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The novel strong field autoionization (SFAI) dynamics is identified and investigated by channel-resolved
angular streaking measurements of two electrons and two ions for the double-ionized CO. Comparing with
the laser-assisted autoionization calculations, we demonstrate the electrons from SFAI are generated from
the field-induced decay of the autoionizing state with a following acceleration in the laser fields. The
energy-dependent photoelectron angular distributions further reveal that the subcycle ac-Stark effect
modulates the lifetime of the autoionizing state and controls the emission of SFAI electrons in molecular
frame. Our results pave the way to control the emission of resonant high-harmonic generation and trace the
electron-electron correlation and electron-nuclear coupling by strong laser fields. The lifetime modulation
of quantum systems in the strong laser field has great potential for quantum manipulation of chemical
reactions and beyond.
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A quantum system in an excited state with energy higher
than ionic states can couple with the ionic states by
autoionizing [1]. This is a general phenomenon importantly
revealing the electron correlation and electron-nuclear
coupling in atoms, molecules, and solids [1–3]. In a
field-free condition, the interference between direct ioniza-
tion and autoionization channels leading to well-known
Fano line profiles [1]. When subjected to a laser pulse, the
autoionization of atoms and molecules can be modified and
the interference can be controlled [4–10]. The coupling
between the autoionizing state with other states can be
tuned and tracked by adding a weak laser field in the
ultrafast measurement [4–6], and the contribution of
depletion by strong field ionization (SFI) becomes impor-
tant as the strength of the laser field increases [7].
Furthermore, the Feshbach resonance enhances the auto-
ionization during the bond breaking of molecules in laser
fields [9], where the branching ratios between direct
dissociation and autoionization channel can be controlled
and the non-Born-Oppenheimer dynamics can be probed
by scanning the delay of an infrared (IR) laser [10]. It can
be seen that tracing the evolution of molecular autoionizing
states with femtosecond or even attosecond resolution can
promote the understanding of the electron-electron corre-
lation and electron-nuclear coupling.
Recently, the autoionization dynamics has been traced

with the attosecond transient absorption and the attosecond
photoelectron measurement in the XUV regime [4–7,
11–15]. In these cases, the IR pulse truncates the auto-
ionizing decay by coupling the autoionizing states to other
states (Rydberg state or continuum state) in the range of
1011–1013 W=cm2, resulting in a shorter lifetime and a

broader resonance peak [4]. The creation and decay of
autoionizing states have been studied in the strong laser
fields (1013–1015 W=cm2) interaction with atoms, mole-
cules, and clusters, in which the observed electron spectra
are attributed to the field-free decay and electron-nuclear
coupling processes [16–18]. The survival of the auto-
ionizing state in strong laser fields can enhance the resonant
high-harmonic generation (HHG) [19–22], which presents
great potential in composing an intense attosecond XUV
pulse [22]. The dynamical Stark effect has been proposed
and observed in atoms which not only will shift the
resonance of autoionizing states and modify the auto-
ionization decay [4,23], but also can manipulate the
spatial-temporal emission of an ultrafast XUV pulse as
an opto-optical modulator [24]. In addition, the dynamical
Stark effect due to the strong field provides an important
approach to the coherent control of photochemical reaction
including photodissociation [25] and photoassociation
[26]. In this Letter, we demonstrate that the angular-
streaking method can be used to identify and probe the
SFAI of molecules and show that the instantaneous
response of molecules to the laser field due to the ac-
Stark effect strongly modifies the decay dynamics of
autoionizing states.
Experimentally, we perform the two-electron and two-

ion (2e-2i) coincident measurements from Coulomb explo-
sion (CE) of CO in strong laser fields by using cold target
recoil ion momentum spectroscopy (COLTRIMS) as
shown in Fig. 1(a) [27–29]. The laser is positively chirped
(λ ∼ 800 nm, 1.1 × 1015 W=cm2, ∼45 fs) to enhance the
yield of the autoionization channel and keep the influence
of nuclear movement small enough. The chirp-dependent
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yields can be attributed to the constructive interference
between multiphoton excitation channels involving reso-
nantly coupled bound states [30,31] (for details please see
the Supplemental Material [32]). The ionization and CE
pathways are presented in Fig. 1(b). In the direct CE
channel, CO molecules are sequentially double ionized to
the dication states followed by CE with a high KER (kinetic
energy release). Besides, as shown in Fig. 1(c), CO
molecules can also take the pathway followed by tunneling
ionization, strong field excitation at t1 [16,17] and SFAI at
t2, leading to a lower KER [33–35]. With an anticlockwise
near-circularly polarized strong laser field (ε ∼ 0.95), in
this experiment, the angular streaking method is employed
to resolve the pathways of two electrons’ detachment [36]
and to identify the autoionization channels during double
ionization of molecules. In this way, the SFAI dynamics at
the molecular frame can be traced by mapping the ioniza-
tion moment in the rotating electric field vector fE⃗ðtÞ ¼
E0fðtÞ½ ⃗ŷ sinðωtþ ϕÞ þ ε ⃗ẑ cosðωtþ ϕÞ�g to the magnitude
and direction of the final momentum of the emitted electron
p⃗ ¼ pz

⃗ẑþ py
⃗ŷ [36,37]. Since a multicycle laser pulse is

used, the broadband electron spectra [see Fig. 3(b)] result
from ionization accumulating for each optical cycles.
The subcycle ac Stark effect is traced by analyzing the
angular distribution of an electron with a certain energy,
i.e., 0°–360° corresponding to 0–2.67 fs at each laser cycle
as shown in Fig. 1(c).
In Fig. 2(a), we show the KER distribution with multiple

peaks obtained from CE of different ionic states after
double ionization of CO molecules. The channel-resolved
sum-momentum distributions of the two ions along the z
axis pz;sum (pz;sum ¼ pz;Cþ þ pz;Oþ) with conditions of Cþ

emitting to the positive (py;Cþ>0) and negative (py;Cþ < 0)
directions are present in Figs. 2(b) and 2(c). It can be seen
that the pz;sum shows three-peak distributions for the ions
with KER above 5.0 eV from direct CE channels while two-
peaks distributions are observed for the ions with KER
below 5.0 eV, as shown in Figs. 2(d) and 2(e). The
corresponding sum-momentum distribution of electrons
can be deduced from that of the ions according to momen-
tum conservation [36,39], i.e., pz;Cþþpz;Oþþpz;e1 þ
pz;e2≈0. And values pz;e1 ¼ 0.79 a:u:, pz;e2 ¼ 1.32 a:u:
for the electrons are obtained frommulti-Gaussian fitting as
shown in Fig. 2(d). The asymmetric distribution shown in
red and blue lines can be attributed to the direct double
ionization from asymmetric orbitals of CO molecules [38–
40]. A new channel appears at the KER range of 2.8–4.2 eV,
when a positive chirp laser pulse is used. And its yield is
sensitive to the chirp of laser (see Supplemental Material
[32]). Different from the direct sequential double ionization
channels observed previously [39], the pz;sum has two-peak
distributions for ions with KER at 2.8–4.2 eV as shown in
Fig. 2(e), fromwhich the peak momenta of pz;e1 ¼ 0.8 a:u:,
pz;e2 ¼ 0 a:u: are obtained from the fitting. The momentum
pz;e1 is close to themeasuredmomentum of the first electron
from sequential double ionization as well as the electron
coincident with COþ. Thus, the strong asymmetric distri-
butions in the red and blue lines shown in Fig. 2(e) indicates
that the first electron is tunnel ionized from the HOMO
orbital of CO [41]. Note that the energy range of measured

(a) (b)

(c)

FIG. 1. (a) Schematic diagram of the experimental setup. The
yz plane is the polarization plane of the near-circularly polarized
pulse. (b) Relevant potential curves, adapted from Refs. [33,38],
and the pathways of double ionization including tunneling
ionization (TI) and strong field excitation (SFE). The inset shows
schematically the KER distributions of the direct Coulomb
explosion (DCE) of CO2þ and the CE induced by SFAI of
COþ�. (c) Process of excitation and field-assisted decay of the
autoionizing state as well as the definition of the angle θMF of the
SFAI electron in the molecular frame.

FIG. 2. (a) KER of the Cþ þ Oþ channel. (b) and (c) KER-
dependent ion sum momentum along the z axis (pz;sum) of
the Cþ þ Oþ channel with Cþ emitting along the positive
(py;Cþ > 0) and negative (py;Cþ < 0) direction of the y axis.
The corresponding pz;sum integrated over the KER range
5.0–9.4 eVand 2.8–4.2 eVare plotted in (d),(e). The solid curves
are the fits of the measured pz;sum by considering the convolution
of two sequentially emitted electrons. The electron momentum
projections on the z axis of single ionization (SI) is also presented
as the cyan dashed curve in (e).
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KERs at 2.8–4.2 and 4.2–4.8 eV agrees well with the
experimental results of XUV induced dissociation from
autoionizing states [33–35]. It suggests that the low energy
electrons (pz;e2 peaks around 0) originate from SFAI of
COþ� molecules. And the low-KER CE should be the result
of field-induced coupling between autoionizing state and
dication state.
In order to investigate the SFAI dynamics, we measure

the electron-electron joint energy spectra (JES) from SFAI
channel coincident with the low-KER ions (2.8–4.2 eV) in
Fig. 3(a). Two successively released electrons are distin-
guished according to the energy accumulated in the
circularly polarized laser field which leads to a crossing
distribution of two straight lines (marked by the two dashed
white lines). Thus, two sequential released electrons are
classified by comparing their final energy, through which
the electron with higher energy is assigned to direct
ionization and the electron with low energy to SFAI.
The electrons from direct tunneling ionization of molecules
have a near-Gaussian distribution peaking around 20 eV, as
shown by the red line in Fig. 3(b). It agrees well with the
electron spectrum coincident with COþ obtained from
single ionization (gray line), and the distribution is also
well reproduced by classical trajectory Monte Carlo
(CTMC) calculation (blue line) [42,43]. In contrast, the
electrons from SFAI peaks around ∼1 eV and extends to
∼30 eV, as shown by the black line in Fig. 3(b). The
measured SFAI electron spectrum is different from
the single photon induced autoionization in the XUV
regime [33], which indicates the autoionization dynamics
in the strong laser fields is distinct from that in a field-free
condition.
Theoretically, we model the SFAI as a strong field

dynamical process with autoionizing state injection and
decay (ASID), which is illustrated as three steps: (i) injec-
tion: the autoionizing state COþ� is injected when CO
molecule being ionized and excited in the strong laser field
at t1; (ii) decay: the autoionizing state decays at time t2 and

the electron is released; (iii) acceleration: the autoionized
electron accelerates in the laser fields. Because of signifi-
cant broadening of the resonance width in the strong
field, the effect of nuclear motion on the dynamics of
autoionized electrons is negligible (for details please see the
Supplemental Material [32]).
Owing to the uncertainty principle, the lifetime τ of the

autoionizing state is related to the effective resonance width
Γeff by τ ¼ 1=Γeff [44]. Because of the Stark effects in
quantum systems with interacting bound and continuum
configurations, the characteristic widths of autoionizing
resonances can be strongly modified by laser fields [4,
45–47]. When the natural resonance width is much smaller
than the Stark broadening under the strong laser fields, the
effective resonance width is calculated approximately as

Γeffðt2Þ ∝ ΔμEðt2Þ cos β þ
1

2
ΔαEðt2Þ2 cos2 β; ð1Þ

where β is the angle between the instantaneous direction of
the circularly polarized field and molecular axis at t2, Δμ
and Δα are the differences of permanent dipole moment
and polarizability tensor components between COþ� and
CO2þ [48]. Consequently, the Stark effect induces actually
a subcycle effect [49]: the resonance width broadens
(corresponding to a shorter lifetime) when the electric field
vector of the laser is parallel to the direction of the dipole
moment, and the width narrows (corresponding to a longer
lifetime) when antiparallel. Similarly, the resonance width
can be modified by changing the angle between the laser
field and molecular axis. With the polarization direction
rotating near the peak of the electric field, the lifetime
changes from 1 fs to 4 ps in an optical cycle (for details
please see Supplemental Material [32]).
The photoelectron spectrum from steps (ii) and (iii) due

to decay of the autoionizing state generated at t1 can be
calculated with the improved quantum theory of laser-
assisted autoionization [23,50] using

bðp⃗; t1Þ ¼ i
Z þ∞

t1

ef−iEr−½Γeffðt2Þ=2�gðt2−t1Þe−iΦsðt2Þdt2; ð2Þ

where Φsðt2Þ ¼
Rþ∞
t2

f½p⃗ − A⃗ðt3Þ�2=2gdt3 is the quantum
phase accumulated in the propagation, Er is the center
energy of the resonance, p⃗ is the momentum of the electron,
and A⃗ is the vector potential of the laser field. The vector
potential A⃗ is chosen as A⃗ ¼ A0 cos2ðπt=TÞ½cosðωtÞx⃗þ
sinðωtÞy⃗� with t ∈ ½−T=2; T=2� and T ¼ 90 fs.
The transient injection of autoionizing states is

modeled by treating the CO molecule as an open quantum
system [51]. Assuming that the transient injection
rate is proportional to the ionization rate of CO, the
molecular Ammosov-Delone-Krainov (MO-ADK) theory
is employed to obtain the transient injection rate wCOþ�

[52,53]. The total yields of SFAI electron is calculated by
integrating the weighted photoelectron spectrum with

FIG. 3. (a) Electron-electron JES measured in coincidence with
the KERs in the range of 2.8–4.2 eV. The plots are symmetrized
by switching the energies of two directly measured electrons.
(b) Corresponding measured and calculated electron spectra from
SFAI. The gray dash-dotted line is the measured electron
spectrum from single ionization. Direct ionization (DI) represents
the electron spectrum of tunneling ionization from the SFAI
related double ionization channel.
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Yðp⃗Þ¼Rþ∞
−∞ jbðp⃗;t1Þj2wCOþ�ðt1Þdt1. As shown in Fig. 3(b),

the calculated electron energy spectrum agrees well with
the experimental result. Because of the residual laser field
after the autoionization, the SFAI photoelectron spectrum is
extended to ∼30 eV, and discrete peaks separated by one
photon energy appear in the calculated energy spectrum
reflecting the interaction between the autoionized electron
with the laser field [54,55]. The calculation indicates the
SFAI occurs in the falling edge of laser pulse and
demonstrates that the strong laser field accelerates the
decay, reducing the lifetime of the autoionizing state. In this
case the SFAI is different from autoionization in the field
free condition where the electron emission occurs after the
Cþ and O� are far apart [33,56], and the dissociation time
takes more than 250 fs [34]. Furthermore, the measured
and calculated electron spectra also differ from the
direct tunneling ionization in strong field of circular
polarization, which normally show a broad distribution
with a single peak far away from zero. The calculation
details of the CTMC and ASID models are described in the
Supplemental Material [32].
The energy-dependent angular distribution of electron

defines the ionization time and reveals the response of
autoionizing state to the laser field in a molecular frame,
which can be used to trace the subcycle ac-Stark effect on
SFAI. Figure 4(a) presents an electron momentum distri-
bution from SFAI in the molecular frame with the Cþ ions
directing to 0°. The corresponding measured and calculated
energy-dependent angular distributions of electrons are

presented in Figs. 4(b) and 4(c). Assuming the autoionized
electron is released on the falling side of the laser envelope,
the final energy of the electron can be estimated as
Efðt2Þ ¼ A2ðt2Þ=2 with t2 ∈ ½0; T=2�. Because of the
correspondence, the electron released at distinct times t2
can be mapped to different final energies or momenta in
Figs. 4(b) and 4(c). To make the angular distribution clear,
we divide the whole energy spectra into four energy
intervals as shown in Fig. 4(d). With increasing energy,
both the experiment and theory show the angular distri-
butions turn from single peak to double peaks.
It is worth noting that the results calculated by above

theoretical model show good agreement with experiment,
indicating that the instant ac-Stark effect on the decay of
COþ� plays a critical role in the dynamics of SFAI. To
clarify the dependence of angular distributions on the
electron energy, which is equivalent to the strength of
circularly polarized laser field at decay instant, we calculate
the SFAI of COþ� without including the permanent dipole
moment or polarization in Eq. (1), respectively. As shown
in Figs. 5(a) and 5(b), the angular distributions have a
single-peak structure when excluding the polarization,
while the angular distributions show a double-peak struc-
ture when the permanent dipole moment is not included.
The results indicate the different decay of the autoionizing
state induced by the subcycle responses of permanent
dipole moment and polarization. Comparing with the
experimental results shown in Fig. 4, different roles of
permanent dipole moment and polarization in SFAI can be
disentangled in the falling edge of the laser field. The SFAI
electron with low energy is released in a weak field (near
the end of the laser pulse), where the influence of the
permanent dipole moment dominates, leading to the single-
peak distributions. In contrast, the influence of polarization
dominates when the high energy SFAI electron is released
in a strong field (close to the peak of the laser pulse), and a
double-peak structure (around �90°) of angular distribu-
tion appears. In addition, for the energy below ∼3 eV, the
angle of the single peak is distorted strongly by the
molecular potential to ∼40° which is approximately equal
to the offset angle at low laser intensity in attoclock
measurement [42,57].

FIG. 4. (a) Molecular frame electron momentum distribution
from SFAI in coincidence with CE channels with KERs between
2.8–4.2 eV (with Cþ ions being rotated to 0°). (b),(c) Measured
and calculated energy dependent molecular-frame photoelectron
angular distributions, (d) the measured and calculated photo-
electron angular distributions with the energy at 0–3 eV (black
boxes, black line), 3–6 eV (red circles, red line), 6–12 eV (green
triangles, green line), and > 12 eV (blue diamonds, blue line).

FIG. 5. Energy-dependent photoelectron angular distributions
from calculations without (a) polarizability or (b) permanent
dipole moment.
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The above analyses prove the SFAI occurs in the falling
edge of the laser pulse and demonstrate that sub-cycle ac-
Stark effect steers the ejection of electrons by modifying
the effective resonance width and the lifetime of the
autoionizing state, which depends closely on the intensity
of the laser field and the angle between the laser field with
the molecular axis. For comparison, the energy dependent
angular distributions of electrons from SFAI of N2 are also
measured experimentally (see Supplemental Material [32]).
Because the N2 are symmetric molecules without
permanent dipole moment, the angular distribution has
only a double-peak structure within the whole energy
range, which is consistent with the above analysis.
Furthermore, the observed strong field induced decay
can explain the vanishing of resonant HHG from the
autoionizing state in a long IR laser pulse [58], in which
the SFAI depletes the population of the autoionizing state at
the falling edge of the laser pulse.
In summary, we have investigated the SFAI dynamics of

COþ� by coincidentally measuring two electrons and two
ions in a circularly polarized strong laser field. The CE
processes from the autoionizaton states have been identi-
fied by channel-resolved pz;sum distributions and electron-
electron JES. Both experiment and theory prove the
electrons extending from ∼1 to ∼30 eV are generated
from SFAI. The energy-dependent angular distributions
indicate the subcycle ac-Stark effect steers the ejection of
electrons by altering the effective resonance width and the
lifetime of the autoionizing state in strong laser fields. In
addition, we have also observed the SFAI of N2 and O2

molecules (see Supplemental Material [32]), proving that
the creation and ionization of autoionizing states is a novel
but universal phenomenon in strong field physics.
The ability of identifying and tracing the dynamical

autoionizing in strong laser fields offers the possibility of
disentangling and controlling the ultrafast correlation
dynamics in the attosecond timescale. The lifetime modu-
lation of the autoionizing state in strong laser field shows a
great potential for manipulating the lifetime of quantum
state with tailored strong laser field in many fields, such as
the control of resonant HHG [19–22], photodissociation
[25], and photoassociation [26].
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