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We measure photoelectron momentum distributions of Ar atoms in orthogonally polarized two-color
laser fields with comparable intensities. The synthesized laser field is used to manipulate the oscillating
tunneling barrier and the subsequent motion of electrons onto two spatial dimensions. The subcycle
structures associated with the temporal double-slit interference are spatially separated and enhanced. We
use such a spatiotemporal interferometer to reveal sub-barrier phase of strong-field tunneling ionization.
This study shows that the tunneling process transfers the initial phase onto momentum distribution. Our
work has the implication that the sub-barrier phase plays an indispensable role in photoelectron interference
processes.
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The phase of microscopic particles is a key ingredient to
interpret their wavelike property. In the strong-field com-
munity, tunneling ionization is the footstone of numerous
phenomena [1]. Electron tunneling through the suppressed
Coulomb potential and traveling in continuum leave finger-
prints not only on the amplitude of the electron wave packet
(WP), but also on its phase distribution. Previous experi-
ments mainly focused on the ionization amplitude or
photoelectron momentum distributions; the phase of the
tunneling wave packet is less studied. Especially for
the accumulated phase when electron tunneling through
the Coulomb barrier, i.e., the sub-barrier phase, it has a
nonignorable contribution on the interference pattern of
electron momentum distribution and is hard to be observed.
Most classical or semiclassical models [2–5] have ignored
the initial phase. However, “quantum” theories [6–8]
pointed out that the action of an electron penetrating a
laser-induced potential barrier is a complex number, where
its real part is associated with the sub-barrier phase [9]. The
crucial question is how it can be revealed through a reliable
experimental scheme.
The intracycle interference with few-cycle pulses has

been demonstrated [10], which results from the temporal
double-slit interference between two WPs released in
consecutive laser half-cycles. The temporal interferometer
has been used to resolve electron sublaser-cycle dynamics
[11]. The orthogonally polarized two-color (OTC) laser
fields (1ωþ 2ω) can manipulate the ultrafast electron
emission and its subsequent motion in both time and
space [12–17]. For example, with a weak second harmonic
in an OTC field, the intracycle interference fringes (two
WPs released in one fundamental-field cycle) can be
switched on or off [18]. However, the initial phase
difference between those two WPs is tiny, and a weak

second harmonic streaking field is insufficient to reveal its
subtle effect. Strong Coulomb focusing also erases the
effect. If one increases the intensity of the streaking field,
e.g., in comparable-intensity OTC fields, the Coulomb
focusing is reduced by the strong transverse field. And it
emits four space-dependent WPs successively in one
fundamental-field cycle, inducing more rich subcycle
interference patterns [19]. The effect of the sub-barrier
phase on the interferograms can be amplified with this
scheme.
In this Letter, we present high-resolution photoelectron

momentum distributions of Ar atoms in OTC fields with
comparable intensities. Using this scheme, we introduce
a spatiotemporal interferometer to reveal the sub-barrier
phase of tunneling ionization. In the laser fields, the
suppressed Coulomb barrier is spatially manipulated onto
two spatial dimensions, and the successively released
WPs carry different sub-barrier phases. The transverse
intense second harmonic field arranges the interference
among those WPs to achieve high-contrast spatially
separated fringes. By comparison with simulations of
the strong-field approximation (SFA) model [20–22],
the Coulomb-corrected SFA (CCSFA) model [6,7],
and the numerical solution of the time-dependent
Schrödinger equation (TDSE), the signature of the
sub-barrier phase on the final momentum distribution
is identified.
Experimentally, the OTC pulse EðtÞ ¼ E800 cosðω1tÞxþ

E400 cosðω2tþ ΔφÞz was used, where E800 and E400 are
electric-field amplitudes of the fundamental and the second-
harmonic lights, respectively, and Δφ is the phase delay
between the two colors. The fundamental-field light was
produced from a Ti:sapphire multipass amplifier (800 nm,
25 fs, 3 kHz), and the second-harmonic pulse was generated
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through frequency doubling with a 250-μm-thick β-barium
borate crystal. The phase delaywas controlled by using a pair
of fused silica wedges with a precision of roughly 5 as
(∼0.004π). We calibrated the phase delay by comparing the
measured electron momentum distribution with the solution
of TDSE. We measured the photoelectron momentum
distributions of Argon atoms using cold-target recoil-ion
reaction momentum spectroscopy [23].
In [24], the electron momentum distribution of

strong-field ionization of atoms with the comparable-
intensity OTC fields has been measured. However, the
momentum resolution is not enough to reveal the clear
interferograms. Here, we measured high-resolution
electron momentum distributions with the comparable-
intensity OTC fields to identify the sub-barrier effect. In
Fig. 1, we illustrate the measured electron momentum
distributions of Ar atoms in the polarization plane at the
phase delay of Δφ ¼ 0, 0.25π, 0.5π, 0.75π, respectively.
The peak intensity of the fundamental light was I800 ¼
ð0.72�0.05Þ×1014 W=cm2 and that of the second
harmonic was I400 ¼ ð0.87� 0.03Þ × 1014 W=cm2, which
were calibrated according to the location of above-
threshold ionization (ATI) peaks in the energy spectrum
when only exposing the corresponding one-color light.
The electron momentum distributions are sensitive to the

phase delay between the two fields. For Δφ ¼ 0, although
the synthesized laser vector potential is symmetrical with

respect to the x axis (polarization direction of 800 nm
light), the momentum distribution is not symmetrical with
the px axis because of Coulomb scattering [24,25]. Within
the SFA model, the electron momentum distributions
at Δφ ¼ 0.25π and Δφ ¼ 0.75π are expected to be iden-
tical. However, because of the Coulomb scattering, the
experimental distributions show very different patterns.
Compared with the previous experiment [24], the measured
electron momentum distributions reveal rich interference
patterns at each phase delay. The observed concentric
rings are associated with the intercycle interference and
the radial fringes are generally related to the subcycle
interference of multiple tunneling wave packets. The
subcycle interference becomes the dominant contribution
to the upper-half plane of momentum distribution at
Δφ ¼ 0.5π, appearing in a bouquetlike pattern. The
high-resolution experimental data allow us to investigate
the subcycle interference and resolve the fingerprint of the
sub-barrier phase on the momentum distribution by com-
parison with theoretical simulation.
Within the SFA, the transition matrix element is given

by [26]

MðSFAÞ
p ¼ −i

Z
tf

0

dτhpþ AðτÞjr · EðτÞjψ0ðrÞi

× exp
�Z

τ

0

½½pþ Aðt0Þ�2 þ Ipdt0
�
; ð1Þ

where p is the photoelectron canonical momentum, AðtÞ
is the laser vector potential, tf is the pulse turn-off time,
ψ0ðrÞ is the atomic initial-state wave function, and Ip is
the ionization potential. The transition amplitude can be

given by MðSFAÞ
p ¼ P

4
i¼1 fψ0

ðp; tðiÞs ; tfÞeiS0ðp;t
ðiÞ
s ;tfÞ, where

tðiÞs is the saddle point governed by the equation 1
2
½pþ

AðtðiÞs Þ�2þIp¼0. The preexponential factor fψ0
ðp; tðiÞs ; tfÞ

is proportional to the matrix element hpþ AðτÞjr · Ejψ0ðrÞi,
which does not affect the structure of interference

patterns. The action of each WP S0ðp;tðiÞs ;tfÞ¼
−R tf

tðiÞs
1
2
½pþAðtÞ�2þIpdt plays the role on the interference.

In the Coulomb-correction SFA model, the tunneling elec-
tron acquires a small extra action ofΔScc ¼ − R tf

tðiÞs
V½rðtÞ�dt,

where V½rðtÞ� is the atomic potential with respect to the

laser-induced trajectory rðtÞ ¼ pðt − tðiÞs Þ þ R
t
tðiÞs

Aðt0Þdt0.
When the electron propagates under the barrier, the total
complex-valued action S0 þ ΔScc of each trajectory is
evaluated along the vertical path from the saddle point

tðiÞs ðpÞ to its real part tðiÞr ðpÞ. The imaginary part of the
total action is related to the tunneling probability, given
by Γ ≈ e−2ImS0e−2ImΔScc [27]. The real part of the total

action Φsub ¼ Re½S0ðp; tðiÞs ; tðiÞr Þ� þ Re½ΔSccðp; tðiÞs ; tðiÞr Þ� is
the accumulated sub-barrier phase when tunneling through
the potential. After the electron tunnels from the barrier,

FIG. 1. Experimental electron momentum distributions of
Argon in an OTC field in the polarization plane for Δφ ¼ 0 (a),
0.25π (b), 0.5π (c), and 0.75π (d). The peak intensity of the
fundamental light was I800¼ð0.72�0.05Þ×1014W=cm2 and that
of the second harmonic was I400¼ð0.87�0.03Þ×1014W=cm2.
The 800 and 400 nm fields are along the x and z axes, respectively.
The data are integrated over an angular range θ ¼ 90°� 30° where

θ ¼ acosðpy=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
y þ p2

x þ p2
z

q
Þ is the angle between the electron

momentum vector and the normal to the (px, pz) plane.
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the electron motion is governed by Newton equation
̈r ¼ −r=r3 − EðtÞ as well as the phase equation Φprop ¼
− R tf

tr
1
2
½pþ AðtÞ�2 þ Ip þ V½rðtÞ�dt until the laser turns off.

Finally, the asymptotic momenta on the detector are calcu-
lated by Kepler’s laws after the laser pulse turns off.
We present the calculated electron momentum distribu-

tions by the CCSFA model with and without the sub-barrier
phase at Δφ ¼ 0.5π in Figs. 2(a) and 2(b), respectively. The
sub-barrier phase obviously affects the interval of the radial
interference fringes, and especially increases the number of
these fringes in the low-energy electron momentum distri-
bution. The result by the CCSFA model with the sub-barrier
phase agrees better with the measurement [Fig. 1(c)]. In
Fig. 2(c), we show the result of the SFA model by solving
Eq. (1) numerically, in which we choose the 3p state
as the initial state ψ0ðrÞ to match the Argon atom. The
SFA model naturally includes the plain sub-barrier phase
Re½S0ðp; ts; trÞ�, but it has no effect on the Coulomb
interaction in both sub-barrier and outside-barrier regions.
In Fig. 2(d), we show the electron momentum distribution
calculated by a TDSE solver [28] within the single-electron
approximation. In the simulation, the 3p state in an effective

potential Veff ¼ −½Z þ ðZfull − ZÞe−r=rs �=r is used as the
initial state, where Z ¼ 1 and Zfull ¼ 18 are the asymptotic
ion charges as r → ∞ and r → 0, respectively, and a
screening length rs ¼ 0.21494 is tuned to match Ip ¼
0.579 a:u: for Argon. The laser field is synthesized by an
eight-cycle sin2-envelope laser pulse at 800 nm, and the
peaks of 800 and 400 nm electric fields are 0.045 and
0.05 a.u., respectively. The laser parameters are identical in
all simulation in this work.
Along the dashed curve located at the first ATI

ring in Fig. 2(a), there are six maxima in the CCSFA
simulation without the sub-barrier phase, which does not
agree with that of the measurement [Fig. 1(c)] and the
TDSE result [Fig. 2(d)] (both show eight maxima).
If the CCSFA simulation includes the sub-barrier phase
[Fig. 2(b)], the better agreement is achieved. Because the
standard SFA model naturally includes the plain sub-
barrier phase Re½S0ðp; ts; trÞ�, the calculated momentum
distribution [Fig. 2(c)] also reveals the eight maxima in
the same momentum area, which indicates that
Re½S0ðp; ts; trÞ� plays a dominant role. In Fig. 2(e), we
plot the projection of the experimental and simulated
electron momentum distributions along the dashed curve.
The simulation with the sub-barrier phase agrees with the
experiment.
Apart from the number of maxima along the first ATI

ring, below the red dashed curve there are both seven wings
in the experimental and TDSE results. The calculated
electron momentum distribution with the sub-barrier phase
is more comparable with the experimental result and the
ab initio solution of TDSE. Through comparison of the
momentum distributions, one can find that the bouquetlike
radial fringes related to the subcycle interference are
sensitive to the sub-barrier phase.
To illustrate how to reveal the sub-barrier phase on the

interferogram, we analyze the subcycle dynamics of tunnel-
ing electrons at Δφ ¼ 0.5π. Figure 3(a) shows the syn-
thesized electric field, the negative vector potentials of the
800 nm light and 400 nm light in one 800 nm cycle. As
shown, the synthesized electric field has four temporal equal-
amplitude peaks in one cycle, and it induces four WPs with
equal amplitude but different sub-barrier phases. The spatial
distributions of the fourWPs in the polarizationplane are also
illustrated schematically. In Fig. 3(b), we illustrate the track
of the end point of the synthesized electric-field vector in one
800 nm cycle. The four corner panels in Fig. 3(b) depict the
instantaneous component laser fields at the tunnel moment.
After tunneling, those four WPs are spatially driven to
different directions (indicated by the green arrows) by the
laser fields. If the WPs arrive at the same space, the
interference occurs. Thus, the interaction geometry can be
viewed as a spatiotemporal interferometer. At Δφ ¼ 0.5π,
WP1 and WP2 are driven into the right hemisphere of
momentum plane, whereasWP3 andWP4 are driven into the
left part, as seen in Fig. 3(c).

FIG. 2. Simulated electron momentum distributions at Δφ ¼
0.5π are calculated by the CCSFA model without the sub-barrier
phase (a), with the sub-barrier phase (b), the SFA model with
numericalmethod (c), and theTDSEmethod (d). (e) The projection
of the ionization probability along the dashed curves [pr¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
xþp2

z

p
¼ð0.35�0.01Þa:u:] with respect to the emission angle.
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We further calculate their interferogramsby the SFAmodel
employing the saddle-point method. This can remove the
effect of Coulomb scattering and intercycle interference
structures. The subcycle interferograms with and without
sub-barrier phase are shown in Figs. 3(c) and 3(d), respec-
tively. The interference fringes are sensitive to the plain sub-
barrier phase Re½S0ðp; ts; trÞ�. When the calculation includes
the sub-barrier phase, the number of the fringes in the left or
right momentum plane increases from 8 to 10. We also mark
the first ATI ring with a red dashed curve in the interfero-
grams. The sub-barrier phase indeed leaves the fingerprint on
the number of the intersections between these fringes and the
ATI ring, leading to an increase of two more maxima along
the curve.
At this phase delay we take the interference between

WP3 and WP4 as an example to explain the spatial
dependence of the sub-barrier phase in OTC fields. The
dominant sub-barrier phase Re½S0ðp; tðiÞs ; tðiÞr Þ� can be evalu-
ated analytically as

Re½S0ðp; tðiÞs ; tðiÞr Þ�

¼ −pxE800

ω2
1

cosðω1t
ðiÞ
r Þ½1 − coshðω1t

ðiÞ
i Þ�

þ E2
800

8ω3
1

sin 2ðω1t
ðiÞ
r Þ½1 − coshð2ω1t

ðiÞ
i Þ�

− pzE400

ω2
2

cosðω2t
ðiÞ
r þ ΔφÞ½1 − coshðω2t

ðiÞ
i Þ�

þ E2
400

8ω3
2

sin 2ðω2t
ðiÞ
r þ ΔφÞ½1 − coshð2ω2t

ðiÞ
i Þ�: ð2Þ

From Eq. (2), one can find that the sub-barrier phase
contains the two-dimensional tunneling geometry, which is
closely related with the synthesized electric field. As shown
in Fig. 3(b), for those two wave packets, the ionizing
electric fields are with the equal value but in opposite
directions. We show the distributions of the probability and
initial phase of WP3 andWP4 in the final momentum plane
in Fig. 4 at Δφ ¼ 0.5π. Those two interfered WPs are
driven to be totally overlapped in the final momentum plane
as seen in Figs. 4(a) and 4(b). In Figs. 4(c) and 4(d), the
direction of the phase gradient is approximately along
the synthesized electric field, and their phase distributions
are opposite. Therefore, the effect of the initial phase is
significantly enhanced at this delay.
The signature of the sub-barrier phase can also be found

at other phase delays. For example, at Δφ ¼ 0.25π, the
electron momentum distributions calculated by the CCSFA
model with and without the sub-barrier phase are shown in
Fig. 5. At this delay, the WP3 and WP4 have different
ionization probabilities, and they are partially overlapped in

FIG. 3. (a) The temporal sketch of the OTC field for Δφ ¼ 0.5π
with respect to one 800 nm cycle. The black line, red line, and
blue line in (a) indicate the synthesized light electric field,
negative vector potentials of 800 nm light and that of 400 nm
light, respectively. (b) The spatial view of the OTC field and the
emitting wave packets in the polarization plane (horizontal
direction is the x axis and vertical direction is the z axis). In
(b) the black line depicts the track of the end point of the
synthesized electric-field vector in one 800 nm cycle (the radial
coordinate represents the electric-field strength and the angular
coordinate means its direction), and the yellow arrows on the
black line mark the increase of time as the color gradually
deepens. The four outer subplots in (b) depict the components of
laser electric fields (the red arrow displays the 800 nm light and
the blue solid arrow shows the 400 nm light) when the
corresponding wave packet tunnels, and describe the wave-packet
subsequent motions with green arrows schematically. (c) The
subcycle interferogram calculated by the SFA model employing
the saddle-point method without the plain sub-barrier phase. (d)
The same calculation as (c) but with the plain sub-barrier phase.

FIG. 4. The distribution of probability [(a) and (b)] and plain
sub-barrier phase [(c) and (d)] of WP3 (left column) and WP4
(right column) in the final momentum plane. The ionization
probability is normalized to the maximum, and the phase value is
the real value in radian units.
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the final momentum plane because of the asymmetry of the
light field [29]. On the other hand, the signs of their sub-
barrier phases are not opposite [29]. The interference
pattern between those WPs is not well separated, and it
is mainly distributed within the red rectangles in Fig. 5.
Again, CCSFA simulation with sub-barrier phase agrees
better with the experiment.
One noted that, at Δφ ¼ 0.75π, although the synthesized

vector potential is the same as that of Δφ ¼ 0.25π, the
probability and phase for WP3 and WP4 are very different
[29]. The scattering behavior of those packets is essentially
different for those two delays, and thus their momentum
distributions are completely different [24]. At the phase
delay ofΔφ ¼ 0, the WP3 andWP4 are much less spatially
overlapped [29]. Thus, it is hard to observe the interference
signature between them. The subcycle interference between
W2 and WP4 comes into the dominant role.
The sub-barrier phase should be inevitably involved for

photoelectron interference or holography in the tunneling-
related processes [30–33]. Usually, it is hard to observe
from electron momentum distributions in a linear laser field
because of hard rescattering and the Coulomb focusing
effect. Using the OTC fields with comparable intensities,
one can reveal the sub-barrier phase of strong-field tunnel-
ing ionization from the spatially separated subcycle inter-
ference pattern.
In summary, we have measured the electron momentum

distributions of Argon atoms in comparable-intensity OTC
fields. Based on this interaction geometry, we demonstrate
a spatiotemporal interferometer and show that the sub-
barrier phase of strong-field tunneling ionization can be
recorded on the interferograms. Since the sub-barrier phase
originates from the tunneling, it definitely imprints its effect
on the coherent processes in tunneling-related phenomena.
Note that the electron momentum distribution calculated by
the CCSFA model agrees better with the experiment. As
known, the nonadiabatic effect is naturally included in the
CCSFA model, and thus the theoretically predicted non-
adiabatic effect by OTC fields [19] is verified by this
measurement when comparing with the adiabatic model
[34]. The spatiotemporal interferometer could also be

potentially used to probe the photoelectron phase of aligned
molecules in strong-field ionization [35].
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