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Probing transient charge localization in the innershell orbital of atoms and molecules has been made
possible by the recent progress of advanced light sources. Here, we demonstrate that the ultrafast electron
tunneling ionization by an intense femtosecond laser pulse could induce an asymmetric transient charge
localization in the valence shell of the HCl molecule during the dissociative ionization process. The
transient charge localization is encoded in the laser impulse acquired by the outgoing ionic fragments, and
the asymmetry is revealed by carefully examining the electron tunneling-site distinguished momentum
angular distribution of the ejected Hþ fragments. Our work proposes a way to visualize the transient
valence charge motion and will stimulate further investigations of the tunneling-site-sensitive ultrafast
dynamics of molecules in strong laser fields.
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In the molecular bonding theory, the valence electrons
are delocalized among the composing atoms, providing
the bond thereby stabilizing the system. The innershell
electrons of individual atoms are, on the other hand, tightly
bound to the atoms themselves, which are therefore
considered localized. With recent progress in advanced
light sources, such as the synchrotron radiation and x-ray
free-electron laser, probing innershell electron holes of an
atom or molecule becomes accessible [1–7]. This prospect,
made possible by the photonic (energy) characteristics of
the stimulating field, has led to profound discoveries in the
properties of the transient core vacancy left after the
removal of innershell electrons, such as the localization
and delocalization of K-shell electrons in the van der Waals
dimers [8] and creation of double core holes [9–12].
Conversely, one may postulate that the optical (field)
characteristics of an intense femtosecond laser pulse could
also lead to an electron hole localization [13], especially
in the valence molecular shell, when the strength of the
oscillating electric field is comparable to the binding of the
valence electron thereby breaking the static balance of
charge distribution in the molecule [14]. The transient
electron localization has been studied theoretically [15–18],
which has been shown to lead to multiple ionization bursts

within half-laser cycles [17–19] and alter the emission
time and initial velocity of the electron [20]. However, the
transient charge (or electron hole) localization upon
electron tunneling by an intense femtosecond laser field
from a valence molecular shell, which is itself primarily
delocalized and establishes the molecular bonding, has
not been directly observed so far due to its complicated
nature and the associated difficulty in singling out its
effect to the system.
In this Letter, we uncover the strong-field electron

tunneling ionization induced asymmetric transient valence
charge localization by tracking the laser impulse acquired
by the outgoing ionic fragments during the dissociative
single ionization of a diatomic molecule. In this process,
the center of mass of the ejected electron and nuclear
fragments stays at rest (neglecting photon linear momen-
tum [21,22]) ensured by the neutral state of the parent
molecule. While the electron is released from the target, the
produced ion experiences a field-induced momentum shift
via accumulating the impulse from the laser field

pion ¼
Z

ZionðtÞEðtÞ dt; ð1Þ
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where the transient ionic charge ZionðtÞ naturally sets in,
with its effect enlarged by the coupling to the laser electric
field EðtÞ and manifested in the asymptotic momentum pion
of the ion.
The HCl molecule is taken as a target to explore the

asymmetrical transient valence charge localization stimu-
lated by an intense elliptically polarized near-infrared
femtosecond laser pulse. In the dissociative single ioniza-
tion of HCl, the electron is removed from the next highest
occupied molecular orbital (HOMO-1) [23] and HOMO-2,
which are both σ orbitals. Electron removal from the
HOMO does not lead to dissociation [23] and this channel
is thus not considered in our study. The electron may tunnel
out along the bond direction with a tunneling exit near
either the H or Cl site. An asymmetry in the asymptotic Hþ
momentum is observed by identifying the tunneling site of
the electron in the molecular frame. Such experimental
observation is well supported by a two-level quantum
dynamics simulation including subcycle charge localiza-
tion as well as a classical dynamics simulation incorpo-
rating a localized transient charge.
The measurements were performed in an ultrahigh

vacuum chamber of cold target recoil ion momentum
spectroscopy (COLTRIMS) [24,25], as schematically illus-
trated in Fig. 1. The elliptically polarized femtosecond laser
pulse with a duration of 25 fs and a central wavelength of
790 nm was focused onto a supersonic molecular beam in
the COLTRIMS. The three-dimensional momenta of the
detected ionic fragments were retrieved from the measured
time of flights and positions of the impacts. The peak

intensity and ellipticity of the laser field were estimated to
be I ∼ 3.0 × 1014 W=cm2 and ε ∼ 0.72, with its major and
minor polarization axes along y and z, respectively, leading
to tunneling ionization. Switching the helicity of the
incident laser pulse with a motorized half-wave plate before
a quarter-wave plate every two minutes ensured identical
experimental conditions for the LEP and REP (left- or
right-handed elliptical polarization) laser fields, which
excludes any systematic error from the measurement and
allows us to cross-check the results.
Driven by an elliptically polarized light, the tunneled

photoelectron acquires a final momentum approximately
perpendicular to the instantaneous electric field vector at
the ionization instant according to the general principle of
angular streaking [26–29]. As illustrated in the inset of
Fig. 1, driven by a LEP laser field, a photoelectron
(represented by a gray ball) freed by an instantaneous
electric field pointing to −y will primarily tunnel from the
þy site [30], and end up with a final momentum almost
along theþz axis. Meanwhile, Hþ emission direction gives
the orientation of the molecule at the ionization instant
according to the axial recoil approximation [31]. Thereby,
by measuring the ejected photoelectron and the Hþ frag-
ments in coincidence, the molecular orientation and the
tunneling site of photoelectron in the molecular frame can
be determined.
Figure 2(a) displays the measured momentum distribu-

tions of the Hþ fragments of the dissociative single
ionization of HCl, i.e., HCl → Hþ þ Clþ e−, which is
denoted as the HCl(1, 0) channel, in the y-z plane driven by
a LEP laser field. The concentrated distribution along the
y axis indicates that the HCl molecule is favored to be
ionized when the molecular bond is aligned along the major
polarization axis (y axis) of the elliptically polarized laser
field [32–34], and thus the final momentum of the released
electron is mainly along the minor polarization axis
(z axis). The radial momentum along the y axis mainly
originates from the bond breakup. Conversely, driven by an
optically symmetric multicycle laser pulse, any shift or
asymmetry in the momentum distribution along the z axis is

FIG. 1. Schematic diagram of the experimental setup. The LEP
or REP (left- or right-handed elliptical polarization) laser fields
with the same ellipticity and intensity are produced by rotating a
half-wave plate (HWP) in front of a quarter-wave plate (QWP)
with major axis along the y axis. The inset shows schematic traces
of the outgoing nuclear fragments and the freed electron. The
created holeþ, represented by a white ball, is shared by two
outgoing nuclear fragments, whose charges evolve as Hδþ and
Clð1−δÞþ with time (0 ≤ δ ≤ 1).

FIG. 2. (a) The measured momentum distribution of the Hþ
fragments in y-z plane for the HCl(1, 0) channel induced by the
LEP laser fields. ϕHþ is the emission angle of Hþ with respect to
the þz axis. (b) Relevant potential energy curves of HCl and
HClþ (adapted from [23]) and the HOMO-1 orbital of HCl as
the inset.
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a signature of the Coulomb interaction from the released
electron and the accumulated laser impulse, where the
information of transient charge localization is embedded
according to Eq. (1). We find that the laser impulse plays a
dominant role, while the interaction from the released
electron is less important [35]. Therefore, in the following,
we focus on the impulse gained from the laser field. The
amount of laser impulse (or transient ionic charge) can
be quantified by analyzing the angular distribution of Hþ
in the y-z plane, i.e., ϕHþ as illustrated in Fig. 2(a).
The deviation of ϕHþ from �90° is a manifestation of the
laser impulse accumulated by the Hþ fragments in the
z direction. The direction of the major polarization axis of
the laser field along the y axis is carefully calibrated by
examining the angular distribution of the ejected protons in
the dissociative double ionization of H2 molecules with the
same experimental conditions, in which no asymmetry is
expected with respect to ϕHþ ¼ �90°.
Two distinct rings are observed in the momentum map of

the HCl(1, 0) channel in Fig. 2(a). We note that the Hþ
fragments originating from the dissociative single ioniza-
tion of H2 in the background have almost the same
momentum and thus overlap with that of the inner ring
of the HCl(1, 0) channel [23], while the outer momentum
ring is about 14 a.u. and has no overlap with the Hþ
fragments from the H2 molecule. Therefore, only the outer
momentum ring is selected in the following analysis to
unambiguously represent the HCl(1, 0) channel. As illus-
trated in Fig. 2(b), the outer momentum ring is most likely
produced in the following pathway: by removing one
HOMO-1 electron, a nuclear wave packet is created on
the bound A2Σþ state of HClþ. It afterwards couples to the
repulsive 22Σþ state and then gets back to the A2Σþ state via
net two-photon processes and dissociates into Hþ and Cl
fragments with a final momentum around 14 a.u. each.
Figure 3 shows the measured (open circles) angular

distributions of the ejected Hþ fragments from the
HCl(1, 0) channel driven by a LEP laser field when the
correlated photoelectron ends up with a final momentum
along þz (blue case) or −z (orange case) as illustrated in
the inset sketches. Taking the orange case as an example,
the photoelectron carrying a final momentum along −z is
released from the −y site by the laser electric field when it
points toþy. The measured Hþ fragments with ϕHþ around
−90° (−y axis) or þ90° (þy axis) stands for the cases
where the electron is released with the tunneling exit near
the H or Cl site, respectively, depending on the orientation
of the HCl molecule. Two features can be observed in Fig. 3
for the orange case. On the one hand, the yield is higher
around ϕHþ ¼ −90° than that around ϕHþ ¼ þ90°, indicat-
ing that the electron is preferentially released by laser fields
pointing from H to Cl, which is dominated by the molecular
orbital shape [23,32]. On the other hand, and more
interestingly, the angular distribution is asymmetric with
respect to the emission direction of ϕHþ ¼ −90°. Relative

to the black dashed line located at �90° (along the y axis),
the peak position of the ϕHþ distribution is clearly
right shifted with respect to the −y axis (ϕHþ ¼ −90°),
while it is almost symmetrically aligned with the þy axis
(ϕHþ ¼ þ90°). This asymmetry indicates that the acqui-
sition of laser impulse by the ejected Hþ is more efficient
when the photoelectron is released with a tunneling exit near
the H site of HCl. According to Eq. (1), the accumulated
laser impulse is largely determined by the distribution of the
ionic charge during the fragmentation process, thereby we
conclude that there is a fraction of the positive charge that is
transiently localized at the H side when the electron tunnels
out with an exit near the H site of HCl; while almost no
positive charge is transiently localized around H as the
electron tunnels out with an exit near Cl.
Likewise, as displayed in Fig. 3, the laser impulse

acquired by the Hþ fragments shows the similar electron
tunneling site dependence for the blue case, in which the
angular distribution is right shifted around ϕHþ ¼ þ90°
as compared to the symmetric distribution around
ϕHþ ¼ −90°. These features are also well reproduced when
the helicity of elliptically polarized laser pulses is switched
to REP [35]. We perform Gaussian fits (solid lines) to the
measured data in Fig. 3 and obtain the most probable
emission direction of ϕHþm. In our experiment, the momen-
tum accumulated by the photoelectron in the z direction is
estimated to be around 0.8 a.u. and the momentum of the

FIG. 3. The open circles (fitted with solid curves) are
the measured angular distributions of the Hþ fragments of the
HCl(1, 0) channel when the electron is released from two
different sites driven by the LEP field as illustrated in the
individual sketches. The vertical black dashed lines represent
the positions of �90°. Δϕ is the offset angle of the peak position
of the fitted curves with respect to the y axis (�90°). The open
triangles and diamonds (fitted with solid curves) are the corre-
sponding classical and quantum simulation results, respectively.
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Hþ fragments along the y axis is about 14 a.u., therefore the
rotating angle of Hþ with respect to ϕHþ ¼ �90° should be
less than 3.3°. The measured average offset angle of Hþ
with respect to ϕHþ ¼ �90° is Δϕ ¼ jjϕHþmj − 90°j ¼
ð2.4� 0.3Þ° when the photoelectron is released with the
tunneling exit near the H site of HCl, indicating approx-
imately ð72� 9Þ% of the impulse is acquired by the Hþ
fragments. If the impulse to HClþ was to deposit on its
center of mass, the Hþ fragments would only acquire a
share of 1=36, much less than 72% observed in our
experiment. This underlines the important role of the
transient valence charge localization in determining the
impulse partitioning among the nuclei of a breaking
molecule.
To support our experimental findings, we carry out a

two-level quantum dynamics simulation [35] where the
fragmentation of the nuclear wave packet occurs on the
A2Σþ and 22Σþ states. In order to simulate the rotation of
the fragments, we employ a two-dimensional model
including both stretching and rotation of the molecule.
In this two-level model, asymmetric charge distribution is
enabled by different populations on the A2Σþ and 22Σþ
states on the subcycle level [35]. For a heteronuclear
diatomic molecule, it is not surprising, from a symmetry
point of view, to find asymmetric transient charge locali-
zation at the subcycle level. The heteronuclear nature of the
molecule also leads to the asymmetric shape of the
molecular orbital as well as results in a permanent dipole
moment. For the extremely asymmetric molecule of HeHþ
[42–44], the strong permanent dipole results in the direct
vibrational excitation, fundamentally different from that
seen in homonuclear molecules, as the dominant fragmen-
tation mechanism. For less asymmetric molecules such as
HCl and CO [32,45], the effect of the molecular orbital
shape often outweighs their permanent dipoles in inducing
different populations on the A2Σþ and 22Σþ states, which is
the case in our experiment [35]. Needless to say, the
molecular orbital shape, or the molecular structure factor
for tunneling ionization, varies within the laser pulse [14],
its time dependence, however, only leads to an overall
increase in the yield and hardly has any effect on the
rotation angle of the Hþ fragment, and thus is neglected in
our simulations [35]. The results of the quantum simulation
are shown in Fig. 3 as open diamonds and fitted with solid
curves, which reproduces our experimental observations.
In order to have a clear physical picture of how the

asymmetric ejection of Hþ occurs, we carry out an addi-
tional classical dynamics simulation of the fragmentation
process incorporating a transient charge on the respective
fragments. The details of the numerical model can be found
in the Supplementary Material [35]. Briefly, we employ
two modes of charge localization in the optical field
[35,43], one of which is transiently induced by the optical
field on the subcycle level and the other is statically
allocated to the composite H-Cl molecular ion. The results

of the classical dynamics simulation, averaged over
molecular orientation in the laser polarization plane, are
shown in Fig. 3 as open triangles fitted with solid curves.
The simulation clearly supports the experimental observa-
tion of an asymmetric angular distribution of the ejected Hþ
depending on the electron tunneling site. When the electron
tunnels out with an exit near H [Fig. 4(a)], an initial optical-
field-induced transient charge, or electron hole generated
by tunneling ionization, which is subject to subsequent
rearrangements, is localized at H. Such transient concen-
tration of positive charge on H leads to a substantial
accumulation of laser impulse for Hþ, resulting in an
offset angle of 2.7°, close to the experimental value of
about 2.4°.
On the other hand, when the electron tunnels out from

the Cl side [Fig. 4(b)], the optical-field-induced transient
charge is initially localized on Cl. The other static charge is
given to the composite H─Cl, leaving almost no initial
positive charge on H. Although the positive charge would
move to the H side as the dissociation process goes on,
substantial concentration of positive charge on H only
occurs at the trailing edge of the laser pulse where the field
strength is low, leading to minimal laser impulse in this
case. Such minimal initial positive charge on H results in an
almost symmetric angular distribution of the Hþ fragments
around �90°.
The above analysis can be clearly rationalized from

Fig. 4, which shows the evolution of ionic charges on the
nuclei over time t and internuclear separation R when the
electron tunnels out near the pulse center at the H site

FIG. 4. (a) The evolution of the ionic charges of ZH (blue curve)
on the H and ZCl (green curve) on the Cl nuclei over time t and
the internuclear separation R when the electron tunnels from the
H site of HCl. The gray curve shows the magnitude of the laser
electric field E. Tunneling occurs at −T=4 with T the laser period
and t ¼ 0 corresponding to the pulse center. (b) Same as (a) but
for the case when the electron tunnels from the Cl site of HCl.
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[Fig. 4(a)] or at the Cl site [Fig. 4(b)] of HCl. The
magnitude of the laser electric field is shown in the same
figure. The H fragment has a substantial positive charge
when the laser field is on if the electron tunnels near the H
site while it has minimal ionic charge if it is the other way
round. The laser impulse accumulated by the electron in
the z direction can be estimated easily with the help of
Eq. (1), which, when divided by the momentum in the y
direction from molecular breakup, gives roughly the
rotation angle. With this simple physical picture, the
Hþ rotation angles are estimated to be 1.95° and 0.05°
when the electron tunnels from the H and Cl side,
respectively, which are very close to our experimental
values and simulation results. Therefore, it is the initial
transient charge localization, when the laser field is on,
that plays a crucial role in inducing the resulting rotation
of the ionic fragments.
In summary, we have studied the tunneling-site-

dependent laser impulse accumulated by the Hþ frag-
ments in the strong-field dissociative single ionization of
HCl by using an elliptically polarized femtosecond laser
pulse. An asymmetry in the asymptotic momentum
picked up by Hþ is found depending on the electron
tunneling site in the molecular frame, which can be traced
back to root from a transient valence charge localization
induced by ultrafast strong-field tunneling ionization of
molecules. When the electron tunnels out with an exit
near H which digs a transient electron hole on this site, a
positive transient charge is localized on H, leading to a
much larger laser impulse to the Hþ fragments as
compared to the mass-dominated scenario. A two-level
quantum dynamics simulation and a classical dynamics
simulation incorporating a transient charge localization
support our experimental observations. Our work reveals
the crucial role of the transient valence charge localiza-
tion in strong-field tunneling ionization of molecules and
will stimulate extensive investigations of tunneling-site-
sensitive correlated electron-nuclear motion in a wide
range of molecules.
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