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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 molecules' . Such
timing information provides the basis for our under-
standing of various strong-field phenomena, such as high-
harmonic generation®®, strong-field photoelectron holo-
graphy®’, and nonsequential double ionization®®, which
are often explained in terms of electron trajectories
released at a specific ionization time.
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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 plane'’. 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)''~'®, 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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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
experiments'®~?3, 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 controversy'>'#72%*,

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 £,, 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(t) = [Egoo cos(wt) + Eaqo cos(2wt + @)le,
+€E800 sin((ut)ey

(1)
Here w is the frequency of the 800 nm fundamental field, e
is the ellipticity of the fundamental pulse, and @ is the
relative phase between the two-color components. e, and
e, 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 ¢, is

E@n) =\ [E B}
= |Eo(0)| + EE1 cos(D + 2wtp) + 0(52)
(2)

where |Eo(%y)| is the electric field strength of the 800 nm
field, E; = Egoo cos(wty)/+/€2sin?(wty) + cos?(wty), and
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@ (units of n)

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 (to = 0). b The electric field strength |E| for
three instants, as indicated in (a), slightly oscillates with the relative
phase O, revealing different phase delays of @, 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

& = Esp0/Eso0 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 ¢, oscillates
with the relative phase of the two-color fields, which
maximizes at the relative phase of

CDE(t()) = —th)t() (3)

Because the width of the tunneling barrier approxi-
mately scales as I,/|E(®; )| with I, being the ionization
potential, the tunneling barrier width at time £, 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 @. 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 ¢,
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this means that the electron of the continuum state p is
released at the instant of f,. 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 p, and p, 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°)*>*. 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, +
Yicos(® — @y (p)) **%, where Y, and Y; are two variables
independent on the relative phase, we can obtain the phase
delays @y (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 @ is in phase with the oscillation of the electric
field strength at the instant of £, i.e, @y (p) = ©(fy). As a
result, the tunneling ionization time for the continuum state
p can be obtained by,

to(p) = —@y(p)/(20) (4)

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 principle’*'®. 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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corresponds to the most probable emission angle in the
PMD, in agreement with theoretical predictions'”>%,
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
1 12,14,18,20,32
studies .

Discussion

Using the present scheme, we can further retrieve the
ionization time of electrons with different energies”.
Figure 4a shows the extracted tunneling ionization time
with respect to the electron momentum p, = ,/p? + pf
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
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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 p, 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 6 = 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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time predicted by the CT model increases with increasing
pr This can be interpreted remarkably simply. The less
energetic photoelectrons (smaller p,) 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 exit****. 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
experiments' "' >!*1>1920 " 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 conclusions'»*?'*!>1%2% Ip 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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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-pum-thick -
barium borate (3-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 =75 mm) to ionize
the Ar atoms. The three-dimensional momenta of the
resulting photoelectrons were detected using cold target
recoil ion momentum spectroscopy (COLTRIMS)***’. The
ellipticity and the intensity of the fundamental laser field
were calibrated to be 0.88 and 1.2 x 10*> Wcm ™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 Egy/
20 = 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 I,/|E(t)] with zero initial
momentum longitudinal to instantaneous tunnel direc-
tion®®. 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
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the tunneling ionization time, the electron will be emitted
to different directions and with different p,. 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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