential and rotating laser field not only imprints asymmetric ionization amplitudes during the tunneling
process, but also induces a forward-backward asymmetric phase profile onto the outgoing electron wave
packets. Chiral light-matter interaction thus induces subtle angular-dependent shaping of both the
amplitude and the phase of tunneling wave packets.
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I. INTRODUCTION

When randomly oriented chiral molecules are ionized by
circularly polarized radiation, the angular distribution of the
ejected electrons shows forward-backward asymmetries
with respect to the light propagation axis [1–6]. This
process, referred to as photoelectron circular dichroism
(PECD), is one of the most sensitive chiroptical phenomena
[7]. It can reach several tens of percents of the total signal,

serving as a sensitive probe of chiral molecular structure
[8,9] and dynamics [10–12]. PECD is generally seen as
resulting from the scattering of the outgoing electron off
the chiral potential, under the influence of the rotating
ionizing electric field [13]. PECD is thus a dynamical
phenomenon, emerging over a timescale of a few hundreds
of attoseconds [14,15].
In the single-photon ionization regime [9], the chiral

photoionization dynamics is quite straightforward—the
electrons directly scatter off the chiral potential during
ionization. The situation can be enriched by the presence of
resonances in the continuum [16,17], which affects the
asymmetry of the ionization dynamics [14]. In the strong-
field regime, the chiral photoionization dynamics is more
complex. The electron tunnels out from the molecule and
subsequently scatters off the ionic potential while being
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accelerated by the laser field. The dynamics can thus be
decomposed in two steps: sub-barrier and into the con-
tinuum [Fig. 1(a)]. When the field is strong enough, it is
common to describe the electron dynamics by means of the
strong-field approximation (SFA) [18], which neglects the
influence of the ionic potential on the electron acceleration
in the continuum. The immediate consequence of this
assumption is that no PECD should be observed in the
strong-field limit [19]. Experiments [5,20] and calculations
[5,6] show that PECD does exist in the strong-field regime,
but the dynamical origin of the asymmetry remains elusive.
One may actually wonder whether the rotation of the
ionizing electric field could imprint an asymmetric
response under the barrier, i.e., in the tunnel-ionization
dynamics of chiral molecules. Investigating this hypothesis
requires disentangling the contribution of sub-barrier and
continuum electron dynamics in strong-field chiral photo-
ionization. Is such disentanglement possible? Can we
obtain an insight into the chiral nature of the tunneling
mechanism and rationalize its influence on the amplitude
and phase properties of the emitted wave packets?
To reach that goal, we implement two complementary

techniques—the chiral attoclock and subcycle gated photo-
electron interferometry. In the first approach, we ionize
chiral molecules using a bicircular corotating two-color
laser field acting as an attoclock [21–24] [Fig. 1(b)]. The
laser field rotation maps the scattering dynamics of the
electrons in the continuum into angular shifts of their
momentum distribution [23,24]. We measure forward-
backward asymmetries in this angular shift, which

demonstrates the influence of molecular chirality on
scattering. To discriminate unambiguously between the
primary tunneling and subsequent scattering processes, we
perform simulations in which the long-range chiral part of
the molecular potential is screened. This screening cancels
the attoclock rotation, as already established in the atomic
case [23,24]. Surprisingly, despite the damping of the chiral
continuum scattering, a large forward-backward asymme-
try remains visible in the number of ejected electrons,
leading to a PECD of several percent. The angularly
resolved amplitude of the tunneling wave packet is, thus,
strongly affected by the short-range part of the chiral
potential in the sub-barrier dynamics. In the second
approach, we go a step further and study the phase
properties of this electron wave packet by using subcycle
gated chiral interferometry. We replace the bicircular laser
field by a bilinear one, combining a linearly polarized
fundamental field and its orthogonally polarized second
harmonic [Fig. 1(c)]. In this configuration, the electronic
wave packets released by consecutive quarter optical cycles
of the fundamental field interfere in momentum space [25].
These interferences encode the relative phase between the
wave packets, including the phase acquired during the
tunneling process [26]. The instantaneous rotation of this
orthogonally polarized two-color (OTC) field temporally
gates the chiral light-matter interaction on the subcycle
timescale [15], allowing the separation of the sub-barrier
and continuum chiral responses in the interference pattern.
This study reveals that molecular chirality leads not only to
a sub-barrier amplitude, but also to a sub-barrier phase

0

Sub-barrier

Continuum

FIG. 1. Schematic view of sub-barrier and continuum electron dynamics in strong-field ionization (a) and principles of chiral attoclock
(b) and subcycle gated photoelectron interferometry (c) techniques. In (a), ionization occurs as part of the initial bound electron wave
packet tunnels through the target potential barrier lowered by the strong laser field. The released electron is then subject to scattering
onto the ionic potential in the continuum. In (b), randomly oriented molecules are ionized by a bicircular corotating two-color laser field
EðtÞ (red continuous line). The dashed red line corresponds to −AðtÞ, the negative of the vector potential. In the SFA framework, the
asymptotic photoelectron angular distribution [here displayed in the (px, py)-polarization plane] would follow the shape of −AðtÞ and
point to φ0 ¼ 0. Deviations from this direction can be read as attoclock offsets. In the case of a chiral target, these offsets are forward-
backward asymmetric with respect to the light propagation axis z. In (c), the molecules are ionized by an orthogonal two-color laser field
(red continuous line). Two electron wave packets are released per half laser cycle, creating an interference pattern in the photoelectron
angular distribution. In the case of a chiral target, these interferences present asymmetric features which include information about the
impact of chirality on the amplitude and phase profiles of tunneling electron wave packets. We display in (d) the Cartesian and spherical
momentum coordinate systems used throughout the paper.
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modulation of the electronic wave packets launched by
tunnel ionization. Therefore, both the attoclock and sub-
cycle gated chiral interferometry techniques lead to the
same conclusion: Tunnel ionization from chiral molecules
in a rotating laser field is an enantiosensitive dynamical
mechanism. Combining the two complementary measure-
ment schemes enables us to fully disentangle the amplitude
and phase of the chiral tunneling phenomenon.

II. RESULTS

A. Principle of chiral attoclock

The attoclock is a powerful technique to investigate the
ultrafast dynamics of strong-field ionization [21,27]. It is
based on the time-to-momentum mapping inherent to the
SFA, where the final momentum of an electron which has
tunneled out at time t0 and does not experience any
influence of the ionic potential later on, is equal to the
opposite of the vector potential at time of ionization:
p ¼ −Aðt0Þ. The rotation of AðtÞ along the streaking
angle φ ¼ tan−1ðpy=pxÞ thus acts as a clock, which points
out to the ionization time t0, a full rotation of the clock
Δφ ¼ 360° corresponding to a laser period T0. The initial
implementations of the attoclock technique employed an
elliptically polarized few-cycle laser field to ionize rare-gas
atoms and map the ionization dynamics of the electrons
into angular shifts of their momentum distribution [21,27].
This idea was later extended to other electric field shapes,
releasing the constraint of using few-cycle pulses while still
maintaining the time-to-momentum angular mapping [28].
Here, we use the combination of a fundamental circularly
polarized laser field and its corotating second harmonic
[29,30], resulting in a bicircular field whose x̂ and ŷ
components are defined as

Ex ¼
ffiffiffiffiffi
Iω

p
σ½sinðωtÞ þ ffiffiffi

r
p

sinð2ωtÞ�;
Ey ¼

ffiffiffiffiffi
Iω

p
½cosðωtÞ þ ffiffiffi

r
p

cosð2ωtÞ�; ð1Þ

respectively, where ω is the fundamental laser angular
frequency, Iω is the fundamental intensity, r ¼ I2ω=Iω is
the ratio between the second harmonic and fundamental
intensities, and σ is the helicity of the ω and 2ω underlying
fields. σ ¼ −1 throughout the paper, unless otherwise stated.
Figure 1(b) shows the shape of the bicircular field with
r ¼ 0.1. The second harmonic induces a modulation of the
electric field amplitude which maximizes at t ¼ 0 and
minimizes at t ¼ T0=2, T0 being the fundamental laser
period. The ionization probability thus maximizes at t ¼ 0.
We illustrate in Fig. 1(b) the schematic temporal evo-

lution of an electronic wave packet launched about t0 ¼ 0.
The wave packet initially points to the opposite direction
of the electric field and is subsequently accelerated and
streaked along φ by the field. In the SFA framework, the
wave packet would asymptotically end up centered about
φ0 ¼ 0. Deviations from this direction, called attoclock

offsets, can originate from two factors [22,31]: (i) The
ionization could be delayed in time, for instance, because of
a nonzero time taken by the electron to tunnel through the
potential barrier [22,32], and (ii) the influence of the ionic
potential on the acceleration of the electron in the con-
tinuum induces a shift of the attoclock [33]. The attoclock
is thus potentially sensitive to both the sub-barrier and
continuum electron dynamics. A recent theoretical study on
atomic targets [23], confirmed by an experiment [24], has
established that continuum dynamics is the dominant effect
determining the attoclock offset.
The principle of the chiral attoclock consists in comparing

the attoclock angular offsets of electrons ejected forward and
backward with respect to the light propagation axis. The
geometry of the interaction is depicted in Fig. 1(d). The polar
angle θ describes the electron ejection angle with respect to
the laser polarization plane, forward (backward) electrons
being emitted at positive (negative) θ. The azimuthal angleφ
still characterizes the attoclock angular streaking for fixed
momentum p and ejection angle θ. When photoionizing a
chiral molecule, we expect to measure a different number of
electrons ejected forward and backward. In addition, chiral-
ity was shown to influence the angular electron streaking
[20], yielding differences between the streaking angles
maximizing the signal forward, φ0ðp; θÞ, and backward,
φ0ðp;−θÞ. This difference is defined as the phase asymmetry
Δφf=b

0 ðp; θÞ ¼ φ0ðp; θÞ − φ0ðp;−θÞ.

B. Chiral attoclock measurements

For the chiral attoclock measurements, we use the 1-kHz
Aurore laser facility at CELIA [34]. The experimental setup
is described in Sec. IV. Briefly, the bicircular field (at
wavelengths 800 and 400 nm) is produced using a Mach-
Zehnder-type interferometer, allowing an independent con-
trol of the polarization state, intensity, focal spot size, and
focus position of each frequency component. The bicircular
beam is focused in a gas jet in a velocity map imaging
spectrometer, which records 2D projections of the 3D
photoelectron angular distribution (PAD) PðpÞ. The bicir-
cular field lacks the cylindrical symmetry which is neces-
sary to retrieve PðpÞ from its 2D projection by Abel
inversion. We thus use a tomographic imaging procedure,
recording a set of projections of the PAD for different
orientations of the bicircular field, and reconstruct PðpÞ by
inverse Radon transform [29,35].
Figure 2(b) shows a cut of the PAD PðpÞ in the laser

polarization plane, obtained by ionizing (þ)-fenchone with
a bicircular field with intensity Iω ≈ 4 × 1013 W · cm−2 and
ratio r ≈ 0.1. In the strong-field regime, ionization mostly
proceeds from the highest occupied molecular orbital
(HOMO), since the ionization probability exponentially
decreases as the ionization potential increases, which
disfavors electron ejection from inner shells. The PAD
shows several above-threshold ionization (ATI) [36] peaks,
attributed to tunnel ionization from the HOMO, which
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maximize at different streaking angles φ0. To extract these
angles, we integrate each ATI peak of the order of n over its
full momentum width to obtain a polar signal as a function
of the streaking angle φ. The maximizing values φ0;n are
then extracted for each ejection angle θ of the electrons
with respect to the polarization plane [Fig. 2(c)]. Since the
absolute orientation of the bicircular field is undetermined

in the experiment, we arbitrarily set it by assuming that
φ0;nðθ ¼ 0Þ ¼ 0 for the highest ATI peak, consistently with
SFA calculations. Around θ ¼ 0, the first ATI peak is offset
by approximately 60° with respect to the highest one. The
streaking angle varies by almost 40° between electrons
ejected in the laser polarization plane and about θ ¼ 40°. To
the best of our knowledge, the dependency of the attoclock

FIG. 2. Chiral attoclock measurements in (þ)-fenchone and (þ)-camphor, using an 800- and 400-nm bicircular field with Iω ≈
4 × 1013 W · cm−2 and r ≈ 0.1. (a) Molecular structure and highest occupied molecular orbital of fenchone obtained by means of
Hartree-Fock calculations. (b) Photoelectron angular distribution from fenchone in the laser polarization plane (θ ¼ 0). The radius is the
photoelectron momentum in a.u. (c) Attoclock streaking angle φ0;n for ATI peaks n ¼ 1–5 (from red to purple) as a function of the
electron ejection angle θ. For each ATI peak n, we display in (d) the forward-backward asymmetry in the attoclock streaking

angle Δφf=b
0;n ðθÞ and in (e) the forward-backward asymmetry in electron yield ΔPf=b

n ðθÞ. (f)–(j) are identical to (a)–(e) but relative
to (þ)-camphor.
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streaking as a function of the electron ejection angle with
respect to the polarization plane has never been inves-
tigated. This observable brings a deeper insight on the
ionization dynamics, in a similar manner as the angle-
resolved photoionization delays [14,37]. As the electron
kinetic energy increases, the streaking angle as well as its
variation with electron ejection angle decrease.
In order to study the influence of chirality on the

ionization dynamics, we investigate the subtle asymmetry
of φ0;nðθÞ. The forward-backward asymmetric streaking
phase Δφf=b

0;n is hardly visible by eye in Fig. 2(c), but it can
be extracted numerically as represented in Fig. 2(d). ATI
peaks 2–5 show a remarkably similar behavior, with a
close-to-linear dependency of Δφf=b

0;n which reaches −3° at
θ ¼ 40°. The first ATI peak shows a more complex
evolution and reaches higher values. Our measurement
demonstrates that the attoclock streaking angle is forward-
backward asymmetric in chiral molecules, as previously
observed in Ref. [20]. We confirm in Sec. IV thatΔφf=b

0;n is a
genuine chiral observable, since it reverses sign when
switching from (þ)- to (−)-fenchone.
Chiral photoionization produces not only asymmetric

streaking angles, but also a forward-backward asymmetry
in the amount of photoelectrons ejected forward and
backward. This asymmetry is defined by ΔPf=bðpÞ ¼
2½Pðp; θ;φÞ − Pðp;−θ;φÞ�=½Pðp; θ;φÞ þ Pðp;−θ;φÞ� at
each point p of the momentum space. It is convenient to

introduce the averaged asymmetry ΔPf=b
n ðθÞ of electrons

belonging to the nth ATI peak and ejected along the polar
direction θ with respect to the polarization plane. PðpÞ is
integrated over φ and summed over the radial momentum

width of the ATI peak to yield PnðθÞ. ΔPf=b
n ðθÞ is then

defined as2½PnðθÞ − Pnð−θÞ�=½PnðθÞ þ Pnð−θÞ�. Averaged
asymmetries are reported in Fig. 2(e) for the five ATI peaks.
The asymmetry from the first ATI ring is opposite to the
other ones. This peculiar behavior is discussed later on.

For ATI2–5,ΔPf=b
n ðθÞ behaves almost linearly as a function

of the electron ejection angle and monotonically increases

with increasing kinetic energy of the electrons. ΔPf=b
5 ðθÞ

reaches −2.4% around θ ¼ 40°.
To demonstrate that the differential Δφf=b

0;n angles are
general chiral features, we repeat the measurements in
camphor, a structural isomer of fenchone. These two
isomers are often used to illustrate the structural sensitivity
of PECD measurements [3,38,39]. Figures 2(h)–2(j) show
the chiral attoclock measurements in (þ)-camphor. The
streaking angles are remarkably similar to those obtained in
fenchone, exhibiting only slightly smaller values. This is
consistent with the conclusions of Torlina et al. [23]—the
attoclock is mostly sensitive to the long-range part of the
molecular potential, which is similar in ionized camphor
and fenchone.

The forward-backward asymmetry in the attoclock
streaking angles [Fig. 2(i)] and ATI yields [Fig. 2(j)] is
more sensitive to structural isomerism. The differential
streaking angles Δφf=b

0;n are much weaker in camphor than
in fenchone—they reach nonzero values only for the first

ATI peak. The averaged asymmetries ΔPf=b
n ðθÞ behave

differently as a function of θ in the two isomers. However,
they present a similar trend with electron kinetic energy:

ΔPf=b
n ðθÞ switches sign between n ¼ 1 and 2 and then

increases with increasing ATI order. This behavior contra-
dicts our intuition of chiral scattering, whose influence is
expected to vanish as the electron kinetic energy increases.
In this respect, the PECD associated to ionization from a
given molecular orbital is known to decrease as the electron
energy increases in the multiphoton regime [5,6,40] as well
as in standard single-photon ionization far from threshold
[13,38]. The distinct behavior observed in the present
measurements is linked to the ionization regime associated
to our experiments. The Keldysh parameter in our exper-
imental conditions is γ ≈ 1.3, which corresponds to the
nonadiabatic tunneling regime. In this ionization regime,
the influence of the ionic potential on the departing electron
is expected to be weak. The potential does have some
influence on the attoclock, as demonstrated by the nonzero
differential streaking angles, but this influence is attenuated
because the attoclock shift is mostly monitored by the long-
range part of the potential. By contrast, our measurements
reveal a large forward-backward asymmetry in the number
of ejected electrons, which further increases with increasing
electron kinetic energy. What is the origin of this exacer-
bated asymmetry? Is the electron yield more sensitive to the
long-range chiral scattering than the angular streaking? Or
does this observation indicate that the yield is already
asymmetric at the exit of the tunnel, carrying the signature
of sub-barrier dynamics? To answer these questions, we
develop a theoretical model of the interaction, described in
the next section.

C. Chiral attoclock calculations

To shed light on the origin of the forward-backward
asymmetry of electron yield and angular streaking in
chiral strong-field photoionization, we perform quantum-
mechanical calculations solving the time-dependent
Schrödinger equation (TDSE) for the strong-field ioniza-
tion of a toy-model chiral molecule by a bicircular field
(see Sec. IV). This fictitious molecule consists of a single
electron evolving in the field of four nuclei whose effective
charges and positions are set to yield an ionization potential
of 9 eV, similar to that of fenchone. Figure 3(a) illustrates
the ionic potential of the toy model in the (x, y) plane.
Figure 3(b) shows the PAD obtained when the toy molecule
is ionized by a bicircular field with I ¼ 2 × 1013 W · cm−2

and r ¼ 0.1. The intensity employed in the calculations is
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somewhat lower than the experimental one. In practice, this
is the highest intensity for which the calculations could be
converged with our current computational capabilities, as
discussed in Sec. IV. Four ATI peaks of significant

magnitude show up in the computed PAD, the first one,
centered about p ¼ 0.25 a.u., being noticeably structured
along the streaking direction φ. We thus define the mean
streaking angle φ0;nðθÞ of each ATI peak n as the center of

0

1

0

1

FIG. 3. Chiral attoclock TDSE calculations in a toy-model chiral molecule, using an 800- and 400-nm bicircular field with Iω ¼
2 × 1013 W · cm−2 and r ¼ 0.1. (a) Potential of the toy-model molecule in the θ ¼ 0 plane. (b) Photoelectron angular distribution in the
laser polarization plane (θ ¼ 0). The radius is the photoelectron momentum in a.u. (c) Attoclock streaking angle φ0ðθÞ of the first four
ATI peaks (from red to blue) as a function of the electron ejection angle θ. (d) Forward-backward asymmetry in the attoclock streaking
angles Δφf=b

0;n . (e) Forward-backward asymmetry in the intensity of the first four ATI peaks (from red to blue). (f)–(j) are the same as
(a)–(e) but relative to a Yukawa-screened molecule.
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mass of the ATI electron distribution along φ. The chiral
angular streaking asymmetries Δφf=b

0;n ðθÞ as well as the

asymmetries ΔPf=b
n ðθÞ in electron yields are then defined

as in the experiment.
The theoretical results are in good qualitative agreement

with the measurements. The streaking angles φ0;nðθÞ
decrease with increasing order of the ATI peak. This
indicates a smaller influence of the molecular potential
on higher ATI peaks, which is intuitive, since the scattering
waves associated to high-energy electrons tend to plane
waves, insensitive to the potential. The streaking angles are

slightly forward-backward asymmetric, leading to a Δφf=b
0;n

which reaches approximately −3.5° at θ ¼ 40° for ATI2

and decreases for higher ATI peaks.ΔPf=b
n ðθÞ changes sign

between n ¼ 1 and n ¼ 2 and increases between ATI2 and
ATI3–4, where it reaches −4% at θ ∼ 40°. The general
trends of the three observables are similar to those observed
experimentally in fenchone and camphor. This observation
is remarkable given the difference between the model and
the actual structure of these molecules, pointing toward a
universal behavior of asymmetric features in strong-field
ionization of chiral molecules.
The particular behavior of the first ATI peak, mainly

appearing in Figs. 3(e), 2(e), and 2(j) in terms of ΔPf=b
n ðθÞ

sign reversal between n ¼ 1 and n ¼ 2, can be related to
continuum scattering effects which depend on the energy
of the ejected electron. Low-energy electrons are indeed
emitted at times where the field has almost maximal
amplitude. Therefore, they exit from the tunnel at rather
short distances and are subsequently subject to significant
scattering off the chiral potential. As is well known from
one-photon PECD dynamics [13], this chiral scattering can
lead to opposite preferential directions of electron emission
over a small kinetic energy range, as the one encompassing
ATI1 and ATI2. Higher-energy electrons emerge from the
tunnel at larger distances where the chiral continuum
scattering gradually vanishes.
In order to disentangle sub-barrier and continuum

effects, we perform a second TDSE calculation following
the idea proposed by Torlina et al. in the atomic attoclock
case, which consists in screening the long-range part of the
potential [23]. The nuclear skeleton of our toy molecule
extends up to 3 a.u. We thus damp the long-range chiral
potential beyond a radial distance r0 ¼ 3.5 a.u. by multi-
plying it by an isotropic cutoff Yukawa term exp−ðr−r0Þ for
r > r0. The screened potential is illustrated in Fig. 3(f). It
vanishes for radial distances r≳ 8 a.u. out of the molecular
core. The results of the attoclock calculations for the
screened potential are depicted in Figs. 3(g)–3(j).
Cutting off the long-range part of the chiral potential has
a large influence on the attoclock streaking angles. All ATI
peaks point around the horizontal direction in Fig. 3(g), and
the streaking angles remain small for all ejection angles.

The situation is thus close to SFA calculations which lead to
exactly zero streaking angles [23]. The differential atto-
clock angles Δφf=b

0;n ðθÞ switch sign with respect to those
obtained with an unscreened potential. However, they are
significantly attenuated, except for the first two ATI peaks
because of incomplete screening in the region where these
electrons scatter just after tunneling.
These results demonstrate the overall efficiency of

Yukawa screening in damping the influence of the molecu-
lar potential on electron scattering. Surprisingly however,
Fig. 3(j) shows that the screened molecule exhibits a
significant forward-backward asymmetry in the electron
yield. The first ATI peak does not present an odd behavior

anymore, and ΔPf=b
n ðθÞ increases with increasing ATI

order n, reaching −4% at θ ¼ 40°—the same value as in
the nonscreened molecule. Such an asymmetry in the
photoelectron angular distribution thus necessarily emerges
from the sub-barrier dynamics: Despite the random
molecular orientations, the electrons ending up in the
backward hemisphere are favored by tunnel ionization
compared to the electrons ending up forward.
In addition to the amplitude asymmetry in the photo-

electron angular distribution, the asymmetric tunneling
could also result in a forward-backward asymmetry in
the phase of the ejected electron wave packets, which is
not resolved by the above measurement. Measuring and
resolving this sub-barrier phase would provide a complete
insight on the influence of chirality on the tunneling
dynamics. In the next part, we show that such a measure-
ment can be performed by subcycle gated chiral interfer-
ometry, using an orthogonal two-color laser field.

D. Chiral photoionization by orthogonal
two-color laser fields

Resolving the phase of an electron wave packet requires
an interferometric measurement. Photoelectron interference
is very common in strong-field ionization [41], leading to
important processes such as photoelectron holography
[42,43] or laser-induced electron diffraction [44–46].
When the ionizing pulse is linearly polarized, two arms
of an interferometer are naturally built by the ionization
dynamics. The first arm corresponds to electrons ionized
between the zero and the following peak of the fundamental
field. These electrons directly escape the target under the
influence of the field. The second arm consists of electrons
ionized between the peak and the next zero of the
fundamental field. Their trajectory is indirect, being first
accelerated in one direction before reversing. Within the
strong-field approximation, electrons from the two families
end up with the same final momentum, producing an
interference pattern in momentum space [see Fig. 1(c)].
Performing chiral-sensitive photoelectron interferometry

measurements is not straightforward. The angular streaking
of the photoelectrons by a rotating electric field prevents

REVEALING THE INFLUENCE OF MOLECULAR CHIRALITY ON … PHYS. REV. X 11, 041056 (2021)

041056-7



the observation of interference in circularly polarized
light—the electrons released during consecutive quarter
cycles of the field do not overlap in momentum space and,
thus, do not interfere. The situation is similar with the
corotating bicircular field used in our attoclock scheme.
To solve this issue, we use an OTC laser field. In contrast
to the bicircular case, the OTC field creates interference
patterns while still presenting a nonzero instantaneous
optical chirality. Combining the chiral property of circu-
larly polarized light with the interference features inherent
to the linear polarization, we create a scheme which enables
us to study the phase properties of the chirosensitive
photoelectron interference.
An OTC field E is obtained by superimposing a

fundamental field Eω cosðωtÞŷ and its orthogonally polar-
ized second harmonic E2ω cosð2ωtþ ϕÞx̂:

E ¼ E0 cosðωtÞŷ þ E0

ffiffiffi
r

p
cosð2ωtþ ϕÞx̂; ð2Þ

where E0 ¼ Eω, r ¼ I2ω=Iω is the intensity ratio between
the two components, and ϕ is their relative phase. The
vectorial temporal evolution of the laser field can be
tailored from describing an “8” shape (ϕ ¼ π=2� π)
to a “C” (ϕ ¼ 0� π) shape (Fig. 4). The vector potentials
associated with these two cases have, respectively, C and 8
shapes.
The electric field of an OTC field rotates in time, but its

helicity reverses every half laser cycle. The time-dependent
field rotation is described by the instantaneous optical
chirality CðtÞ [47]:

CðtÞ ¼ C0½ExðtÞ∂tEyðtÞ − EyðtÞ∂tExðtÞ�; ð3Þ

where C0 is a normalization factor defined such that
CðtÞ ¼ 1 for a right circularly polarized field. The evolution
of the instantaneous chirality of an OTC field is shown in
Fig. 4(a) for different relative phases between the vectorial
components of the field.
Figure 4(a) shows the experimental 3D photoelectron

angular distributions PðpÞ and forward-backward
asymmetries resulting from the photoionization of
(þ)-fenchone by OTC fields with Iω≈5×1012W·cm−2

and r ≈ 0.1. The fundamental laser pulse used in this
experiment is a 135-fs pulse at 1030 nm provided by the
BlastBeat Yb:fiber laser system operating at 166 kHz.
The 3D photoelectron momentum distributions are col-
lected using a cold target recoil ion momentum spec-
trometer (COLTRIMS). Details on the experimental setup
and acquisition procedure are given in Sec. IV.
The Keldysh parameter associated to the interaction

is γ ≈ 3. This indicates that ionization takes place in the
multiphoton regime, yet approaching the nonadiabatic
tunneling regime characterized by γ ∼ 1. Unfortunately,
experiments could not be conducted using stronger fields
because of artifacts in the photoelectron imaging at high
laser intensity.
When the relative two-color phase ϕ is set to π=2, the

driving fieldEðtÞ is 8-shaped, and the photoelectron angular
distribution shows a clear asymmetry along the px axis. The
overall shape of this distribution tends to reproduce the
invertedC shape of −AðtÞ. Other measurements (not shown

FIG. 4. Measurements (a) and calculations (b) of chiral photoionization by an OTC field. (a) Measured photoelectron angular
distribution PðpÞ and forward-backward asymmetry ΔPf=bðpÞ from (þ)-fenchone ionized by an OTC field with Iω≈5×1012 W·cm−2,
r ≈ 0.1, ϕ ¼ π=2 (8-shaped field) and ϕ ¼ 0 (C-shaped field). (b) Corresponding TDSE calculations in the toy-model molecule.
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for the sake of conciseness) confirm that the 3D photo-
electron angular distribution presents an approximate C
shapewhen the relative phase between the OTC components
is switched toϕ ¼ 3π=2. The distribution thus features some
of the characteristics of strong-field ionization, even
though γ ≳ 1.
The 3D asymmetry in electron yield, displayed in

Fig. 4(a), is here defined as ΔPf=bðpÞ ¼ 2½Pðp; θ;φÞ−
Pðp;−θ;φÞ�=Pmax, where Pmax is the maximal value of
PðpÞ. Forϕ ¼ π=2, the experimentally resolved 3D forward-
backward asymmetry shows fringes of alternating sign on
the main ATI sphere. This indicates that interferences are at
play in the ionization process and that they preferentially
show up in the asymmetric part of the electron distribution.
As theoretically predicted [48] and observed in 2D mea-
surements using velocity map imaging [15], the forward-
backward asymmetry is antisymmetric along the polarization
direction of the fundamental field py. This reflects the
opposite optical chirality experienced by electrons ending
up in the upper and lower hemispheres, as shown in Fig. 4(a).
Whenϕ is set to 0, the 3D photoelectron angular distribution
ismore symmetric alongpx than in theϕ ¼ π=2 case. This is
quite consistent with the 8 shape of the vector potential. The
forward-backward asymmetry is highly localized inmomen-
tum space along py, and interference patterns are of smaller
amplitude than in the ϕ ¼ π=2 case.
Figure 4(b) shows the results of TDSE calculations,

performed using the toy-model molecule introduced in the
previous section, in the same conditions as the experiment.
The results are in good qualitative agreement with the
measurements on fenchone. The shape of the photoelectron
angular distributions looks like the form of −AðtÞ, and the
3D forward-backward asymmetry is strongly sensitive to the
two-color relative phaseϕ. This latter is highly structured for
ϕ ¼ π=2, while it is localized along py for ϕ ¼ 0.
This study leads us to draw three conclusions. First, the 3D

chiral signal is extremely sensitive to the relative phase
between the components of the OTC field. The temporal
evolution of the instantaneous chirality plays a crucial role in
the photoionization dynamics, acting as a subcycle gate. This
scheme constitutes a time-gated version of PECD, which we
refer to as enantiosensitive subcycle antisymmetric response
gated by electric-field rotation (ESCARGOT) [15]. Second,
the appearance of fringes when the OTC field is 8-shaped
suggests that the chiroptical signal carries an enhanced
signature of interference effects. Third, the good agreement
between experiment and theory confirms the ability of our
simple model to faithfully describe the interaction of a chiral
system with OTC fields. In the following, we rely on this
agreement to pursue our investigation of chiral interferom-
etry in the genuine strong-field regime, characterized by
γ ≤ 1, from a theoretical point of view.

E. Chiral interferometry

We have seen in the first section that the influence of
chirality on the continuum electron dynamics is strongly
attenuated in a Yukawa-screened toy molecule, enabling us
to isolate the role of sub-barrier dynamics. We thus use
these molecules as our target (Ip ¼ 7.2 eV) and study their
ionization by an OTC field with Iω ¼ 5 × 1013 W · cm−2

and r ¼ 0.1. Before presenting the results of the TDSE
calculations, we build an intuitive model based on SFA,
which aims at understanding the role of continuum and sub-
barrier chiral dynamics in photoelectron interferometry.
Figure 5(a) illustrates the birth of direct and indirect

electron wave packets, obtained by SFA in the conditions
of the TDSE calculation. These wave packets are initially
delayed, but they have asymptotically the same momentum
distribution, which reflects the C shape of the vector
potential since p ¼ −Aðt0Þ in the SFA. Their coherent
superposition thus yields an interference pattern in the total
PAD displayed in Fig. 5(a) (see also Ref. [49]). The PAD is
further radially structured due to intercycle interferences
producing ATI peaks. When the relative phase between
the two components of the OTC field is changed to ϕ ¼ 0,
the OTC field has a C-shape, while the vector potential
describes an 8 shape. The electrons from the two families
are then streaked in opposite directions along the polari-
zation direction of the second-harmonic field, which lowers
the contrast of the interference pattern [25]. However, clear
fringes remain visible in the momentum distribution, as
shown in Fig. 5(b).
To evaluate how the subcycle chirality can influence the

interference pattern, we use a qualitative approach by
introducing a perturbative chiral sensitivity into the SFA
calculations.Wemimic the combined effect of the chiral light
and chiral molecular potential on the ionization probability
by introducingpz-antisymmetric amplitude (α) andphase (β)
perturbations to the SFA electron quantum paths:

PðpÞ ¼
���X

j
½1þ αðp; tj0Þ�ei½Sðp;t

j
0
Þþβðp;tj

0
Þ�
���2; ð4Þ

where j ¼ d and i for direct and indirect electrons, respec-
tively, and

α ¼ α0sgnðpzÞ
Z þ∞

tj
0

CðtÞRðt − tj0Þdt;

β ¼ β0sgnðpzÞ
Z þ∞

tj
0

CðtÞRðt − tj0Þdt: ð5Þ

Here, α0 and β0 quantify the chiral-induced amplitude and
phase, respectively, RðtÞ is the response function of the
system to the light chiralityCðtÞ, and tj0 is the ionization time
of electron j. α0 and β0 are set to 0.1 to fulfill perturbative
constraints. The chiroptical response shows up through the
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3D forward-backward asymmetry whose unnormalized form
ΔPf=bðpÞ ¼ Pðp; θ;φÞ − Pðp;−θ;φÞ is used in the follow-
ing unless otherwise specified. For the sake of clarity of
illustrations, it can be convenient to introduce the PAD
and related asymmetry projected onto the polarization
plane. The projected PAD, Pðpx; pyÞ, is simply computed
as Pðpx; pyÞ ¼

R
PðpÞdpz, and the corresponding forward-

backward asymmetry is thenΔPf=bðpx;pyÞ¼Pþðpx;pyÞ−
P−ðpx;pyÞ, where Pþð−Þðpx; pyÞ ¼

Rþ∞ð0Þ
0ð−∞Þ PðpÞdpz.

We consider two scenarios where the chiral response is
introduced either in the sub-barrier or in the continuum
scattering process. In the first case, the perturbation is
imprinted by tunneling. The response is, thus, instanta-
neous, described by a Dirac function RðtÞ ¼ δðt − tj0Þ. This
approach is justified by the recent theoretical investigation
of interference patterns in photoelectron spectra from
atoms, which has shown that adding a sub-barrier
Coulomb correction to SFA calculations reproduces the
results of TDSE calculations [50]. Figure 5(c) shows the
projected forward-backward asymmetries ΔPf=bðpx; pyÞ
produced by tunneling amplitude and phase perturbations,
for an 8-shaped electric field (ϕ ¼ π=2). The instantaneous
optical chirality changes sign between the time intervals

½0; T0=4� and ½T0=4; T0=2� [see Fig. 4(a)]. As a conse-
quence, the amplitude modulations experienced by indirect
and direct electrons, which are born in these respective time
ranges, are opposite, and the resulting asymmetry is zero.
By contrast, an opposite phase shift of direct and indirect
electrons shifts the interference patterns in opposite direc-
tions, resulting in a significant asymmetry.
In the second scenario, the forward-backward asymme-

try is imprinted by scattering during the acceleration of the
electron in the continuum. In contrast to the previous case,
the chiral response is not instantaneous. We assume that it
decays with increasing electron distance from ionic core,
mimicking the limited spatial range of the chiral potential:
RðtÞ ¼ expf−4 lnð2Þ½rðtÞ=r0�2g, with a full width at half
maximum r0 ¼ 2 nm. Figure 5(c) shows that, within this
model, a continuum amplitude modulation produces a
significant asymmetry. This is due to the fact that, even
if direct and indirect electrons experience opposite optical
chiralities at t0, the accumulated chiralities along their
trajectories are approximately similar [15]. A scattering
phase asymmetry results in a forward-backward asymmetry
pattern ΔPf=bðpx; pyÞ similar to the one produced by sub-
barrier phase effects, although it vanishes at high values of
py in Fig. 5(c).
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FIG. 5. Chiral strong-field photoelectron interferometry. (a) Schematic drawing of direct “d” and indirect “i” electron paths associated
to the ionization of a target with 7.2 eV ionization potential by an 8-shaped OTC field (shaded red line) with Iω ¼ 5 × 1013 W · cm−2

and r ¼ 0.1. These electron paths belong to delayed wave packets whose asymptotic momentum shapes are reported in terms of shaded
contour plots (SFA calculations). The direct and indirect wave packets finally interfere, yielding a clear angular fringe pattern on the
electron detector. (c) Projected forward-backward asymmetries ΔPf=bðpx; pyÞmodeled by the chiral-SFA approach, assuming different
sources of chiral response—amplitude vs phase effects coupled to sub-barrier vs continuum dynamics. These asymmetries are arbitrarily
normalized. (b) and (d) are the same as (a) and (c) but relative to a C-shaped OTC field.
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A better discrimination between the sub-barrier and
continuum chiral effects can be obtained by changing
the relative phase between the two components of the
OTC field to produce a C-shaped field. This configuration
leads to a smaller region of interference, due to the opposite
lateral streaking of electrons from the two families, but it is
best suited to unravel the origin of the chiral response.
Indeed, Fig. 5(d) shows that the four types of chiral
perturbations, involving sub-barrier vs scattering dynamics
and amplitude vs phase effects, produce chiral responses
with drastically different fingerprints. This illustrates how
subcycle gated chiral interferometry is sensitive not only to
the timescale of the chiral response but also to the under-
lying properties of the ionizing wave packets. Measuring
the forward-backward asymmetry of the subcycle gated
interference pattern can, thus, reveal the dynamical origin
of the chiral response, as well as retrieve its amplitude
and phase.

F. Determination of the chiral response

We remedy the lack of 3D-resolved experimental data on
strong-field ionization by OTC fields by analyzing the
TDSE calculations. Our previous attoclock calculations

have shown that the asymmetry in electron yield is encoded
within the tunneling ionization step. We now aim at
observing the amplitude and phase profiles of the electron
chiral wave packets at the exit of the tunnel. Therefore, we
consider our Yukawa-screened toy molecule where the
long-range part of the potential is damped. This damping
favors the influence of tunneling over scattering, even
though the latter may still show residual effects, as seen in
Fig. 3(i) in terms of small but nonzero chiral attoclock
streaking angles.
Figures 6(a) and 6(e) show projections of the PADs

obtained by means of TDSE calculations (detailed in
Sec. IV) in the polarization plane of 8- and C-shaped
fields with I ¼ 5 × 1013 W · cm−2 and r ¼ 0.1. The overall
agreement of these PADs with their SFA counterparts,
displayed in Figs. 6(c) and 6(g), is very satisfactory. The
forward-backward asymmetry resulting from reference
TDSE calculations can then be compared to the four
discriminatory chiral-SFA fingerprints in order to identify
the origin of the observed asymmetry. This comparison
is performed for each ATI peak, as exemplified in
Figs. 6(b), 6(d), 6(f), and 6(h) for the second ATI peak
associated to the interaction of the toy-model molecule with
the 8- and C-shaped OTC fields, respectively. Contrarily to
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FIG. 6. (a) Projected PAD Pðpx; pyÞ obtained by TDSE calculations when the Yukawa-screened toy molecule is ionized by an
8-shaped OTC field with Iω ¼ 5 × 1013 W · cm−2 and r ¼ 0.1. (b) Projected forward-backward asymmetry ΔPf=bðpx; pyÞ resulting
from TDSE calculations, restricted to the second ATI peak and normalized to the maximal value of Pðpx; pyÞ. (c) SFA counterpart to the
TDSE projected PAD. (d) Chiral-SFA asymmetries assuming different sources of chiral response. The TDSE asymmetry in the second
ATI signal mainly stems from continuum amplitude effects. (e)–(h) are identical to (a)–(d) but relative to a C-shaped field. The TDSE
asymmetry is mainly due to a sub-barrier chiral phase in that case.
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our previous attoclock study, we skip here the analysis of
the first ATI peak whose interference patterns are exces-
sively contracted about p ¼ 0 because of the large ponder-
omotive shift induced by our present driving pulse. A short
glance at Figs. 6(b) and 6(d) is enough to observe that, in
the case of an 8-shaped field, the TDSE asymmetry is
best modeled by a chiral continuum amplitude response.
The asymmetry is thus encoded in the TDSE signal by
electron scattering in the weak reminiscent long-range
chiral potential. Switching from an 8- to C-shaped field,
the TDSE asymmetry of Fig. 6(f) exhibits a fringe pattern
which is antisymmetric along the second-harmonic px axis,
ruling out the contribution of accumulated continuum
phase effects that yield a px-symmetric chiral response.
The main origin of the TDSE chiral response thus appears
to be in that case a chiral phase acquired in the tunneling
process, under the barrier.
These qualitative comparisons reveal the coherent prop-

erties of the chiral strong-field interaction. They highlight
the interest of subcycle gated interferometry to identify the
origin of the chiral response, as a function of the driving
field shape. In this respect, the case ofC-shaped OTC fields
already complements our previous attoclock study: Besides
a chiral amplitude effect, tunnel ionization through a chiral
barrier also induces an asymmetric phase modulation.
We go a step further by characterizing quantitatively the

four contributions to the chiral asymmetry. We focus on the
case where a C-shaped OTC field is used, since it provides
the most distinctive signatures of the origin (sub-barrier
or continuum) and the nature (amplitude or phase) of
the process. A first solution could be fitting the TDSE
asymmetry as a weighted sum of the four contributions
obtained in the chiral SFA and presented in Fig. 6.
However, even if the PADs calculated by the two theories
resemble each other, the exact position of the interference
fringes slightly differs, which makes the direct fitting
inappropriate. To circumvent this limitation, we first stay
in the chiral-SFA framework. We introduce four functions
fSiðp; θ;φÞgi¼1;…;4 that fit the four contributions of the
computed asymmetry on the basis of the forward (θ > 0)
part of the PAD, as a function of the azimuthal angle
φ ¼ tan−1ðpy=pxÞ for fixed p and θ:

S1ðp; θ;φÞ ¼ −Pðp; jθj;φÞ sinφ; ð6Þ

S2ðp; θ;φÞ ¼ −
∂Pðp; jθj;φÞ

∂φ ; ð7Þ

S3ðp; θ;φÞ ¼ −Pmaxðp; jθjÞ½sin 2φþ 0.2 sin 4φ�; ð8Þ

S4ðp; θ;φÞ ¼ −sgnðcosφÞ ∂Pðp; jθj;φÞ∂φ : ð9Þ

Here, Pmaxðp; jθjÞ is the maximum value of Pðp; jθj;φÞ
along φ. The functions fSiðp; θ;φÞgi¼1;…;4 capture the

main characteristics of the fundamental chiral components.
In the case of a sub-barrier amplitude perturbation (S1), the
forward-backward asymmetry can simply be modeled as
being proportional to the signal, with an additional sinus-
oidal modulation as a function of φ which reflects the
angular dependence of the instantaneous chirality at the
time of ionization. Concerning the sub-barrier phase (S2), a
forward-backward asymmetric component δηf=b in the
relative phase between the direct and indirect wave
packets leads to an angular streaking shift δφf=b of the
fringes between the forward and backward signals, as in
standard Young’s double-slit experiments. The differential
shift δφf=b is encoded in the derivative of the signal,
since ΔPf=bðp; jθj; φÞ ¼ Pðp; jθj; φÞ − Pðp; −jθj; φÞ ¼
Pðp; jθj; φÞ − Pðp; jθj; φ þ δφf=bÞ ≈ −δφf=b½∂Pðp; jθj;
φÞ=∂φ�. We observe in Fig. 5(h) that the asymmetry
resulting from continuum amplitude effects (S3) is surpris-
ingly smooth, not showing any interference pattern. This
indicates that one of the two families dominates the chiral
response, annihilating the contrast of the interference.
We indeed checked that the cumulative amplitude chiral
perturbation α of Eq. (4) is much larger for indirect
pathways than for direct ones, which is intuitively under-
stood through the longer time they spend around the chiral
ionic core. Last, continuum phase effects (S4) lead to a
differential forward-backward angular streaking shift of the
fringes, similar to the one encoded in S2. However, this
shift is found in Fig. 6(h) of opposite sign in the px > 0 and
px < 0 hemispheres, which is introduced by sgnðcosφÞ in
the expression of S4.
Figures 7(a)–7(d) present the reconstructed functions

fSiðp; θ;φÞg that reproduce the four contributions of the
forward-backward asymmetry computed in the chiral-SFA
framework. The reconstruction is illustrated for electrons
belonging to the second ATI peak and ejected along
θ ¼ 30° under the action of a C-shaped field with
Iω ¼ 5 × 1013 W · cm−2 and r ¼ 0.1. We further verify
that the functions are not linearly dependent, which would
prevent using them to decompose the computed total
asymmetry. In practice, the Si functions are almost orthogo-
nal, except for the S4 onewhose normalized overlap with S1
is 0.17.
Next, based on these four functions, we extract the

fundamental chiral parameters which define the coherent
properties of the sub-barrier and continuum scattering
processes. In order to extract these parameters, we turn
to the photoelectron angular distribution PðpÞ and forward-
backward asymmetry ΔPf=bðpÞ provided by the TDSE
calculations. PðpÞ is employed to define the basis functions
fSiðpÞg according to Eqs. (6)–(9). The measurement of
chiral effects is then based on the expansion

ΔPf=bðp; θ;φÞ ¼
X4
i¼1

af=bi ðp; θÞSiðp; θ;φÞ ð10Þ
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and consists in determining the coefficients faf=bi ðp; θÞg
for fixed values of p and θ. These coefficients are
found by minimizing the difference jΔPf=bðp; θ;φÞ−P

j a
f=b
j ðp; θÞSjðp; θ;φÞj2, using standard least-square fit-

ting algorithms [51]. Figure 7(e) shows comparisons of the
reference asymmetry ΔPf=bðp; θ;φÞ and fits [Eq. (10)] for
the second ATI peak and a few selected values of θ. The
overall agreement is good, confirming that the expansion of
the asymmetry ΔPf=b onto the functions fSiðpÞg is reliable
to describe the underlying chiral dynamics.
The four coefficients faf=bj ðp; θÞgj¼1;…;4 characterize

the contributions of the different sources of asymmetry
in the total signal. They are interpreted according to the
definition of the basis functions fSjðpÞgj¼1;…;4. a

f=b
1 ðp; θÞ

and af=b3 ðp; θÞ are chiral amplitude modulations of the

electron yield, since S1 and S3 are directly proportional to
the forward PAD. S2 and S4 involve the derivative of the
PAD so that a2ðp; θÞ and a4ðp; θÞ are assimilated to chiral
angular shifts Δφf=bðp; θÞ mentioned above. We refer to
the shifts associated to S2 and S4 as Δφf=b

2 ðp; θÞ and
Δφf=b

4 ðp; θÞ, respectively. These angular shifts are con-
verted to chiral differencesΔηf=b2;4 ðp; θÞ in the relative phase
between direct and indirect tunneling wave packets through
Δηf=b2;4 ðp; θÞ ¼ 2πΔφf=b

2;4 ðp; θÞ=iðp; θÞ, where iðp; θÞ is the
angular interfringe of the electron distribution along φ, for
fixed p and θ.
The behaviors of af=b1 ðp; θÞ, af=b3 ðp; θÞ,Δηf=b2 ðp; θÞ, and

Δηf=b4 ðp; θÞ are presented in Figs. 7(f)–7(i) as a function
of the ejection angle θ. For the second ATI peak, the
dominant source of asymmetry is a chiral sub-barrier phase
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Δηf=b2 ðp; θÞ in the relative phase between direct and indirect wave packets at the exit of the tunnel. (h) Chiral amplitude modulations

af=b3 ðp; θÞ accumulated in the continuum. (i) Chiral differences Δηf=b4 ðp; θÞ in the relative phase between direct and indirect wave
packets accumulated in the continuum.
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Δηf=b2 ðp; θÞ, as already inferred by the visual comparison of
Figs. 6(f) and 6(h). As the momentum component of the
electron along the light propagation axis increases, the
chiral sub-barrier phase increases, reaching approximately
10 mrad at θ ¼ 40°. The chiral sub-barrier amplitude
af=b1 ðp; θÞ remains very small (less than 0.2%) throughout
the entire θ range. The analysis of the higher-order ATI
peaks shows that the main source of asymmetry in the
photoelectron angular distribution is always the tunneling
process, leading to significant amplitude af=b1 ðp; θÞ and

phase Δηf=b2 ðp; θÞ effects. The magnitude of the chiral sub-
barrier amplitude increases with the order of the ATI peak,
reaching the 1%–2% range at θ ¼ 40° for ATI3 and 4. The
chiral sub-barrier phase reaches more that 25 mrad for ATI3
at θ ¼ 40°. Regarding continuum dynamics, phase effects
Δηf=b4 ðp; θÞ remain insignificant. A small chiral continuum

amplitude af=b3 ðp; θÞ appears for large θ and high ATI
orders, indicating a residual effect of the potential, as
already observed with the 8-shaped field in Fig. 6(b).
The results in Figs. 7(f) and 7(g) prove that the primary
tunneling dynamics are sensitive to chirality. Moreover, it is
commonly agreed that in conventional PECD, where the
asymmetry is accumulated during continuum electron
scattering off the potential, slow electrons are more
sensitive to the structure of the molecular potential [5].
Here, we observe an opposite trend—faster electrons show
a stronger asymmetry.

III. DISCUSSION

The combination of two complementary techniques has
enabled us to draw a complete picture of the influence
of the chiral molecular potential in strong-field ionization.
At long range, the chirality of the potential influences the
angular streaking of the electrons in the continuum,
inducing a forward-backward asymmetry in the attoclock
angles. The chiral potential also induces an asymmetry in
the number of electrons ending up in the forward and
backward hemispheres. In camphor and fenchone mea-
surements, as well as in toy-model calculations, this
asymmetry is larger for higher-energy electrons. This
contradicts the usual picture of PECD, in which faster
electrons are expected to be less sensitive to the structure of
the potential. Furthermore, this asymmetry survives screen-
ing of the long-range potential in TDSE calculations. This
reflects a different physical origin of the asymmetry, which
is not imprinted during scattering in the continuum but
under the barrier, during the tunneling process. Subcycle
gated chiral interferometry confirms this conclusion by
disentangling tunneling and scattering. It shows that
chirality induces not only an amplitude modulation, but
also a phase asymmetry in the tunnel-ionization dynamics.
The influence of the molecular potential on the tunneling

process may not seem surprising. Indeed, it has been long

established that the molecular geometry can affect the
tunneling probability and the shape of the wave packet at
the exit of the tunnel, through the shape of the molecular
orbitals [52,53]. Recent works on high-harmonic spectros-
copy [54,55] and photoelectron spectroscopy [26,56] also
have demonstrated that phase shifts could be imprinted by
tunneling. However, two aspects make the current results
unique. First, the geometrical factor at play is a 3D symmetry
property, which survives molecular orientation averaging.
Second, the phase and amplitude modulations observed here
do not result solely from the chiral geometry of the potential
barrier. They originate from a dynamical phenomenon,
imprinted by the interaction of this barrier with a laser field
whose polarization direction rotates in time.
The dynamics of electrons under the barrier are a very

controversial topic. In our subcycle gated chiral interfer-
ometry modeling, we assume that tunneling is instanta-
neous but sensitive to the optical chirality of light. This is
somehow contradictory, since a finite amount of time is
required for the light electric field to rotate and, thus, for
optical chirality to be expressed. This contradiction can be
resolved without introducing a finite tunneling time, by
analyzing the process in the complex plane, which is best
suited to describe strong-field light-matter interaction
[57,58]. In this framework, tunneling takes a nonzero
imaginary time. The electron follows a complex trajectory
under the barrier, where it experiences the influence of both
the laser field and the ionic potential [50]. The amplitude
and the phase of the electron wave packet released at the
exit of the tunnel are thus sensitive to the intrinsic features
of both the light and target. This is how the chirality of the
latter naturally translates into the observed asymmetry of
the tunneling wave packets. Within this chiral tunneling
scheme, the higher the kinetic energy of the released
electron is, the larger the imaginary time and the tunnel
exit distance from the core are. The electron thus follows a
longer complex trajectory under the chiral barrier lowered
by the chiral field, which is consistent with the larger
forward-backward asymmetry observed for high-energy
electrons.
The results can also be interpreted using an alternative

picture of tunneling dynamics, provided by quantum
trajectory analysis of TDSE calculations [59]. Contrarily
to noninteracting classical trajectories, quantum trajectories
are entangled and can exchange energy. Tunneling thus
appears in the quantum trajectory framework in terms of an
electron which borrows energy from neighbor trajectories
and surmounts the barrier. Here again, the electron can
capture asymmetry features in the hopping ionization
dynamics associated to tunneling.
In both interpretations of tunneling, the driving field

induces electronic ring currents, like in strong-field ioniza-
tion of atomic targets [60]. The chirality of the molecular
potential thus imprints a forward-backward asymmetry
on this electron flow, as in the photoexcitation circular
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dichroism mechanism [61], which results in a phase and
amplitude asymmetry of the electron wave packet emerging
in the continuum.
Our whole investigation is performed in the nonadiabatic

tunneling regime, in which electrons get excited before
being released in the continuum [33,62]. This excitation
could enhance the chiral sensitivity of the process, by
creating a chiral bound electron wave packet whose
asymmetric features are imprinted in the electrons emerg-
ing in the continuum. Nevertheless, we stress that the
existence of a sub-barrier phase is established in the pure
tunneling regime with γ < 1 [50]. We thus expect that
chirosensitive asymmetric patterns should survive in the
quasistatic picture of tunnel ionization.

IV. METHODS

A. Chiral attoclock measurements

1. Experimental setup

The attoclock experiments are performed using the
Aurore laser system at CELIA, which delivers up to
7 mJ, 26-fs pulses centered around 800 nm, at 1 kHz
repetition rate [34]. The beam is split by a 50%=50% beam
splitter at the entrance of a Mach-Zehnder interferometer. In
one of the two arms, we frequency double the infrared pulses
using a type-I 200-μm-thick β-barium borate (BBO) crystal.
Reflections on two dichroic mirrors remove the remaining
fundamental wavelength. We place motorized quarter-wave
plates in both arms to control independently the polarization
state of each color. After the wave plates, all the reflections
are at approximately 0° to avoid introducing polarization

state artifacts. A motorized pair of wedges installed in the
800-nm arm allows us to finely control the attosecond delay
between the two colors. The two beams are recombined
using a dichroic mirror and are focused by an f ¼ 30 cm
lens into the interaction zone of a velocity map imaging
spectrometer (VMIS). The VMIS uses an electrostatic lens to
project the 3D photoelectron angular distribution onto a 2D
detector, which is composed of a set of dual microchannel
plates imaged by a phosphor screen and a 12-bit CCD
camera. The divergence of the 800-nm beam is finely tuned
using a telescope in one arm of the Mach-Zehnder to ensure
that the 800- and 400-nm beams are focused at the same
position after the lens. The solid samples of camphor or
liquid fenchone molecules are heated in an oven at 60 °C and
injected in the VMIS through a 250-μm nozzle located at
approximately 7 cm from the laser beam.

B. Analysis of experimental photoelectron
angular distributions

The VMIS records the 2D projection of the 3D PAD.
When linearly or circularly polarized radiation is used, the
3D PAD PðpÞ can be retrieved from the 2D projection
by Abel inversion. This is not the case with bicircular
fields because of the lack of cylindrical symmetry of the
interaction. In that case, the 3D PAD can be obtained by
using a set of 2D projections recorded for different
orientations [29,35]. To rotate the 3D PAD by an angle
Φ around the laser propagation direction z, we scan the
delay τ between the two components of the bicircular field,
defined (for left polarization L of the fundamental field) as

EðtÞ ¼ fðtÞE0ffiffiffi
2

p (− fsin½ωðtþ τÞ� þ ffiffiffi
r

p
sinð2ωtÞgx̂þ fcos½ωðtþ τÞ� þ ffiffiffi

r
p

cosð2ωtÞgŷ); ð11Þ

where fðtÞ is the temporal envelop of the field, E0 the
peak field value, and r the intensity ratio between the
fundamental and second-harmonic components. Figure 8
shows one period of the field obtained with r ¼ 0.1, for
different delays between these two components, corre-
sponding to the delay step used in the experiment
(δτ ≈ 133 as, equivalent to a δΦ ≈ 36° rotation step along
Φ). Each projection of the 3D PAD is accumulated over
5 × 104 laser shots, and 11 projections are recorded. To
improve the tomographic reconstruction, we interpolate
the results over a finer Φ grid with a 1° step. We then use
inverse Radon transform for each slice along z to retrieve
the 3D PAD.
The sensitivity of photoelectron spectroscopy to

molecular chirality is imprinted as forward-backward
asymmetries in the angular distributions of the electrons.
This asymmetry, obtained by differentiating the forward

Fðp; θ;φÞ ¼ Pðp; θ;φÞ and backward Bðp; θ;φÞ ¼
Pðp;−θ;φÞ electron signals (with θ > 0), reverses sign
when switching from one enantiomer to its mirror image.
Experimental photoelectron angular distributions are
never free from spurious contributions due to experimental
artifacts. Thus, photoelectron dichroism experiments
always rely on differential measurements to disentangle
the genuine chiral signal from asymmetries intrinsic to
electron detection artifacts. When using circularly polar-
ized light (CPL), the photoelectron angular distribution has
a cylindrical symmetry around the light propagation axis.
Switching from one enantiomer to its mirror image is then
equivalent to switching the helicity of the ionizing radia-
tion. The normalized forward-backward asymmetry in the
electron yield ΔPf=b

CPL is then equal to the PECD, obtained
by differentiating the signals L and R recorded with,
respectively, left-handed and right-handed ionizing light:
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ΔPf=b
CPL ¼ 2

F − B
F þ B

¼ 2
L − R
Lþ R

¼ PECD: ð12Þ

When bicircular fields are used, the equivalence between
ΔPf=b and PECD is lost. Indeed, switching the helicity
of the two electric fields induces a mirror imaging of the
whole bicircular field (Fig. 8), leading to large angular
offsets between the left and right fields. Subtracting the
photoelectron angular distributions obtained with opposite
bicircular fields, thus, produces a differential distribution,
which is largely dominated by this angular offset of the E
fields, and

ΔPf=b
bircirc ¼ 2

F − B
F þ B

≠ 2
L − R
Lþ R

: ð13Þ

How can the chiral response induced by bicircular fields be
extracted from a differential measurement? A first solution
consists in performing consecutive measurements with a
fixed polarization (e.g., L) in opposite enantiomers (þ) and
(−), which should show opposite responses, and to average
the forward-backward asymmetries:

ΔPf=b
L ¼ 1

2
½ðFðþÞ

L − BðþÞ
L Þ − ðFð−Þ

L − Bð−Þ
L Þ�: ð14Þ

The drawback of this procedure is that it requires switching
the enantiomer in the experiment, which takes several tens
of minutes, during which the experimental parameters may
shift—attosecond stability is indeed necessary to maintain
the lab-frame orientation of the bicircular field. This issue
can be circumvented by taking a closer look at the effect of
the helicity of the bicircular field in the experiment.
Switching the helicities of the fundamental and second-

harmonic field induces a mirror symmetry on the bicircular
field. This operation also reverses the scanning direction
of the projection angle with two-color delay: ΦLðτÞ ¼
−ΦRðτÞ [Fig. 8(b)]. If we ignore this angular scanning

direction reversal and perform the tomographic
reconstruction defining the same projection angles for the
R polarization than for the L one [Fig. 8(c)], we obtain the

reconstructed distributionP�ð�Þ
R which is the mirror image of

the actual distribution Pð�Þ
R . For symmetry reasons, this

distribution is the same as the one obtained with the opposite

helicity in the opposite enantiomer:P�ð�Þ
R ¼ Pð∓Þ

L . The chiral
response can, thus, be extracted from differential measure-
ments using a single enantiomer by

ΔPf=b
L ¼ 1

2
½ðFðþÞ

L − BðþÞ
L Þ − ðF�ðþÞ

R − B�ðþÞ
R Þ�

¼ 1

2
½ðFðþÞ

L − BðþÞ
L Þ − ðFð−Þ

L − Bð−Þ
L Þ�: ð15Þ

The validity of this equation is illustrated in Fig. 9, which
shows the forward-backward asymmetry obtained by apply-
ing the two methods to measurements in camphor, using a
bicircular field with total intensity I¼8×1012W·cm−2 and
r ¼ I2ω=Iω ¼ 1 between the two frequency components.
The differential measurement of the forward-backward

asymmetry enables us to isolate the chiral response from
experimental artifacts. The artifact-free 3D PAD can be
obtained by summing ΔPf=b

L with the forward-backward-
symmetrized 3D PAD:

PL ¼ 1

4
½ðFðþÞ

L − BðþÞ
L Þ − ðF�ðþÞ

R − B�ðþÞ
R Þ�

þ 1

4
½ðFðþÞ

L þ BðþÞ
L Þ þ ðF�ðþÞ

R þ B�ðþÞ
R Þ�: ð16Þ

C. Mirroring of attoclock measurements

In order to verify our attoclock analysis of the signal,
we compare measurements in opposite enantiomers of
camphor molecules (Fig. 10). These measurements are

(b) (c)

FIG. 8. Evolution of a bicircular field with intensity ratio r ¼ 0.1 as a function of the delay between the two ω − 2ω components,
increasing from blue to red by steps of δτ ≈ 133 as. (a) The fundamental field is left polarized. (b) The fundamental field is right
polarized. (c) Alternative geometry for tomographic inversion, switching the sign of the rotation angle ΦR to obtain the mirror image of
the photoelectron angular distribution.
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conducted at lower intensity I¼8×1012W·cm−2 and
using a different ratio between the fundamental and
second-harmonic fields, r ¼ 1. The evolution of the

streaking angle with electron ejection direction is clearly
different from that observed in the strong-field regime. The
two ATI peaks show the same behavior, with a Δφf=b

0

reaching 5° and a relative asymmetry in the electron
yield reaching −2% at θ ¼ 40°. Switching from (þ)- to
(−)-camphor reverses the sign of these two signals, con-
firming that they are genuine chiroptical observables.

D. Experimental details on chiral photoionization
by OTC fields

For this experiment, we use the 50-W laser beam
provided by the BlastBeat laser system at CELIA
(Tangerine SP, Amplitude Systemes), delivering 135-fs
pulses at 1030-nm wavelength with 166-kHz repetition
rate. The beam is split in a Mach-Zehnder interferometer,
one arm remaining at the fundamental frequency and the
other arm being used to perform second-harmonic gen-
eration into a 1-mm-thick type-I BBO crystal. The delay
between the two arms is coarsely tuned with a pair of
mirrors mounted on a manual translation stage and actively
stabilized using a piezointertially controlled mirror mount.
The beams are recombined collinearly by a dichroic mirror
and sent through a calcite plate, which ensures that their
polarizations are perfectly orthogonal. The relative phase
between the fundamental and second-harmonic beam is
finely scanned using a pair of fused silica wedges placed
after the calcite plate. The two collinear beams are focused
by an f ¼ 60 cm lens into the interaction region of a
COLTRIMS. A slightly detuned telescope is placed in the
ω arm to compensate the chromatic aberration of the lenses
so that the foci of the ω and 2ω beams overlap at the center
of the COLTRIMS. The (þ)-fenchone molecules are
carried by two bars of N2 through a 30-μm nozzle coupled
to a 200-μm skimmer. The ionized electrons are accelerated
by an electric field and guided by a magnetic field toward a

FIG. 9. Comparison of the two differential measurements
in camphor molecules subject to a bicircular field with I ¼
8 × 1012 W · cm−2 and r ¼ I2ω=Iω ¼ 1. (a) Chiral response in
the forward hemisphere projected in the laser polarization plane
and (b) chiral response projected in the ðy; zÞ plane, obtained by
differential measurements on opposite enantiomers at fixed
polarization. (c),(d) The same as (a),(b) but obtained by differ-
ential measurements with opposite field polarizations for a given
enantiomer.

FIG. 10. Enantiosensitivity of attoclock measurements in camphor at I ¼ 8 × 1012 W:cm−2 with r ¼ 1. (a) Attoclock streaking angle
φ0 of the first two ATI peaks as a function of the electron ejection angle θ in (þ)-camphor. (b) Forward-backward asymmetry in the

attoclock streaking angles Δφf=b
0 ðθÞ. (c) Forward-backward asymmetry in the intensity of the ATI peaks, ΔPf=b

n ðθÞ. (d)–(f) are identical
to (a)–(c) but relative to (−)-camphor.
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set of microchannel plates. Their position and arrival time
are measured by delay-line anodes, to finally record the 3D
momentum distribution of the photoelectrons. For each
relative phase between the two components of the OTC
field, the 3D electron distribution is accumulated until 108

electrons are detected.
The absolute phase between the ω and 2ω fields is

determined by analyzing the evolution of the photoelectron
momentum distribution in the laser polarization plane. This
leads us to conclude that the phases reported in Ref. [15], in
which the 3D distributions are not measured, are offset
by π=2. This means that the ionization probability is not
maximized when the laser field is maximum (ϕ ¼ 0� π) as
we assumed in Ref. [15]. Our theoretical calculations
confirm this behavior.

E. The toy-model molecule and TDSE calculations

We employ the same toy-model molecule and TDSE
framework as in the ESCARGOT study [15]. Therefore,
we only outline our approach here and then focus on the
convergence of the chiral attoclock calculations.

1. General framework

The fictitious molecule consists of a single electron
evolving in the field of four nuclei with charges Z1 ¼ −1.9
and Z2–4 ¼ 0.9, respectively, frozen throughout the inter-
action at R1 ¼ 0, R2 ¼ x̂, R3 ¼ 2ŷ, and R4 ¼ 3ẑ. The
bound and continuum states ϕϵi of the molecule are
obtained by diagonalizing the field-free Hamiltonian H0 ¼
− 1

2
∇2 þ VmolðrÞ ¼ − 1

2
∇2 −

P
4
i¼1 Zi=jr −Rij in a basis

of primitive functions χilimi
ðrÞ ¼ jliðkirÞYcos;sin

limi
ðΩrÞwhose

radial parts jliðkirÞ are spherical Bessel functions, while
Ycos;sin

limi
ðΩrÞ are real spherical harmonics with 0 ≤ li ≤ lmax

and 0 ≤ mi ≤ li. The electron motion is confined within a
spherical box of radius rmax so that we introduce only the
χilimi

ðrÞ functions with ki values such that jliðkirmaxÞ ¼ 0.
Electron momenta ki are further restricted to 0 ≤ ki ≤ kmax.
Here, we employ rmax ¼ 200 a.u., kmax ¼ 7 a.u., and
lmax ¼ 14, which guarantees the convergence of the
ESCARGOT results as in Ref. [15]. Among the diagon-
alized states such that ϕϵjðrÞ ¼

P
i;li;mi

Dϵj;ilimi
χilimi

ðrÞ, the
fundamental one has energy ϵ0 ¼ −9 eV.
For a given molecular orientation R̂, the TDSE is solved

in the velocity gauge according to

�
H0 − iRðR̂Þ½AðtÞ�:∇ − i

∂
∂t
�
ΦðR̂; r; tÞ ¼ 0; ð17Þ

where RðR̂Þ½AðtÞ� is the vector potential associated to the
driving field passively rotated from the laboratory to the
molecular frame by means of the rotation matrix RðR̂Þ.
In practice, we introduce a flat-shape four-cycle pulse
with λ ¼ 800 nm, including one ω cycle ascending and

descending ramps, in both attoclock and ESCARGOT
calculations. ΦðR̂; r; tÞ is the total wave function which
is expanded onto the H0 eigenstates with energies ϵj ≤ 2

a.u. as ΦðR̂; r; tÞ ¼ P
j ajðR̂; tÞϕϵjðrÞe−iϵjt. While ajðR̂;

t ¼ 0Þ ¼ δj0, the ionizing part of the total wave function is
extracted at the end of the interaction (t ¼ τÞ as

ΦionðR̂; r; τÞ ¼
X
j=ϵj>0

ajðR̂; τÞϕϵjðrÞe−iϵjτ: ð18Þ

It can be alternatively written as

ΦionðR̂; r; τÞ ¼
X
i;li;mi

bilimi
ðR̂; τÞjliðkirÞYcos;sin

limi
ðΩrÞ; ð19Þ

where bilimi
ðR̂;τÞ¼P

lj;mj;n=ϵn>0anðR̂;τÞe−iϵnτDϵn;jljmj
δlilj

δmimj
. In the lab frame, one thus has

Φion
labðR̂;r;τÞ¼

X
i;li;mi

bilimi
ðR̂;τÞjliðkirÞR−1ðR̂Þ½Ycos;sin

limi
ðΩrÞ�

ð20Þ

or, equivalently in momentum space,

Φion
labðR̂;p;τÞ¼

X
i;li;mi

bilimi
ðR̂;τÞj̃iliðpÞR−1ðR̂Þ½Ycos;sin

limi
ðΩpÞ�;

ð21Þ

where j̃iliðpÞ is the radial part of the momentum wave
function associated to the primitive χilimi

ðrÞ function.
We obtain the momentum density of ionized electrons

from a sample of randomly oriented molecules at the end of
the interaction as

PðpÞ ¼ 1

8π2

Z
dR̂jΦion

labðR̂;p; τÞj2: ð22Þ

Molecular orientations R̂ are defined in terms of (α, β, γ)
Euler angles [63], and the integral (22) is evaluated as a
numerical quadrature over countable orientations with
angular spacings Δα ¼ Δβ ¼ Δγ ¼ π=5 rad.
All this theoretical framework remains identical in the

case of calculations involving a Yukawa-type long-range
cutoff of the molecular potential, which is then defined as
VmolðrÞ≡ Vmolðr; θ;φÞ ¼ −

P
i¼1 4Zi=jr −Rij for r ≤ r0,

while Vmolðr; θ;φÞ ¼ −e−ðr−r0Þ
P

i¼1 4Zi=jr −Rij for
r ≥ r0. We do not change the nuclear charges to leave
the inner part of the molecular potential unchanged, but the
Yukawa term makes the ionization potential of the screened
system slightly smaller: IP ¼ −ϵ0 ¼ 7.2 eV. This has no
significant consequences on the ionization regime experi-
enced by the molecule, since the Keldysh parameter varies
from 1.23 in the unscreened case to 1.03 in the Yukawa one
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for an orthogonally polarized two-color field defined by
Iω ¼ 5 × 1013 W · cm−2 and r ¼ 0.1.

2. Convergence of the attochiral calculations

The convergence of ESCARGOT calculations is pre-
sented in Ref. [15]. We focus in this section on the reason
why the intensity Iω of the fundamental component of the
bicircular field is restricted to 2 × 1013 W · cm−2 in the
attoclock calculations.
The reliability of our TDSE description depends on the

underlying parameters rmax, kmax, and lmax. rmax character-
izes the range of the spherical box within which the electron
dynamics can be fairly described. Too small values of rmax
lead to PAD and related asymmetry patterns blurred by
ingoing waves associated to reflections of the ionizing
electron flux onto the wall of the confinement box. This
indeed happens in the high-energy tail of the PAD, which is
not of interest in the present work. It is clear from Figs. 4 and
6 that rmax ¼ 200 a.u. is large enough to obtain the four first
ATI peaks free from reflection blurring for the rather short
pulses employed in both attoclock and ESCARGOT calcu-
lations. kmax is the largest electron wave vector introduced in
our basis of primitive Bessel functions. It has a large value,
kmax ¼ 7 a.u., which is necessary to describe accurately the
lowest-lying bound eigenstates of the field-free Hamiltonian
in terms of oscillating Bessel functions [64–66]. The diag-
onalization of the Hamiltonian yields eigenstates ϕϵjðrÞwith
energy up to ϵj ¼ k2max=2, which is more than necessary to
describe the strong-field-induced ionization processes of
present interest—in practice, only eigenstates with energy
ϵj ≤ 2 a.u. are introduced in the spectral TDSE expansion.
lmax is the largest angular momentum involved in the

single-center partial-wave decomposition (19) of the total
wave function. This is the most constraining parameter
in our TDSE calculations. In the strong-field ionization
regime, the electron indeed gains considerable kinetic
momentum through ionization, and lmax increases non-
linearly as the intensity of the driving field increases. On
the other hand, the number of primitive functions χilimi

ðrÞ
employed in our spectral TDSE scheme scales as
N ¼ ðrmax=πÞkmaxðlmax þ 1Þ2. The diagonalization opera-
tion count isN3 (which scales as l6max), and the time taken to
integrate TDSE is proportional to N2 ∼ l4max. Therefore,
spectral TDSE computations become prohibitively cum-
bersome as lmax increases. In practice, we set lmax ¼ 14.
To rationalize the convergence of our calculations with
respect to lmax, we compute the contribution of the angular
momentum l to the ionizing density at the end of the
interaction as

Cl ¼
1

8π2N

X
i;li;mi

δlli

Z
dR̂jbilimi

ðR̂; τÞj2
Z

rmax

0

drr2j2liðkirÞ;

ð23Þ

where N ¼ð1=8π2ÞR dR̂<Φion
labðR̂;r;τÞjΦion

labðR̂;r;τÞ>r.
The contributions Cl are presented in Fig. 11 for the
Yukawa-screened attoclock and ESCARGOT calculations
presented in Figs. 4 and 6, respectively. Even if Clmax¼14

does not vanish exactly, the behavior of Cl as a function of l
indicates a satisfactory convergence. It can be noted that Cl
peaks about a higher angular momentum when the mol-
ecule is submitted to bicircular corotating fields, even if the
OTC field introduced in the ESCARGOT calculations has a
higher intensity. This stems from the dipolar selection rules
inherent to the absorption of circularly and linearly polar-
ized photons, which induce a propensity to populate higher
(l, m)-partial waves in the former case. This propensity
increases as Iω increases, so that a fair description of
ionization by a bicircular field with Iω>2×1013W·cm−2

requires lmax > 14. Since we set lmax to 14 to reduce the
computational cost, we limit our attoclock calculations
to Iω ¼ 2 × 1013 W · cm−2.
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