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Abstract
Tunneling is one of the most fundamental and ubiquitous processes in the quantum world. The question of how long
a particle takes to tunnel through a potential barrier has sparked a long-standing debate since the early days of
quantum mechanics. Here, we propose and demonstrate a novel scheme to accurately determine the tunneling time
of an electron. In this scheme, a weak laser field is used to streak the tunneling current produced by a strong elliptically
polarized laser field in an attoclock configuration, allowing us to retrieve the tunneling ionization time relative to the
field maximum with a precision of a few attoseconds. This overcomes the difficulties in previous attoclock
measurements wherein the Coulomb effect on the photoelectron momentum distribution has to be removed with
theoretical models and it requires accurate information of the driving laser fields. We demonstrate that the tunneling
time of an electron from an atom is close to zero within our experimental accuracy. Our study represents a
straightforward approach toward attosecond time-resolved imaging of electron motion in atoms and molecules.

Introduction
Timing photoionization is essential for our under-

standing of how light and matter interact on the most
fundamental level. The advent of attosecond metrologies
allows us to access the timing information on the natural
time scale of electrons in atoms and molecules1–3. Such
timing information provides the basis for our under-
standing of various strong-field phenomena, such as high-
harmonic generation4,5, strong-field photoelectron holo-
graphy6,7, and nonsequential double ionization8,9, which
are often explained in terms of electron trajectories
released at a specific ionization time.

The attoclock, or attosecond angular streaking, is a
powerful tool that can access such short time scale, in
which a nearly circularly polarized laser field is used to
map the tunneling ionization time of an electron to its
emission angle in the laser polarization plane10. In most of
previous attoclock experiments, an offset angle between
the most probable emission direction, where the ioniza-
tion probability is maximum, and the minor axis of the
elliptically polarized laser field was measured. It has been
attempted to relate this offset angle to the time the elec-
tron spends under the tunneling barrier (tunneling
time)11–18. The main challenge of this method comes
from how to extract the tunneling time from the mea-
sured offset angle. To this end, one should firstly calculate
a theoretical offset angle with assuming zero tunneling
time for the attoclock, which has two significant pro-
blems. First, the offset angle is strongly affected by the
ionic Coulomb potential on the electron. Thus the
interpretation of attoclock experiments essentially
depends on the theoretical modeling of the Coulomb
effect. Second, to calculate the offset angle, one should
have an accurate knowledge about the laser parameters in
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this means that the electron of the continuum state p is
released at the instant of t0. Therefore, the tunneling
ionization time in the PMD can be precisely determined
by scanning the relative phase of the two-color laser field.
The measured PMDs are shown in Fig. 2a, b for an

average of all relative phases and for the relative phase of
zero, respectively. The major and minor axes of the funda-
mental laser ellipse are nearly along the pz and py directions,
respectively. Because of the perturbative nature of the SH
field, the PMD in the two-color laser field with an average of
all relative phases is nearly the same as that in a one-color
fundamental field (see Supplementary Material). We see that
the PMD is symmetric with respect to the origin in Fig. 2a,
while it becomes asymmetric for the relative phase of zero in
Fig. 2b. The radially integrated PAD of Fig. 2a is shown in
Fig. 2c, where the most probable emission angle (the peak of
the PAD) appears at 123° and 303°. The most probable
emission angles deviate significantly from the prediction of
the strong-field approximation (90° and 270°)25–27. The
difference between the most probable emission directions
relative to the minor axis of the fundamental laser ellipse is
often referred to as the offset angle. Here, we determine the
ionization time using the oscillation of the electron yield
with the relative phase for each emission angle instead of the
offset angle. In Fig. 2d, the yields for three emission angles
are shown as a function of the relative phase. We can clearly
see that the yield in each emission angle oscillates obviously
with the relative phase with a large amplitude, though the
streaking field is very weak. This comes from the fact that
the tunneling current depends exponentially on the barrier

width and therefore on the electric field strength of the laser.
By fitting the oscillations with the function of Y ¼ Y0 þ
Y1cos Φ�ΦY pð Þð Þ 28,29, where Y0 and Y1 are two variables
independent on the relative phase, we can obtain the phase
delays ΦY (p) for different emission angles.
According to the scheme in Fig. 1, the tunneling ionization

time is determined if the oscillation of the electron yield with
respect to Φ is in phase with the oscillation of the electric
field strength at the instant of t0, i.e., ΦY pð Þ ¼ ΦE t0ð Þ. As a
result, the tunneling ionization time for the continuum state
p can be obtained by,

t0ðpÞ ¼ �ΦY pð Þ= 2ωð Þ ð4Þ

The mapping relation between the phase delay and the
ionization time in Eq. (4) is the basis of extracting the
tunneling ionization time from the measurement. Thus,
we can determine the tunneling ionization time for dif-
ferent emission angles, as shown by the blue dots in Fig. 3.
One can see that the tunneling ionization time extracted
from the measurement depends linearly on the emission
angle within (270°, 330°), which agrees with the prediction
of the time-to-angle mapping relation according to the
attoclock principle11,18. To obtain the information about
the tunneling time, we further show the PAD in Fig. 3 for
comparison. By fitting the PAD with a Gaussian function,
we see that the most probable emission angle appears at
303°, which almost coincides with the zero of time (the
instant of maximum field), as shown by the red dashed
line. This means that the zero of time in the attoclock
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Fig. 2 Measured PMDs and electron yields. The measured PMDs in
the polarization plane (a) for an average of all relative phases and (b)
for the relative phase of zero. The electron emission angle θ is defined
between the electron emission direction relative to the major axis of
the elliptically polarized laser field. c The radially integrated PAD of (a).
d The electron yield as a function of the relative phase for three
emission angles (293°, 303°, and 313°) in angular bins of 1°. The solid
lines in (d) are the fit of the experimental data. ΔΦY for the emission
angle of 293° is indicated by the dashed vertical line
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Fig. 3 Measured tunneling ionization time with respect to the
electron emission angle. For comparison, the radially integrated
PAD is shown by the red circles, which is fitted with a Gaussian
function (red solid curve) determining the peak of the PAD (vertical
dashed line). The inset shows the enlarged view of the region inside
the dashed frame. Note that zero time corresponds to the field
maximum of the elliptically polarized laser pulse. The experimental
errors (shaded area) for the time show the 95% confidence interval for
the fitting process, and those for the photoelectron yield show the
standard deviation of the statistical errors
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the experiment, e.g., the laser intensity, the laser ellipti-
city, and the direction of the major and minor axes of the
laser ellipse. Although several proposals have been put
forward to accurately calibrate those laser parameters in
experiments19–23, the experimental conclusion is still
determined by the accuracy of the theoretical calculation.
So far, the question of whether the tunneling time is finite
or not is still under debate and in controversy15,18–20,24.
Herein, we propose and demonstrate a scheme to

experimentally determine the tunneling ionization time in
an attoclock without any theoretical calculation. By
streaking the tunneling current of an attoclock with a
weak laser pulse, we resolve the tunneling ionization time
relative to the field maximum in the photoelectron
momentum distribution (PMD) with a precision of a few
attoseconds. By directly comparing the photoelectron
angular distribution (PAD) with the retrieved angular-
dependent tunneling ionization time, we prove that the
time interval between the instant of the momentum dis-
tribution peak and the instant of maximum field, which is
often interpreted as tunneling time, is close to zero. Our
method is self-referencing and independent on the theo-
retical modeling of the Coulomb effect on the
photoelectron.

Results
Figure 1 shows our method to determine the tunneling

ionization time for an attoclock. In this scheme, an atom
is tunnel ionized by a strong elliptically polarized 800 nm
laser pulse. The instantaneous laser electric field acts as a
pointer of a clock at an ionization instant t0, as shown in
Fig. 1a. We add a perturbative linearly polarized second
harmonic (SH) field to modulate the tunneling current
produced by the strong elliptically polarized laser pulse.
The two-color laser field can be written as [atomic units
(a.u.) are used unless otherwise specified],

E tð Þ ¼ E800 cos ωtð Þ þ E400 cos 2ωt þΦð Þ½ �ez
þϵE800 sin ωtð Þey

ð1Þ

Here ω is the frequency of the 800 nm fundamental field, ϵ
is the ellipticity of the fundamental pulse, and Φ is the
relative phase between the two-color components. ez and
ey are the unit vectors along the major and minor axes of
the fundamental laser ellipse, respectively. The electric
field strength of the two-color field at the instant of t0 is

E Φ; t0ð Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
z þ E2

y

q

¼ E0 t0ð Þj j þ ξE1 cos Φþ 2ωt0ð Þ þ O ξ2
� �

ð2Þ

where E0 t0ð Þj j is the electric field strength of the 800 nm
field, E1 ¼ E800 cos ωt0ð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ2sin2 ωt0ð Þ þ cos2ðωt0Þ

p
, and

ξ ¼ E400=E800 is a small parameter characterizing the
ratio of the two fields. Due to the perturbative nature of
the SH field, we can neglect the small higher-order terms
in Eq. (2). Thus, the electric field strength at t0 oscillates
with the relative phase of the two-color fields, which
maximizes at the relative phase of

ΦE t0ð Þ ¼ �2ωt0 ð3Þ

Because the width of the tunneling barrier approxi-
mately scales as Ip= E Φ; t0ð Þj j with Ip being the ionization
potential, the tunneling barrier width at time t0 also
changes with the relative phase. The exponential decay of
the wave function in the barrier means that small varia-
tions of the electric field strength will lead to a large
change of the ionization probability. As a result, the
electron yield for a continuum state p will be strongly
modulated by the relative phase Φ. If the oscillation of the
electron yield for a continuum state p is in phase with the
oscillation of the electric field strength at the instant of t0,
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this means that the electron of the continuum state p is
released at the instant of t0. Therefore, the tunneling
ionization time in the PMD can be precisely determined
by scanning the relative phase of the two-color laser field.
The measured PMDs are shown in Fig. 2a, b for an

average of all relative phases and for the relative phase of
zero, respectively. The major and minor axes of the funda-
mental laser ellipse are nearly along the pz and py directions,
respectively. Because of the perturbative nature of the SH
field, the PMD in the two-color laser field with an average of
all relative phases is nearly the same as that in a one-color
fundamental field (see Supplementary Material). We see that
the PMD is symmetric with respect to the origin in Fig. 2a,
while it becomes asymmetric for the relative phase of zero in
Fig. 2b. The radially integrated PAD of Fig. 2a is shown in
Fig. 2c, where the most probable emission angle (the peak of
the PAD) appears at 123° and 303°. The most probable
emission angles deviate significantly from the prediction of
the strong-field approximation (90° and 270°)25–27. The
difference between the most probable emission directions
relative to the minor axis of the fundamental laser ellipse is
often referred to as the offset angle. Here, we determine the
ionization time using the oscillation of the electron yield
with the relative phase for each emission angle instead of the
offset angle. In Fig. 2d, the yields for three emission angles
are shown as a function of the relative phase. We can clearly
see that the yield in each emission angle oscillates obviously
with the relative phase with a large amplitude, though the
streaking field is very weak. This comes from the fact that
the tunneling current depends exponentially on the barrier

width and therefore on the electric field strength of the laser.
By fitting the oscillations with the function of Y ¼ Y0 þ
Y1cos Φ�ΦY pð Þð Þ 28,29, where Y0 and Y1 are two variables
independent on the relative phase, we can obtain the phase
delays ΦY (p) for different emission angles.
According to the scheme in Fig. 1, the tunneling ionization

time is determined if the oscillation of the electron yield with
respect to Φ is in phase with the oscillation of the electric
field strength at the instant of t0, i.e., ΦY pð Þ ¼ ΦE t0ð Þ. As a
result, the tunneling ionization time for the continuum state
p can be obtained by,

t0ðpÞ ¼ �ΦY pð Þ= 2ωð Þ ð4Þ

The mapping relation between the phase delay and the
ionization time in Eq. (4) is the basis of extracting the
tunneling ionization time from the measurement. Thus,
we can determine the tunneling ionization time for dif-
ferent emission angles, as shown by the blue dots in Fig. 3.
One can see that the tunneling ionization time extracted
from the measurement depends linearly on the emission
angle within (270°, 330°), which agrees with the prediction
of the time-to-angle mapping relation according to the
attoclock principle11,18. To obtain the information about
the tunneling time, we further show the PAD in Fig. 3 for
comparison. By fitting the PAD with a Gaussian function,
we see that the most probable emission angle appears at
303°, which almost coincides with the zero of time (the
instant of maximum field), as shown by the red dashed
line. This means that the zero of time in the attoclock
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Fig. 2 Measured PMDs and electron yields. The measured PMDs in
the polarization plane (a) for an average of all relative phases and (b)
for the relative phase of zero. The electron emission angle θ is defined
between the electron emission direction relative to the major axis of
the elliptically polarized laser field. c The radially integrated PAD of (a).
d The electron yield as a function of the relative phase for three
emission angles (293°, 303°, and 313°) in angular bins of 1°. The solid
lines in (d) are the fit of the experimental data. ΔΦY for the emission
angle of 293° is indicated by the dashed vertical line
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Fig. 3 Measured tunneling ionization time with respect to the
electron emission angle. For comparison, the radially integrated
PAD is shown by the red circles, which is fitted with a Gaussian
function (red solid curve) determining the peak of the PAD (vertical
dashed line). The inset shows the enlarged view of the region inside
the dashed frame. Note that zero time corresponds to the field
maximum of the elliptically polarized laser pulse. The experimental
errors (shaded area) for the time show the 95% confidence interval for
the fitting process, and those for the photoelectron yield show the
standard deviation of the statistical errors
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the experiment, e.g., the laser intensity, the laser ellipti-
city, and the direction of the major and minor axes of the
laser ellipse. Although several proposals have been put
forward to accurately calibrate those laser parameters in
experiments19–23, the experimental conclusion is still
determined by the accuracy of the theoretical calculation.
So far, the question of whether the tunneling time is finite
or not is still under debate and in controversy15,18–20,24.
Herein, we propose and demonstrate a scheme to

experimentally determine the tunneling ionization time in
an attoclock without any theoretical calculation. By
streaking the tunneling current of an attoclock with a
weak laser pulse, we resolve the tunneling ionization time
relative to the field maximum in the photoelectron
momentum distribution (PMD) with a precision of a few
attoseconds. By directly comparing the photoelectron
angular distribution (PAD) with the retrieved angular-
dependent tunneling ionization time, we prove that the
time interval between the instant of the momentum dis-
tribution peak and the instant of maximum field, which is
often interpreted as tunneling time, is close to zero. Our
method is self-referencing and independent on the theo-
retical modeling of the Coulomb effect on the
photoelectron.

Results
Figure 1 shows our method to determine the tunneling

ionization time for an attoclock. In this scheme, an atom
is tunnel ionized by a strong elliptically polarized 800 nm
laser pulse. The instantaneous laser electric field acts as a
pointer of a clock at an ionization instant t0, as shown in
Fig. 1a. We add a perturbative linearly polarized second
harmonic (SH) field to modulate the tunneling current
produced by the strong elliptically polarized laser pulse.
The two-color laser field can be written as [atomic units
(a.u.) are used unless otherwise specified],

E tð Þ ¼ E800 cos ωtð Þ þ E400 cos 2ωt þΦð Þ½ �ez
þϵE800 sin ωtð Þey

ð1Þ

Here ω is the frequency of the 800 nm fundamental field, ϵ
is the ellipticity of the fundamental pulse, and Φ is the
relative phase between the two-color components. ez and
ey are the unit vectors along the major and minor axes of
the fundamental laser ellipse, respectively. The electric
field strength of the two-color field at the instant of t0 is

E Φ; t0ð Þj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
z þ E2

y

q

¼ E0 t0ð Þj j þ ξE1 cos Φþ 2ωt0ð Þ þ O ξ2
� �

ð2Þ

where E0 t0ð Þj j is the electric field strength of the 800 nm
field, E1 ¼ E800 cos ωt0ð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ2sin2 ωt0ð Þ þ cos2ðωt0Þ

p
, and

ξ ¼ E400=E800 is a small parameter characterizing the
ratio of the two fields. Due to the perturbative nature of
the SH field, we can neglect the small higher-order terms
in Eq. (2). Thus, the electric field strength at t0 oscillates
with the relative phase of the two-color fields, which
maximizes at the relative phase of

ΦE t0ð Þ ¼ �2ωt0 ð3Þ

Because the width of the tunneling barrier approxi-
mately scales as Ip= E Φ; t0ð Þj j with Ip being the ionization
potential, the tunneling barrier width at time t0 also
changes with the relative phase. The exponential decay of
the wave function in the barrier means that small varia-
tions of the electric field strength will lead to a large
change of the ionization probability. As a result, the
electron yield for a continuum state p will be strongly
modulated by the relative phase Φ. If the oscillation of the
electron yield for a continuum state p is in phase with the
oscillation of the electric field strength at the instant of t0,
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Fig. 1 Attosecond-scale streaking scheme for measuring the
tunneling ionization time. a An elliptically polarized 800-nm laser
pulse maps the tunneling ionization time to the emission angle of the
photoelectron in attoclock configurations. A perturbative SH field
polarized along the major axis of the fundamental laser ellipse (z axis)
is added to precisely determine the tunneling ionization time of the
photoelectron in the momentum distribution relative to the instant of
the laser-field maximum (t0= 0). b The electric field strength |E| for
three instants, as indicated in (a), slightly oscillates with the relative
phase Φ, revealing different phase delays of ΦE, as indicated by the
vertical dashed line. The variation of the electric field strength leads to
a slight change of the tunneling barrier width. Due to the pronounced
nonlinearity of tunneling ionization, the tunneling current will be
strongly modulated by the relative phase
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Furthermore, we find that the tunneling ionization time at
the most probable emission angle is shifted to an earlier
ionization moment with increasing the electron energy,
which contradicts with the prediction of the classical-
trajectory model. This remains an interesting topic for
further investigation. Our method is self-referencing and
independent of theoretical modeling of the Coulomb
effect. Extending our method to molecules and even solids
can provide us not only the fundamental dynamics of
laser–matter interaction but also the potential of retrieval
of geometrical information of the targets.

Materials and methods
Experimental methods
Our experiment used laser pulses that are centered at

800 nm with ~40 fs duration and a repetition rate of 5 kHz.
The laser pulses were propagated through a 300-µm-thick β-
barium borate (β-BBO) crystal for SH generation. After the
BBO, the laser pulse consisted of both fundamental and SH
fields. A wire grid polarizer combined with a two-color wave
plate was used to adjust the intensity ratio of the two-color
laser field. The two-color laser pulse then passed through
two dual-order wave plates that change the polarization of
the fundamental component while keeping that of the SH
component unchanged. The relative phase between the two-
color components was controlled by a pair of glass wedges,
one of which was mounted on a motorized delay stage. The
absolute value of the relative phase was calibrated from the
measured most probable emission angle as a function of the
wedge position (see Supplementary Material for details). The
two-color laser pulse was then focused into the supersonic
atomic beam with a parabolic mirror (f = 75mm) to ionize
the Ar atoms. The three-dimensional momenta of the
resulting photoelectrons were detected using cold target
recoil ion momentum spectroscopy (COLTRIMS)36,37. The
ellipticity and the intensity of the fundamental laser field
were calibrated to be 0.88 and 1.2 × 1012Wcm−2, respec-
tively. The intensity ratio between the SH and fundamental
fields is estimated to be ~1/6400. It should be noted that the
maximal vector potential of the SH field is only E400/
2ω= 0.006 a.u., thus the SH field only slightly changes the
width of the tunneling barrier and has a negligible con-
tribution to the electron trajectory.

Classical-trajectory model
We use a simple classical-trajectory model to under-

stand the energy-dependent tunneling ionization time of
the electron. In this model, the electron is released at the
tunnel exit position of Ip= E tð Þj j with zero initial
momentum longitudinal to instantaneous tunnel direc-
tion38. Then the electron trajectory is propagated in the
combined laser and Coulomb fields by numerically sol-
ving the classical Newtonian equation. Depending on the
initial momentum transverse to the tunnel direction and

the tunneling ionization time, the electron will be emitted
to different directions and with different pr. By selecting
those electrons emitted along the most probable emission
angle, we obtain the dependence of the tunneling ioni-
zation time on the electron energy.
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corresponds to the most probable emission angle in the
PMD, in agreement with theoretical predictions17,30,31.
It is noteworthy that the time interval between the instant
of the most probable emission angle and the instant of the
maximum field is often interpreted as the tunneling time.
Here our experiment unambiguously demonstrates that
this time interval is very close to zero, which invalidates
the long tunneling time inferred from some previous
studies12,14,18,20,32.

Discussion
Using the present scheme, we can further retrieve the

ionization time of electrons with different energies33.
Figure 4a shows the extracted tunneling ionization time
with respect to the electron momentum pr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2z þ p2y

q

and the electron emission angle from the measurement.
To study the energy dependence of the tunneling ioni-
zation time, we show in Fig. 4b the lineout taken from
Fig. 4a at the emission angle of 303°. We find that the
extracted tunneling ionization time from the measure-
ment at the most probable emission angle decreases with
increasing electron energy.
The energy-dependent tunneling ionization time can be

calculated by a simple classical-trajectory (CT) model. As
shown by the squares in Fig. 4b, the tunneling ionization

time predicted by the CT model increases with increasing
pr. This can be interpreted remarkably simply. The less
energetic photoelectrons (smaller pr) spend more time
interacting with the ion, thus the Coulomb effect is more
significant for those electrons. As a result, those electrons
should be released earlier to maintain the same emission
direction as the more energetic photoelectrons. Surpris-
ingly, the measurement contradicts with the prediction of
the CT model. The difference between the experiment and
the CT simulation might come from non-stationary
under-the-barrier electron dynamics, which should have
a significant influence on the initial momentum distribu-
tion at the tunnel exit34,35. We hope that the difference
between the measurement and the CT simulation would
stimulate much theoretical interest on studying the under-
the-barrier dynamics in strong-field tunneling ionization.
It is worth noting that, comparing to previous attoclock

experiments11,12,14,15,19,20, our temporal scheme has at
least two advantages. First, the Coulomb effect on the
electron has been naturally excluded in our scheme. In
previous attoclock experiments, one should firstly accu-
rately remove the Coulomb effect from the measured
offset angle via theoretical calculation. This process
usually depends on a specific model, leading to some
model-dependent conclusions11,12,14,15,19,20. In the present
scheme, the tunneling ionization time is extracted from
the phase delay of the oscillation of the electron yield,
which is not influenced by the Coulomb effect. Second,
the retrieved tunneling time in our scheme is independent
of accurate knowledge of the laser parameters in the
experiment. To calculate the offset angle in previous
attoclock experiments, one should accurately calibrate the
laser parameters in the experiment. In our scheme, the
time interval between the instant of the momentum dis-
tribution peak and the instant of maximum field is
obtained by directly comparing the PAD and the phase
delay for each emission angle, as shown in Fig. 3. Both
PAD and phase delay are direct experimental observables.
Thus our result is obtained without relying on the accu-
rate knowledge of the laser parameters in experiments,
such as the laser intensity and ellipticity.
In summary, we have determined the tunneling ioni-

zation time in the PMD with a precision of a few atto-
seconds. This is achieved by a perturbative laser pulse to
modulate the tunneling current produced by a strong
elliptically polarized laser field in attoclock configurations.
By comparing the PAD with the extracted angular-
dependent tunneling ionization time, we demonstrate
that the time required for an electron to tunnel through a
potential barrier is close to zero for an atom within our
experimental accuracy. This means that the offset angle in
the attoclock does not come from the tunneling time
delay. Instead, it is relevant to the Coulomb effect of the
ionic core or the possible multi-electron interaction.
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the squares. For comparison, the normalized yield as a function of the
electron momentum at θ= 303° is shown by the red circles. The error
bars for the ionization time show the 95% confidence interval for the
fitting process, and those for the photoelectron yield show the
standard deviation of the statistical errors
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Furthermore, we find that the tunneling ionization time at
the most probable emission angle is shifted to an earlier
ionization moment with increasing the electron energy,
which contradicts with the prediction of the classical-
trajectory model. This remains an interesting topic for
further investigation. Our method is self-referencing and
independent of theoretical modeling of the Coulomb
effect. Extending our method to molecules and even solids
can provide us not only the fundamental dynamics of
laser–matter interaction but also the potential of retrieval
of geometrical information of the targets.

Materials and methods
Experimental methods
Our experiment used laser pulses that are centered at

800 nm with ~40 fs duration and a repetition rate of 5 kHz.
The laser pulses were propagated through a 300-µm-thick β-
barium borate (β-BBO) crystal for SH generation. After the
BBO, the laser pulse consisted of both fundamental and SH
fields. A wire grid polarizer combined with a two-color wave
plate was used to adjust the intensity ratio of the two-color
laser field. The two-color laser pulse then passed through
two dual-order wave plates that change the polarization of
the fundamental component while keeping that of the SH
component unchanged. The relative phase between the two-
color components was controlled by a pair of glass wedges,
one of which was mounted on a motorized delay stage. The
absolute value of the relative phase was calibrated from the
measured most probable emission angle as a function of the
wedge position (see Supplementary Material for details). The
two-color laser pulse was then focused into the supersonic
atomic beam with a parabolic mirror (f = 75mm) to ionize
the Ar atoms. The three-dimensional momenta of the
resulting photoelectrons were detected using cold target
recoil ion momentum spectroscopy (COLTRIMS)36,37. The
ellipticity and the intensity of the fundamental laser field
were calibrated to be 0.88 and 1.2 × 1012Wcm−2, respec-
tively. The intensity ratio between the SH and fundamental
fields is estimated to be ~1/6400. It should be noted that the
maximal vector potential of the SH field is only E400/
2ω= 0.006 a.u., thus the SH field only slightly changes the
width of the tunneling barrier and has a negligible con-
tribution to the electron trajectory.

Classical-trajectory model
We use a simple classical-trajectory model to under-

stand the energy-dependent tunneling ionization time of
the electron. In this model, the electron is released at the
tunnel exit position of Ip= E tð Þj j with zero initial
momentum longitudinal to instantaneous tunnel direc-
tion38. Then the electron trajectory is propagated in the
combined laser and Coulomb fields by numerically sol-
ving the classical Newtonian equation. Depending on the
initial momentum transverse to the tunnel direction and

the tunneling ionization time, the electron will be emitted
to different directions and with different pr. By selecting
those electrons emitted along the most probable emission
angle, we obtain the dependence of the tunneling ioni-
zation time on the electron energy.
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corresponds to the most probable emission angle in the
PMD, in agreement with theoretical predictions17,30,31.
It is noteworthy that the time interval between the instant
of the most probable emission angle and the instant of the
maximum field is often interpreted as the tunneling time.
Here our experiment unambiguously demonstrates that
this time interval is very close to zero, which invalidates
the long tunneling time inferred from some previous
studies12,14,18,20,32.

Discussion
Using the present scheme, we can further retrieve the

ionization time of electrons with different energies33.
Figure 4a shows the extracted tunneling ionization time
with respect to the electron momentum pr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2z þ p2y

q

and the electron emission angle from the measurement.
To study the energy dependence of the tunneling ioni-
zation time, we show in Fig. 4b the lineout taken from
Fig. 4a at the emission angle of 303°. We find that the
extracted tunneling ionization time from the measure-
ment at the most probable emission angle decreases with
increasing electron energy.
The energy-dependent tunneling ionization time can be

calculated by a simple classical-trajectory (CT) model. As
shown by the squares in Fig. 4b, the tunneling ionization

time predicted by the CT model increases with increasing
pr. This can be interpreted remarkably simply. The less
energetic photoelectrons (smaller pr) spend more time
interacting with the ion, thus the Coulomb effect is more
significant for those electrons. As a result, those electrons
should be released earlier to maintain the same emission
direction as the more energetic photoelectrons. Surpris-
ingly, the measurement contradicts with the prediction of
the CT model. The difference between the experiment and
the CT simulation might come from non-stationary
under-the-barrier electron dynamics, which should have
a significant influence on the initial momentum distribu-
tion at the tunnel exit34,35. We hope that the difference
between the measurement and the CT simulation would
stimulate much theoretical interest on studying the under-
the-barrier dynamics in strong-field tunneling ionization.
It is worth noting that, comparing to previous attoclock

experiments11,12,14,15,19,20, our temporal scheme has at
least two advantages. First, the Coulomb effect on the
electron has been naturally excluded in our scheme. In
previous attoclock experiments, one should firstly accu-
rately remove the Coulomb effect from the measured
offset angle via theoretical calculation. This process
usually depends on a specific model, leading to some
model-dependent conclusions11,12,14,15,19,20. In the present
scheme, the tunneling ionization time is extracted from
the phase delay of the oscillation of the electron yield,
which is not influenced by the Coulomb effect. Second,
the retrieved tunneling time in our scheme is independent
of accurate knowledge of the laser parameters in the
experiment. To calculate the offset angle in previous
attoclock experiments, one should accurately calibrate the
laser parameters in the experiment. In our scheme, the
time interval between the instant of the momentum dis-
tribution peak and the instant of maximum field is
obtained by directly comparing the PAD and the phase
delay for each emission angle, as shown in Fig. 3. Both
PAD and phase delay are direct experimental observables.
Thus our result is obtained without relying on the accu-
rate knowledge of the laser parameters in experiments,
such as the laser intensity and ellipticity.
In summary, we have determined the tunneling ioni-

zation time in the PMD with a precision of a few atto-
seconds. This is achieved by a perturbative laser pulse to
modulate the tunneling current produced by a strong
elliptically polarized laser field in attoclock configurations.
By comparing the PAD with the extracted angular-
dependent tunneling ionization time, we demonstrate
that the time required for an electron to tunnel through a
potential barrier is close to zero for an atom within our
experimental accuracy. This means that the offset angle in
the attoclock does not come from the tunneling time
delay. Instead, it is relevant to the Coulomb effect of the
ionic core or the possible multi-electron interaction.
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Fig. 4 Energy- and angle-resolved tunneling ionization time.
a The extracted tunneling ionization time with respect to the electron
momentum pr and the electron emission angle from the
measurement. b The lineout taken at the emission angle of 303° from
(a). The prediction by the classical-trajectory (CT) model is shown by
the squares. For comparison, the normalized yield as a function of the
electron momentum at θ= 303° is shown by the red circles. The error
bars for the ionization time show the 95% confidence interval for the
fitting process, and those for the photoelectron yield show the
standard deviation of the statistical errors
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Coherent modulation of chiral nonlinear optics
with crystal symmetry
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Abstract
Light modulation is of paramount importance for photonics and optoelectronics. Here we report all-optical coherent
modulation of third-harmonic generation (THG) with chiral light via the symmetry enabled polarization selectivity. The
concept is experimentally validated in monolayer materials (MoS2) with modulation depth approaching ~100%, ultra-
fast modulation speed (<~130 fs), and wavelength-independence features. Moreover, the power and polarization of
the incident optical beams can be used to tune the output chirality and modulation performance. Major performance
of our demonstration reaches the fundamental limits of optical modulation: near-unity modulation depth,
instantaneous speed (ultra-fast coherent interaction), compact footprint (atomic thickness), and unlimited operation
bandwidth, which hold an ideal optical modulation solution for emerging and future nonlinear optical applications
(e.g., interconnection, imaging, computing, and quantum technologies).

Introduction
Optical modulation plays an important role in modern

photonics and optoelectronics, such as optical inter-
connection, imaging, computing, and quantum technolo-
gies1–3. To meet the increasing demand for high-
performance optical signal processing in the information
era, optical modulators with compact footprint, ultra-fast
speed, high efficiency, and broadband operations are highly
desired1. Among them, nonlinear optics based optical
modulation attracts much attention, due to the performance
advantages of the coherent light-matter interaction4,5. For
example, all-optical modulations utilizing third-order non-
linear optics (e.g., saturable absorption6 and optical Kerr
effect7) have been demonstrated for various applications,
such as ultra-fast lasers6 and phase shifters7. As a common
and widely used third-order nonlinear optical process, third-
harmonic generation (THG) is always present in a large

range of materials (such as silica8, metamaterials9,10, and 2D
materials11–16), in contrast to the second-harmonic genera-
tion (SHG) that only exists in non-centrosymmetric mate-
rials5. Recently, all-optical modulations of THG in hybrid
micro-systems17,18, gold metasurfaces19, and 2D layered
materials20,21 have been explored. However, these all-optical
modulation methods typically involve carrier relaxation, and
thus are naturally incoherent with a relatively slow mod-
ulation speed (>~ps), a typical modulation depth of
~90%20,21, and polarization non-selectivity. Therefore, novel
all-optical modulation strategies with high performance in
speed and modulation depth, and polarization selection
capability are thus of great importance.
As a fundamental property of the electromagnetic field,

optical chirality, embodied by left-handed (σ−) and right-
handed (σ+) circular polarization, has been long employed to
explore chiral light-matter interaction both in linear optics
(e.g., circular dichroism22) and nonlinear optics (e.g., chiral
harmonic generations23,24). Chiral nonlinear optics is
becoming increasingly important in the rapidly growing
fields of optics and optoelectronics25,26. Accordingly, the
efficient control of chiral nonlinear optical responses is
desirable for practical applications, but still remains elusive.
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