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Photoelectron ionization time of aligned molecules clocked by attosecond angular streaking
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Attoclock is a powerful technique to resolve laser-driven electron dynamics on an attosecond time scale.
Previously, it was mainly limited to atomic targets. Here we apply the attoclock technique to aligned molecules
to study the subcycle ionization dynamics. By controlling the alignment of the molecule relative to the major axis
of a strong elliptically polarized laser field, we demonstrate that the electron ionization time in aligned molecules
can be precisely resolved by the attoclock technique. We find that the ionization time corresponding to the peak
of the photoelectron momentum distribution shifts several tens of attoseconds relative to the laser field peak
depending on the molecular orientation and molecular orbital structure. A significant difference between the
measurement and molecular Ammosov-Delone-Krainov model is found. We further show that the photoelectron
ionization time of molecules is sensitive to angular-dependent ionization rate, opening up opportunities for
probing attosecond electron dynamics in complex polyatomic molecules.
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I. INTRODUCTION

The advent of attosecond metrology has opened possibil-
ities to detect and resolve electron dynamics in atoms and
molecules with an extremely high temporal resolution, which
is at the forefront of attosecond science [1]. The attoclock,
or attosecond angular streaking, is a recently developed tech-
nique that accesses such short time scales based on strong-
field tunneling ionization [2]. In the attoclock technique, a
strong close to circularly polarized femtosecond laser pulse
is utilized to map the subcycle emission time of an electron
to its detection angle. Since strong-field tunneling is a highly
nonlinear process, the ionization is confined to subfemtosec-
ond intervals near the peak of the laser field with releasing
an electron wave packet. The rotating electric field of the
femtosecond laser subsequently exerts a force on the emitted
electron that varies on a subfemtosecond scale. Analogous to
a conventional streaking camera, attosecond timing precision
and resolution can be achieved without relying on the exis-
tence of attosecond pulses; e.g., a time resolution of ∼7 as can
be achieved for a resolution of 1◦ in the emission angle using
an 800-nm laser field. In typical attoclock experiments, the
electron emission angle in the photoelectron momentum dis-
tribution (PMD) is measured at which the ionization probabil-
ity is maximum. For an atom, this emission angle corresponds
to the laser electric-field peak since the tunneling ionization is
an exponentially suppressed process [3]. So far, the emission
angle has been used to precisely measure the tunneling delay
time and initial coordinates of quantum tunneling for atoms
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[2–9]. In the attoclock technique, disentangling the effect of
the ionic Coulomb potential on the electron emission angle
is a difficult task, which has a significant impact on the
interpretation of attoclock experiments [9].

Compared to atoms, molecules have an anisotropic elec-
trostatic potential arising from the molecular geometry. This
anisotropic potential and the external field form different
tunneling barriers for the bound electron when the molecular
axes are oriented in different directions, which will modify
the ionization process [10–12] and will further complicate the
interpretation of attoclock experiments. Several rudimentary
attoclock experiments on molecules were reported for disso-
ciative ionization of H2 [13,14], in which the electron was
detected in coincidence with the fragment ion. Recently, by
detecting all ionic fragments, an upper bound of 10 as on
the tunneling delay time has been given for H2 using the
attoclock technique [15]. Additionally, the attoclock method
has also been used to reveal electron correlation dynamics in
double ionization of benzene [16]. However, in those studies,
the molecules were not aligned and the alignment dependence
of the subcycle ionization dynamics in molecules was unex-
plored.

In this paper, we employ the attoclock method to resolve
the subcycle ionization time of photoelectrons in strong-field
tunneling ionization of laser-aligned N2 and CO2 molecules.
By measuring the alignment-dependent photoelectron angular
distributions (PADs) in the attoclock configuration, we find
that the emission angle for the most probable electron trajec-
tory oscillates as a function of the molecular alignment angle.
Because the Coulomb effect on the photoelectron is nearly
the same for different molecular orientations, the measured
photoelectron emission angles allow us to directly resolve
the ionization time corresponding to the peak of the PMD
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for different orientations without counting on the theoretical
modeling of the Coulomb effect. The extracted photoelec-
tron ionization time shows a significant disagreement with
the prediction of the molecular Ammosov-Delone-Krainov
(MO-ADK) model [17], revealing a sensitive dependence on
the angular ionization rate of the molecule. We further analyze
the alignment dependence of the angular width of the PAD,
which is strongly affected by the molecular orbital structure. A
clear signature of two-center electron interference is observed,
confirming the prediction by Serov et al. [18].

II. METHODS

A. Experimental setup

Experimentally, the laser pulse was generated by an ampli-
fied Ti:sapphire femtosecond laser system centered at 800 nm
with a repetition rate of 5 kHz and a pulse duration of about
40 fs. It was split in a Michelson interferometer into an
alignment pulse and a probe pulse with an adjustable delay.
The duration of the alignment pulse was stretched to about
100 fs through an SF11 glass with a thickness of ∼8 mm. Then
the alignment and probe beams were recombined and focused
by a f = 75 mm parabolic mirror into a continuous N2 or
CO2 supersonically cooled gas jet. The three-dimensional
momenta of the resulting photoelectrons were detected using
cold target recoil ion momentum spectroscopy (COLTRIMS)
[19,20].

B. Molecule alignment

In order to generate a macroscopic field-free alignment for
the molecules around the polarization axis of the alignment
pulse, we set the time delay between the probe pulse and
the alignment pulse to be ∼8.33 and ∼21.1 ps for N2 and
CO2 [21,22], respectively. The probe pulse was elliptically
polarized while the alignment pulse was linearly polarized.
The alignment laser beam had a motorized half-wave plate
continuously changing the alignment direction relative to
the major axis of the elliptically polarized probe pulse. To
calibrate the ellipticity and the intensity of the probe pulse,
we further measured the PMD of the Ar atom with the same
probe pulse and compared the measured PMD of Ar with
classical-trajectory Monte Carlo simulations, in which the
nonadiabatic effect has been considered [23–25]. The degrees
of the alignment for the molecules were obtained by solving
the time-dependent Schrödinger equation based on the rigid
rotor model [26,27] (see Appendix A for more details).

III. RESULTS AND DISCUSSIONS

Figure 1 shows the measured PMDs for N2 molecules
with alignment angles of 45◦ and 135◦ ionized by the same
elliptically polarized laser pulse. kx and ky are the electron
momenta along the major and minor axes of the laser el-
lipse, respectively. The alignment angle θ is defined between
molecular axis direction relative to the major axis of the laser
ellipse. The weak signals with |ky| < 0.4 a.u. come from the
ionization from the alignment laser pulse, which could be
regarded as a marker for the molecular axis alignment direc-
tion. One can clearly see that the PMDs are very different for

FIG. 1. The measured PMDs in the polarization plane of an
elliptically polarized laser pulse for N2 molecules with alignment
angles of (a) 45◦ and (b) 135◦. The angle φ is defined between the
electron emission direction relative to the major axis of the laser
ellipse. The laser intensity and ellipticity are ∼1.8 × 1014 W/cm2

and ∼0.82, respectively.

different alignment angles. The emission angle φ for the most
probable electron trajectory is almost 112◦ for the alignment
angle of 45◦, while it shifts to ∼95◦ for the alignment angle of
135◦. This implies that the emission angle of the photoelectron
depends on the molecular orientation.

To shed light on the alignment dependence of the photo-
electron emission angle, we show in Figs. 2(a) and 2(b) the
momentum-integrated PADs as a function of the alignment
angle for N2 and CO2, respectively. The photoelectron yields
in the PADs oscillate obviously with the alignment angle for

FIG. 2. The measured momentum-integrated PADs with respect
to the alignment angle relative to the major axis of the laser ellipse for
(a) N2 and (b) CO2. (c), (d) The same as in (a) and (b) but normalized
to maximum at each alignment angle. The white dashed lines in
(c) and (d) are used to guide the emission angle for the most probable
electron trajectory at each alignment angle. The laser intensities
(ellipticities) and the degrees of alignment are, respectively, (a) 1.8 ×
1014 W/cm2 (ε = 0.82), 0.65; (b) 1.6 × 1014 W/cm2 (ε = 0.85),
0.60.
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both molecules. Interestingly, the oscillation of the photoelec-
tron yield reveals a single-peak structure within the alignment
angle range of (90◦, 270◦) for N2 while it splits into a double-
peak structure for CO2 within the same alignment angle range.
This reflects the symmetry of the highest occupied molecular
orbital (HOMO) for N2 (σg) and CO2 (πg) [21]. To clearly
see the change of the emission angle for the most probable
trajectory, we normalize the PAD at each alignment angle to
the maximum, as shown in Figs. 2(c) and 2(d). One can see
that the emission angle for the most probable trajectory also
oscillates with the molecular alignment angle, as guided by
the white dashed lines. Similar to the photoelectron yield, the
oscillation of the emission angle with respect to the alignment
angle also reveals a single-peak structure within the alignment
angle range (90◦, 270◦) for N2, while a double-peak structure
appears for CO2.

According to the attoclock principle, the emission angle of
an electron in a close to circularly polarized laser field is di-
rectly related to its emission time t0(θ ) by the momentum-to-
time mapping [2,8,9] [atomic units (a.u.) are used throughout
unless stated otherwise]

φ(θ ) = ωt0(θ )

ε
+ φcc + π

2
, (1)

where ω and ε are the frequency and ellipticity of the laser
field, respectively. The factor π/2 comes from the fact that
the vector potential trails the rotating electric field by 90◦
at the laser field peak (t0 = 0), corresponding to the major
axis of the laser ellipse. φcc is the angular offset arising from
the Coulomb effect on the electron. Because the electron is
released at the tunnel exit away from the ionic cores, the
Coulomb correction to the emission angle φcc is nearly the
same for different molecular alignments; as demonstrated by
the electron trajectories in Appendix B, this angle is already
lower than the experimental accuracy. Thus the photoemission
time t0(θ ) corresponding to the peak of the PMD can be
directly resolved from the measured emission angle φ(θ )
without relying on the theoretical modeling of the Coulomb
effect. In Figs. 3(a) and 3(b), we plot the emission angle
for the most probable electron trajectory as a function of
the alignment angle for N2 and CO2, respectively. Here the
measured emission angle is shifted to near zero to rule out the
effect of the last two terms of Eq. (1). We see that the emission
angle oscillates as a function of the alignment angle with an
amplitude of ∼12◦ for both N2 and CO2, corresponding to a
shift of almost ±80 as for the ionization time corresponding
to the peak of the PMD relative to the field peak according to
Eq. (1).

The shift of the ionization time corresponding to the peak
of the PMD relative to the field peak for molecules can
be qualitatively explained using the notion of instantaneous
ionization rate [28]. For a molecule, though the instantaneous
ionization rate is dominated by the instantaneous electric field
of the laser, it is also strongly influenced by the molecular
orbital. In a near circularly polarized laser pulse, the instan-
taneous electric field varies slowly with time. As a result, the
effect of the molecular orbital on the instantaneous ionization
rate becomes important. Due to the anisotropy of the molecu-
lar orbital, the interplay of the instantaneous electric field and
the molecular orbital structure leads to a shift of the ionization

30

210

60

240

90

270

120

300

150

330

180 0

30

210

60

240

90

270

120

300

150

330

180 0

0 90 180 270 360

-20

-10

0

10

20 Deconvolution
MO-ADK

0 90 180 270 360
Alignment Angle  (deg)

-20

-10

0

10

20 (
de

g)

(c)

(b)

(a)

(d)

FIG. 3. The photoelectron emission angle for the most probable
trajectory with respect to the alignment angle for (a) N2 and (b) CO2.
The dash-dotted lines are the predictions of the MO-ADK model,
and the solid red lines are calculated using the angular-dependent
ionization rate after deconvolution with the alignment distribution.
The solid red lines in (c) and (d) are the angular-dependent ionization
rate after deconvolution with the alignment distribution for (c) N2

and (d) CO2. The corresponding MO-ADK results are shown by the
dashed dotted lines for comparison.

time corresponding to the peak of the PMD with respect to the
field peak.

Next we compare the measured photoelectron ionization
time with the prediction of the MO-ADK model [17]. As
shown by the dash-dotted lines in Figs. 3(a) and 3(b), one
can see that the predictions of the MO-ADK model deviate
noticeably from the measurements. The amplitudes of the
oscillations predicted by the MO-ADK model are close to
20◦ for both molecules, which are much larger than the
measurements. In particular, the double-peak structure of CO2

does not appear in the MO-ADK result within the alignment
angle range (90◦, 270◦). Note the effect of the alignment
distribution has been included in the simulations.

To understand the difference between the measurement
and the MO-ADK result, we investigate the instantaneous
ionization rate of a molecule in a close to circularly polarized
laser field, which can be approximately given by S(t0, θ ) =
W (t0)S(θ ). Here S(θ ) is the angular-dependent ionization rate
related to the molecular orbital structure, and W (t0) is related
to the instantaneous electric field of the laser pulse, which
can be estimated using the atomic ADK ionization rate [29].
The angular dependence of the ionization rate S(θ ) predicted
by the MO-ADK model is shown by the dash-dotted lines in
Figs. 3(c) and 3(d). Previously, it was shown that the angular-
dependent ionization rate predicted by the MO-ADK model
has a significant disagreement with the measurement [21,22],
which was subsequently explained by the effect of multiple
ionizing orbitals [30], multielectron effects [31], exchange
interactions [32], the interplay of coordinate- and momentum-
space properties of the ionizing orbital [33], or laser-induced
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FIG. 4. The FWHM of the PAD with respect to the align-
ment angle for N2 and CO2 from the measurement (a) and the
simulation (b).

orbital deformation [34]. Since those explanations remain
as yet unconfirmed, we follow the deconvolution method in
Ref. [21] to obtain an accurate angular-dependent ionization
rate from the measured alignment-dependent electron yields
[Figs. 2(a) and 2(b)]. The details of the deconvolution pro-
cess are presented in Appendix C. As shown by the solid
red lines in Fig. 3(c), the angular-dependent ionization rate
using the deconvolution method for N2 is less peaked than
the one predicted by the MO-ADK model. The ionization
is about three times higher for θ = 0◦ than for θ = 90◦,
consistent with previous studies [21]. The MO-ADK theory
predicts 10:1 for θ = 0◦ vs θ = 90◦ ratio. In the case of CO2,
the angular-dependent ionization rate after the deconvolution
[solid red line in Fig. 3(d)] is peaked at about θ = 45◦ with
little ionization at θ = 0◦ and θ = 90◦, while the MO-ADK
model predicts that the ionization rate peaks at θ = 30◦. This
result also agrees with previous studies [21,35]. Using the
deconvoluted angular-dependent ionization rate, we achieve
an agreement with the measured emission angles for both N2

and CO2, as shown by the solid red lines in Figs. 3(a) and
3(b). Comparing the result from the deconvolution method
with the MO-ADK result in Fig. 3, we can find that the
electron ionization time of the molecule is very sensitive to
the angular-dependent ionization rate.

Except for the emission angle of the most probable elec-
tron trajectory, the angular width of the PAD is another
significant quantity to characterize the overall structure of
the PMD in the attoclock configuration [18]. We show in
Fig. 4(a) the measured full width at half maximum (FWHM)
of the PADs as a function of the alignment angle for N2

and CO2. For N2, the alignment dependence of the FWHM
shows two peaks at θ = 90◦ and 270◦, while for CO2 there
are four peaks at θ = 0◦, 90◦, 180◦, and 270◦. The simu-
lation using the deconvoluted angular-dependent ionization
rate is shown in Fig. 4(b), which is consistent with the
measurement.

The alignment dependence of the angular width can be
understood with two-center electron interference, as predicted
by Serov et al. [18]. The PAD can be regarded as a product
of an angular distribution from a single center emission and
a two-center interference factor. The two-center interference
factor can be written as [18,36] Ptc ∝ cos2( kR

2 + �	
2 ), where

R is the internuclear distance and the phase difference is
�	 = 0 for a bonding orbital and �	 = π for an anti-
bonding orbital [37]. For the N2 molecule, the HOMO can
be approximated by a linear combination of two atomic
pz orbitals (z indicates molecular axis direction) [38]; thus
the PAD is expressed as P ∝ Psc cos2[ kR

2 cos(φ − θ )], where
Psc indicates the single center emission. For the minor axis
molecular alignment (θ = 90◦ or 270◦), a destructive two-
center interference at the emission angle of ∼90◦ leads to
a considerable increase of the width of the PMD [18]. For
the CO2 molecule, its HOMO is very similar to that of O2,
which can be approximated by a linear combination of two
atomic px orbitals [38]. As a result, the PAD can be expressed
as P ∝ sin2(φ − θ ) sin2[ kR

2 cos(φ − θ )], where sin2(φ − θ )
comes from the single center emission, leading to an increase
of the angular width at θ = 0◦, 90◦, 180◦, and 270◦. Thus
the angular width of the PADs is mainly determined by two-
center interference, confirming the predictions by Serov et al.
[18], and it is also strongly affected by the single center
emission.

IV. CONCLUSION

In summary, we have measured the alignment-dependent
PADs for N2 and CO2 in the attoclock configuration. We
find that in molecules the electron ionization time corre-
sponding to the peak of the PMD shifts several tens of
attoseconds relative to the laser field peak depending on
the molecular orientation and molecular orbital structure.
This finding has a strong impact on the interpretation of
attoclock experiments for molecules. We further demonstrate
that the photoelectron ionization time in molecules is sen-
sitive to the angular-dependent ionization rate, providing an
alternative way of probing attosecond electron dynamics in
complex polyatomic molecules. In a complex polyatomic
molecule, the valence electron is weakly bound. Thus the
HOMO or inner orbitals of the polyatomic molecule can
be deformed by the instantaneous electric field of a strong
laser pulse, which will leave a fingerprint on the angular-
dependent ionization rate [39]. Due to the sensitivity of
the photoelectron ionization time to the angular-dependent
ionization rate, the ultrafast laser-induced orbital deforma-
tion might be directly observed with the molecular attoclock
technique.
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linearly polarized laser pulses. For comparison, the ionization signals
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APPENDIX A: DEGREES OF ALIGNMENT
FOR THE MOLECULES

When a molecule (N2 or CO2) is placed in a femtosecond
laser pulse, a time-dependent rotational wave packet � will
be excited from the initial state. To obtain the degrees of
alignment, we solve the time-dependent Schrödinger equation
(TDSE) with the rigid-rotor approximation [27,40],

i
∂�(ϑ, ϕ; τ )

∂t
=

[
BJ2− E (τ )2

2
(�α cos2 ϑ+α⊥)

]
�(ϑ, ϕ; τ ),

(A1)

where ϑ is the alignment angle between the molecular axis
and the polarization direction of the alignment beam, ϕ is
the azimuthal angle in the frame of the alignment beam,
B is the rotational constant, J is the angular momentum
operator, E (τ ) is the time-dependent laser field of the align-
ment pulse, and �α = α‖ − α⊥ is the polarizability differ-
ence between the parallel components α‖ and perpendicu-
lar components α⊥ relative to the molecular axis. For N2,
B = 1.989 cm−1, α‖ = 2.38 Å3, and α⊥ = 1.45 Å3 [41]. For
CO2, B = 0.39 cm−1, α‖ = 4.05 Å3, and α⊥ = 1.95 Å3 [41].
The three-dimensional degree of alignment is calculated by
〈cos2 ϑ〉 = 〈�| cos2 ϑ |�〉. If there is no alignment pulse,
〈cos2 ϑ〉 = 1/3.

We take N2 molecules as an example. In the experiment,
the intensity of the alignment pulse is estimated to be about
3.1 × 1013 W/cm2. The degree of alignment calculated by the
TDSE is shown in the lower panel of Fig. 5 as a function of
the time delay. The upper panel of Fig. 5 shows the measured
photoelectron yield as a function of the time delay (the red
dots). One can see that the time dependence of the photoelec-
tron yield shows a strong similarity with the theoretical curve
in the lower panel. In our molecular attoclock experiment, the
time delay between the probe pulse and the alignment pulse is
set to be 8.33 ps, at which the degree of alignment is almost
〈cos2 ϑ〉 ≈ 0.65 for N2. We also calculate the time-dependent
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FIG. 6. The simulated classical trajectories correspond to dif-
ferent alignment angles of 0◦ (solid red line), 45◦ (dashed blue
line), and 90◦ (dotted green line) by solving the classical Newtonian
equation. The dash-dotted black line is the trajectory with neglecting
the Coulomb interaction. The emission angle difference for different
alignments is smaller than 1.3◦.

ionization signals 〈�|w|�〉 using the deconvoluted ionization
rate of N2 molecules (see Appendix C for details). As shown
by the blue curve in the upper panel of Fig. 5, the calculation
agrees well with the measurement.

APPENDIX B: THE EFFECT OF THE COULOMB
POTENTIAL ON THE ELECTRON EMISSION ANGLE

In extracting the photoelectron ionization time of a
molecule from the emission angle, we assumed that the
Coulomb potential leads to constant angular shift for different
molecular orientations. To justify this assumption, we have
calculated classical trajectories corresponding to different
alignment angles using a simple model. In this model, the
position of the tunnel exit is determined by V (x) + xE0 =
−Ip. The initial momentum at the tunnel exit is assumed to be
zero. After tunneling, the motion of the trajectory is described
by the classical Newtonian equation,

∂2r
∂t2

= −∇[V (r) + r · E(t )]. (B1)

The electric field E(t ) has a trapezoidal envelope which has
eight optical cycles in total with four cycles ramping off.
The model potential for the N2 molecule is given by V (r) =
− Z

|r−R0/2| − Z
|r+R0/2| , where R0 is the internuclear separation

vector (R0 = 2.07 a.u. for N2) and Z = 1/2. As shown in
Fig. 6, the classical trajectories of the electron after tunneling
from N2 are shown for different alignment angles of 0◦, 45◦,
and 90◦. For comparison, we also show the classical trajectory
without including the molecular potential (dash-dotted black
line). One can see that the Coulomb potential leads to a large
angular shift for the emission angle of the photoelectron.
However, for different alignment angles, the difference of
the emission angle induced by the Coulomb potential is very
small. This implies that the photoelectron ionization time of
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FIG. 7. The photoelectron angular distributions of (a) N2 and (b)
CO2 with respect to the alignment angle. The photoelectrons released
at around the major axis of the laser ellipse (framed black) are used
to retrieve the angular-dependent ionization rate. The measured pho-
toelectron yield M(θ ) released near the major axis of the elliptically
polarized field as a function of the angle θ between the major axis
of the probe pulse and alignment pulse for (c) N2 and (d) CO2. The
solid red lines in (c) and (d) are the best fits using the corresponding
functional forms.

molecules can be extracted without counting on the theoretical
modeling of the Coulomb effect.

APPENDIX C: DECONVOLUTION PROCESS TO OBTAIN
THE ANGULAR-DEPENDENT IONIZATION RATE

When a molecule (N2 or CO2) is ionized, the measured
angular-dependent ionization signal M(θ ) can be written as
the convolution of the angular-dependent ionization rate S(β )
with the alignment distribution A(ϑ, ϕ) [21],

M(θ ) =
∫ 2π

ϕ=0

∫ π

ϑ=0
S[β(ϑ, ϕ; θ )]A(ϑ, ϕ) sin(ϑ ) dϑ dϕ,

(C1)

where the angle β between the polarization axis of the in-
stantaneous ionizing field and the molecular axis is given
by cos β = cos θ cos ϑ − sin θ sin ϑ sin ϕ. Here ϕ is the polar
angle in the frame of the alignment beam, and θ is the angle

between the instantaneous ionizing beam and the alignment
beam. The alignment distribution A(ϑ, ϕ) is calculated by
A(ϑ, ϕ) = |�|2, where � is obtained by solving Eq. (A1).

In the experiment, an elliptically polarized intense laser
pulse was used to ionize N2 and CO2. We follow the procedure
in Ref. [21] to retrieve the angular-dependent ionization rate
S(β ) using the photoelectrons released around the major axis
of the laser ellipse. As shown in Figs. 7(a) and 7(b), the
photoelectron angular distributions are shown with respect to
the alignment angle for N2 and CO2 [the same as in Figs. 2(a)
and 2(b)]. The maximum ionization rate corresponds to the
electrons released near the field maximum (near the major axis
of the elliptically polarized laser field) at each alignment angle
(framed black). The yields of those electrons as a function of
the alignment angle M(θ ) are shown in Figs. 7(c) and 7(d),
which are very similar to the results in Ref. [21].

To retrieve the angular-dependent ionization rate S(β )
from the measured yields M(θ ) [Figs. 7(c) and 7(d)],
we write S(β ) = ∑3

m=0 Cm cos(2mβ ) and S(β ) = cosn(β −
βm) + cosn(β + βm) for N2 and CO2 [21], respectively. Here
Cm, βm, and n are adjustable coefficients. Then those coeffi-
cients are determined when the calculated M(θ ) is best fit with
the measured M(θ ). As shown in Figs. 7(c) and 7(d), the best
fits using the corresponding functional forms are shown by the
solid red lines. As a result, we obtain the angular-dependent
ionization S(β ) for N2 and CO2, as shown in Figs. 3(c) and
3(d) of the main text, which deviate noticeably from the
MO-ADK results [17].

Using the retrieved angular-dependent ionization rate S(β ),
we calculate the most probable electron emission angle in an
elliptically polarized laser field. Generally, the instantaneous
ionization rate of a molecule in an elliptically polarized laser
field S(β, E (t )) depends on the magnitude of the electric field
and the alignment angle. For simplicity, this instantaneous
ionization rate can be approximately written as a product
of the angular-dependent ionization rate at constant electric
field strength and a factor related to the instantaneous electric
field, i.e.,

S(β, E (t )) = S(β )W (E (t )), (C2)

where W (E (t )) can be estimated by the ADK rate of an atom

[29], i.e., W (E (t )) ∝ e
−2κ3

3 ( 1
E (t ) − 1

E0
) with κ = √

2Ip, where Ip

is the ionization potential. From Eq. (C2), we can obtain the
ionization time t0 for the most probable electron trajectory.
The emission angle of the most probable electron trajectory is
determined by the final momentum k ≈ −A(t0), where A(t )
is the vector potential of the laser field.
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