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Attosecond time-resolved electron tunneling dynamics have been investigated by using attosecond
angular streaking spectroscopy, where a clock reference to the laser field vector is required in atomic
strong-field ionization and the situation becomes complicated in molecules. Here we reveal a resonant
ionization process via a transient state by developing an electron-tunneling-site-resolved molecular
attoclock in Ar-Krþ. Two distinct deflection angles are observed in the photoelectron angular distribution
in the molecular frame, corresponding to the direct and resonant ionization pathways. We find the electron
is temporally trapped in the Coulomb potential wells of the Ar-Krþ before finally releasing into the
continuum when the electron tunnels through the internal barrier. By utilizing the direct tunneling
ionization as a self-referenced arm of the attoclock, the time delay of the electron trapped in the resonant
state is revealed to be 3.50� 0.04 fs. Our results give an impetus to exploring the ultrafast electron
dynamics in complex systems and also endow a semiclassical presentation of the electron trapping
dynamics in a quantum resonant state.
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Tracing electron dynamics in real time is central to
the understanding and exploring of the fundamental
photophysical [1–4] and photochemical processes [5].
Attosecond metrology [6], such as the reconstruction of
attosecond beating by interference of two-photon transi-
tions [7], the photoelectron kinetic energy [8,9], and
angular streaking spectroscopy [10], has been employed
to clock the photoelectron emission time delay in strong-
field ionization [11–15] and perturbation regime [9]. The
observed attosecond time delay is raised by the interaction
of the outgoing electronic wave packet with the ionic
Coulomb potential [6,16] and also the transient trapping of
the electron in a potential barrier constructed by an excited
state [12,17] or a high angular momentum partial wave in
continuum [18,19].
The resonant time delay is generally introduced when the

electron is trapped temporarily in a resonant state for a
period of time. As compared to the atomic resonant time
delay [12,13,20] and the molecular shape resonance in
continuum [18,19], the investigation of the molecular
intermediate state assisted resonant time delay imposes
more challenges. The congestion of multiple ionization
channels makes the photoionization dynamics complex
[21], the neighboring ionic cores could alter the electronic
motion resulting in intramolecular charge rearrangement
[4,22], enhanced ionization [23–25], and averaging effects

due tomolecular orientation [26,27] increase the complexity
of photoionization time delay measurements in molecules.
In this Letter, we introduce a self-referenced asymmetric

molecular attoclock to investigate the resonant photoioni-
zation dynamics in a heteronuclear van der Waals complex
of Ar-Kr [28–36]. The unique properties of the rare gas
dimer are the atomic structure of each subunit, the
extraordinarily large internuclear distance as compared to
diatomic molecules, and the absence of fully delocalized
molecular orbitals. The intrinsic electron localization of the
highest occupied molecular orbital of Ar-Kr provides a
preference for the electron removal from the Kr atom side
in the first ionization step by the pump pulse. The site-
resolved electron hole in the pump pulse prepared Ar-Krþ
at large internuclear separation guarantees that the second
electron is mainly removed from the Ar atom side, which
provides a prototype system to investigate the electron
tunneling dynamics of a neutral atom neighboring a
Coulomb potential. As illustrated in Fig. 1, in addition
to the direct tunneling ionization through the outer barrier
[see Fig. 1(a)], the electron has a large probability to tunnel
through the internal barrier and is trapped within the
potential well forming a trapping state, as shown in
Fig. 1(c). We reveal that ionization via the trapped state
[see Fig. 1(d)] is one of the origins of the enhanced
ionization in molecules [23–25,37]. Under the protocol
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of the attoclock [10], the final momentum of the direct
tunneling electron is deflected into the vector of edf in
Fig. 1(b), and the total angular shift can be divided into a
vector potential induced deflection θdoffset ¼ 90° and an
electron ionization term θdf (the green area), which includes
the tunneling and the subsequent propagation in the laser-
Coulomb coupled field [38–40]. The trapping time of the
electron in the intermediate state is revealed to be 3.50�
0.04 fs by taking the direct tunneling electron as a “timing
reference” of the molecular attoclock.
Experimentally, the Ar-Kr dimer was generated via a

supersonic expansion of a mixture of He (10%), Ar (70%),
and Kr (20%) through a 30-μm nozzle. The ultrashort
femtosecond laser pulse (25 fs, 800 nm, 10 kHz) was split
into two pulses to build a noncollinear Mach-Zehnder
interferometer. Thewavelength of the pump and probe laser
pulses are central at 800 nm, and the laser beam was tightly
focused onto the supersonic gas jet by using a concave
sliver mirror (f ¼ 7.5 cm) inside the cold target recoil ion
momentum spectroscopy [41,42]. The linearly polarized
pump pulse along the y axis is adopted to prepare the
Ar-Krþ. The created vibrational nuclear wave packet of
Ar-Krþ starts to move after the single ionization of Ar-Kr,
and a 300 fs time delayed intense elliptically polarized

probe pulse is used to remove the second electron. The
measured ionic kinetic energy release distribution (3.72 eV)
[43] shows that the internuclear separation of Ar-Krþ at the
moment of ionization with the time delayed elliptical
probe pulse is about 3.9 Å within the Franck-Condon
transition region, where the highest occupied molecular
orbital of Ar-Krþ is mainly localized at the argon atom side
(see Fig. S3 in the Supplemental Material [43]). This
guarantees that the second electron is mainly removed
from the Ar atom side. As shown in Fig. 2(a), the linearly
polarized pump pulse contributes a fusiform distribution
of photoelectron momentum along the pye axis with
jpzej ⩽ 0.2 a:u:, indicated by the parallel areas of white
dashed lines. The probe laser pulse rotated clockwise from
þz toþy in the y–z plane and propagated along the −x axis
after the focusing mirror. Owing to the angular streaking
effect [10] of the probe pulse, the photoelectron momentum
can be deflected with jpzej > 0.2 a:u:, indicated by the
white dashed sectors [see Fig. 2(b)]. The different proper-
ties of pump and probe fields including the polarization and
intensity, together with the coincident detection of electrons
and ions, allow us to identify the pump-probe signal from
that of double ionization by one pulse of either the pump or
the probe field (see details in Supplemental Material [43]
and Refs. [59–62]). The peak intensities of the pump and
probe laser pulse in the interaction region and the ellipti-
city of the probe pulse were estimated to be Ipump ∼
0.75×1014W=cm2, and Iprobe∼0.85×1014W=cm2, and
ϵprobe ¼ 0.8, respectively.
Figures 2(c) and 2(d) show the measured and simulated

electronmomentum distributions released by the elliptically
polarized probe pulse with the Ar-Krþ nuclear orientation
along with a positive y axis. The simulations employ an
improved Coulomb-corrected strong-field approximation
(CCSFA) with internuclear separation RAr−Kr ¼ 3.9 Å
[13,63–65], which compare well with the experimentally
measured results. Both of the measured and simu-
lated photoelectron angular distributions (PADs) show
two deflection peaks at −54°� 5° and −122°� 5°, as the
integrated PADs presented in Fig. 2(e).
To get an insight into the electron tunneling dynamics of

the Ar atom neighboring the Coulomb potential of the Krþ,
we performed a semiclassical statistical trajectory analysis.
In this model, the initial conditions of the electron trajec-
tories at the tunneling exit are calculated by the saddle-
point method [38,43,65,66], and then the electron is
propagated in the laser-Coulomb coupled fields (see
Supplemental Material [43]). The blue line in Fig. 3(a)
shows the probability distribution of the electron as a
function of initial total energy, i.e., the sum of kinetic and
potential energy distribution of the involved trajectories at
the tunneling exit (Etot

ini). The typical electron trajectories
with Etot

ini ∼ −0.15 a:u: are dominated by the direct tunnel-
ing process via the outer barrier, as shown in Fig. 1(a). The
electron trajectories with Etot

ini ∼ −0.40 a:u: correspond to a

FIG. 1. (a) Schematic diagram of the direct tunneling ionization
pathway, where the electron is released from the argon atom side.
The red arrow with Tdir indicates the tunneling process, and the
green curve is the typical electron trajectory. (b) The stopwatch of
the direct electron tunneling process, where edi and e

d
f indicate the

initial and final momentum directions, θdf indicates the electron

tunneling deflection angle, and θdoffset is the streaking angle from
the laser field. Schematic diagram of (c) Coulomb trapping and
(d) resonant ionization process, where the red arrow labeled with
Tex indicates the nonadiabatic excitation process, the purple and
yellow curves are the electron trajectories, and the blue dot is the
electron tunneling exit. (e) The stopwatch of the resonant
ionization pathway. Arrows are labeled the same as (b) but for
the resonant ionization pathway.
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typical resonant ionization process [see Fig. 1(d)]. The
electron mainly tunnels through the internal barrier and
emerges between the two ionic cores of the Arþ and Krþ.
The Coulomb interaction of the two ionic cores causes an
additional trapping process to the electron before entering
in the continuum with final energy Etot

fin > 0. Figures 3(b)
and 3(c) show the final electron momentum distributions
corresponding to Etot

ini > −0.20 a:u: and Etot
ini < −0.20 a:u:,

i.e., the direct and resonant ionization processes,

respectively. Figure 2(e) shows the integrated PADs with
the color label the same as in Fig. 3(a). The local peak
positions compare well to the measurement.
To figure out the intermediate trapping state, we analyze

the final energy distribution of the electron with Etot
fin < 0

after the interaction with the laser field [the red curve in
Fig. 3(a)]. Its final energy distribution shows two peaks at
Etot
fin ¼ −0.40 a:u: and −0.01 a:u. The typical electron

trajectories with Etot
fin ¼ −0.40 a:u: are shown as the purple

curve of Fig. 1(c). After tunneling through the internal
barrier, the electron is tightly trapped by the ionic cores
showing up many stabilized periodic trajectories (see more
details in Supplemental Material [43]). The time-dependent
total energy evolution of such trajectories shown in
Fig. 4(a) confirms that the total energy almost keeps
constant and remains negative around −0.40 a:u.
Therefore, the peak of the final energy distribution of
the electron with negative energy −0.40 a:u: is an excited
state, and the arrow Tex in Fig. 1(c) indicates the resonant
excitation to the excited state. The overlapping between
energy distributions of blue and red curves in Fig. 3(a)
indicates that the photoelectron is first excited to the same
trapping state as that of the electron with Etot

fin < 0, and the
blue-shifted energy distribution is induced by the Stark-
shift effect of the laser field [67] (see also Supplemental
Material [43]). As compared to the excitation process,
the resonant ionization electron is trapped within the
wells only for a period of time and gets freed eventually.

FIG. 3. (a) Theoretically calculated electron total energy dis-
tribution by summing over kinetic and potential energies. The
blue curve shows the initial total energy distribution of the
released electron Etot

ini at the tunneling exit, and the red curve
shows the final total energy distribution of electrons with negative
energy after the interaction with the laser field. (b) Direct and
(c) resonant ionization-pathway-resolved electron momentum
distributions, corresponding to the green and orange areas in
(a), and the molecular orientation is the same as in Fig. 2(d).

FIG. 2. (a) Experimentally measured electron momentum
distribution recorded by the pump pulse alone. The parallel areas
of white dashed lines indicate the selected electron range used in
the Ar-Krþ ion source selection routine [59–61]. The color map is
normalized to its peak value. (b) Measured electron momentum
distribution of the doubly ionized Ar-Kr, where the white dashed
sectors indicate the electron released by the elliptically pola-
rized probe laser pulse. (c) The measured probe pulse libe-
rated electron momentum distribution with the Ar-Krþ oriented
as sketched in the inset. The first electron is selected from the
pump pulse liberated with a ion momentum gating of jϕrel

ionj < 30°
and pzionsum > 0.3 a:u:, where ϕrel

ion ¼ arctanðpzrelion=py
rel
ionÞ, and

prel
ion ¼ pArþ

ion − pKrþ
ion . (d) The same as (c) but for theoretically

calculated results. (e) The measured and simulated PADs in the
polarization plane for pze < 0, where exp.1 and exp.2 correspond
to the electron kinetic energy ranges in 6–12 and 5–16 eV,
respectively. The blue solid lines are the fitting curves. The local
maxima are labeled with dashed lines in (c) and (d). The green
and orange areas show the direct and resonant ionization-
pathway-resolved PADs.
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The difference between the resonant excitation and reso-
nant ionization processes can be clearly seen from the time-
dependent total energy evolution of electron trajectories as
shown in Figs. 4(a) and 4(b). The semiclassical electron
trajectory analysis clearly illustrates the nonadiabatic ion-
ization proposed in [23]. It is that the tunneling of the
trapped electron to the continuum through the internal
barrier is thought to be the origin of the enhanced
ionization, which is identical to the significant role of
nonadiabatic resonant ionization in our theoretical simu-
lations. Quantum mechanically, the enhanced ionization
has contributed to the field-induced nonadiabatic transi-
tions between the charged-resonant states [24], which is
also related to the autoionization state in [68–70]. When the
subbarrier Coulomb interaction is switched off in the
simulations, the resonant excitation and resonant ionization
would disappear (see the Supplemental Material [43]),
which provides an alternative identification of the
Coulomb trapping dynamics. In addition, the peak with
Etot
fin ∼ −0.01 a:u: in Fig. 3(a) is related to the frustrated

tunneling ionization, where the electron is first liberated
into the continuum and then trapped into the high Rydberg
states in the form of periodic elliptical trajectories (see the
details in Supplemental Material [43]) [71,72].
To extract the time delay of the resonant trapping in the

excited state, we employ the angular streaking deflection
angle of the direct ionization pathway as a timing reference.

Since both the nonadiabatic excitation and direct tunneling
are almost instantaneous [73,74], and the angular shifts
induced by the long-range Coulomb potential in the
continuum are approximately equal for resonant and direct
ionization, they effectively cancel each other. Therefore, the
time delay of the resonant trapping process can be
reconstructed by adopting the direct electron as a reference.
Nonadiabatic tunneling through the inner barrier mainly

occurs when the instantaneous laser field points from Krþ
to Ar. The “time zero” of the highest probability signal of
the resonant ionization pathway is a half-cycle earlier than
that of the direct ionization pathway (see Fig. S11 in the
Supplemental Material [43]). The trapping process induces
an additional offset of the deflection angle θrf correspond-
ing to the resonant time delay in the resonant state [the
yellow area in Fig. 4(c), i.e., from the beginning of the
trajectory to the time instant that the total energy reaches to
zero]. The resonant time delay can be determined via
Δθ ¼ jθrfj − jθdfj. The experimentally measured deflection
angles of the direct and resonant ionization pathways are
θdf ¼ 32°� 5° and θrf ¼ 144°� 5°. Regarding the multi-
cycle property of the driving laser pulse, the electron could
be trapped in the resonant state for more than one optical
period. Therefore, the offset angle induced by the resonant
trapping should be generalized as Δθexp ¼ jθrfj − jθdfjþ
n × 2π, where n is an integer number. In the time do-
main, the deflection angle difference Δθexp ¼ ð112°þ n ×
360°Þ � 5° corresponds to a resonant time delay of
τrexp ¼ ð0.83þ n × 2.67Þ � 0.04 fs.
We utilize the statistically averaged treatment on electron

trajectories to clarify the unknown value of n in Δθexp
or τrexp [13]. The resonant time delay can be calcu-
lated by the statistically averaged resonant time as hτrtheoi¼
f½Pn

j¼1 τ
r
theoðjÞ ·WðjÞ�=Pn

j¼1WðjÞg, where τrtheo ¼ tcðjÞ−
tbðjÞ, with tbðjÞ and tcðjÞ as the time of electron emerging in
the resonant state and the continuum, andWðjÞ is theweight
of the trajectory j, respectively. The averaged resonant time
delay hτrtheoi ¼ 3.57 fs. Consistentwith themolecular charge
resonant enhanced ionization [23–25], the resonant time
delay is sensitive to the internuclear separations and molecu-
lar orientation [15], and the maximum shift is about 0.2 fs
within an orientation angle range of �15°. The attoclock
takes the angle of the highest probability signal as a clock
hand, and the clock hand would rotate 360° over one optical
period. Therefore, if the measured time delay is longer than
one optical period, the measured offset should be plus
n × 360°. The simulated resonant time delay is longer than
one optical period but shorter than two periods. And when
n ¼ 1, according to the experimentally measured offset,
the reconstructed time delay is 3.50 fs, which is quite close
to that obtained with 3.57 fs in the statistically averaged
treatment of improved CCSFA.
In conclusion, by constructing a self-referencedmolecular

attoclock, we experimentally and theoretically demonstrated

FIG. 4. (a) and (b) Time-dependent total energy evolution of the
electron trajectories from (a) the excitation path and (b) the
resonant tunneling ionization path. The electron trapping time
corresponds to the platform with total energy around −0.40 a:u:,
and the colors show the probability of each trajectory. (c) The
same as (a),(b) but for the typical electron trajectories presented in
Figs. 1(a), 1(c), and 1(d). The gray lines in (a)–(c) show the
electric field along the major axis of the elliptically polarized
probe laser field. The inset in (c) shows the calculated electron
wave functions of the ground state and resonant excited state of
the Ar-Krþ.
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a resonant time delay of 3.50� 0.04 fs in the ionization of
Ar-Krþ. The molecular attoclock unambiguously deflects
the direct and resonant ionization pathways into two streak-
ing angles in the PADs. The direct tunneling pathway
provides a timing reference to calibrate the deflection angle
from the laser-Coulomb coupling effect [6,9,10,16]. The
statistical analyses based on electron trajectories provide a
semiclassical landscape of the resonant ionization, which is
interpreted in terms of the dynamics of the electron wave
packet trapped in an intermediate state. The proposed self-
referenced molecular attoclock approach opens up a new
avenue for exploring the key role of neighboring Coulomb
potential in the underbarrier electron tunneling dynamics and
probing the lifetime of resonant states in the photoionization
dynamics of complex molecules, and will hopefully spur
more interestingworks, such as the attosecond time-resolved
auger decay and electron correlation based on the XFELs-IR
pump-probe measurements [75].
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