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Laser-induced tunneling ionization is one of the fundamental light-matter interaction processes. An
accurate description of the tunnel-ionized electron wave packet is central to understanding and controlling
subsequent electron dynamics. Because of the anisotropic molecular structure, tunneling ionization of
molecules involves considerable challenges in accurately describing the tunneling electron wave packet.
Up to now, some basic properties of the tunneling electron from molecules still remain unexplored. Here,
we demonstrate that the tunneling electron from a molecule is not always emitted from the geometric center
of the molecule along the tunnel direction. Rather, the photoemission position depends on the molecular
orientation. Using a photoelectron holographic technique, we determine the photoemission position for a
nitrogen molecule relative to the molecular geometric center to be 95� 21 pm when the molecular axis is
oriented along the tunnel direction. Our Letter poses, and answers experimentally, a fundamental question
as to where the molecular photoionization actually begins, which has significant implications for time-
resolved probing of valence electron dynamics in molecules.
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Tunneling ionization of atoms and molecules triggers a
variety of strong-field processes, forming the basis for
numerous emerging techniques to probe the dynamical
behavior of matter on the attosecond timescale [1]. The
property of the electron created by tunneling ionization
critically determines the subsequent dynamics, hence an
accurate description of the tunneling electron wave packet
is of paramount importance for attosecond science.
Previous experiments have investigated the exit position
of the tunneling electron [2], the momentum distribution of
the electron at the tunnel exit [3–7], the phase distribution
of the tunneling electron wave packet [8,9], and the time
when the electron exits the tunneling barrier [10,11]. Using
an attoclock technique, the time needed for an electron to
tunnel through a potential barrier is also measured,
although this issue is still controversial [12–16]. Such
information is essential to our understanding of many
ultrafast phenomena that are often interpreted in terms of
classical trajectories starting from the tunnel exit.
However, those measurements did not cover a basic

question about the spatial position inside an atom or a
molecule from which the tunneling electron wave packet
emerged. As shown in Fig. 1(a), we take a N2 molecule as
an example. When the molecular axis is oriented along the
instantaneous tunnel direction, the highest occupied
molecular orbital (HOMO) is elongated at this direction.
Though the HOMO is symmetric with the molecular center,
the instantaneous electric field of the laser breaks the spatial

symmetry, leading to a stronger interaction with the
instantaneous laser field for the left-hand part of the wave
function than the right-hand part. As a result, the tunneling
electron might be emitted from an initial spatial coordinate
of r0, instead of the geometric center of the molecule.
Notably, the expected photoemission position relative to
the molecular geometric center is much smaller than the
tunnel exit position re. Previous studies often neglected
such small photoemission position and assumed that the
electrons are emitted from the nuclei or the center of the
molecule. This means that the characteristic spatial shape of
the initial orbital was ignored in the tunneling ionization;
e.g., the tunneling ionization of Hþ

2 and N2 molecules (both
HOMOs are σg orbitals) was considered to be very similar,
though the spatial shape of the HOMO is different [8,17].
The effect of the spatial distribution of electron proba-

bility density might lead to a nonvanishing photoemission
position r0 relative to the molecular center, which will
modify the electron motion under the potential barrier.
From the perspective of the quantum-orbit theory [18–20],
the electron takes an imaginary time under the potential
barrier, which is closely related to the hotly discussed
nonadiabatic effect of the tunneling ionization [5–7]. As
shown in Fig. 1(a), this imaginary time ti depends on the
photoemission position, thus the photoemission position is
crucial for quantifying the nonadiabaticity of the tunneling
ionization. Moreover, the photoemission position has an
impact on the phase of the electron accumulated along the

PHYSICAL REVIEW LETTERS 127, 263202 (2021)
Editors' Suggestion Featured in Physics

0031-9007=21=127(26)=263202(6) 263202-1 © 2021 American Physical Society

https://orcid.org/0000-0002-8371-6981
https://orcid.org/0000-0003-0533-9858
https://orcid.org/0000-0001-7790-9739
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.127.263202&domain=pdf&date_stamp=2021-12-22
https://doi.org/10.1103/PhysRevLett.127.263202
https://doi.org/10.1103/PhysRevLett.127.263202
https://doi.org/10.1103/PhysRevLett.127.263202
https://doi.org/10.1103/PhysRevLett.127.263202


trajectory, and thus further affects the extraction of the
Wigner time delay for the strong-field ionization of
molecules [21] and the interpretation of the photoelectron
interference in the photoelectron momentum distribu-
tion (PMD).
In this Letter, we measure such subtle photoemission

positions of prealigned nitrogen molecules with a photo-
electron holographic scheme, as outlined in Figs. 1(b)–1(e).
The photoelectron holography is an ultrafast photoelectron
spectroscopy, in which the interference of the direct and
rescattering electron wave packets reveals a spiderlike
structure in the PMD [22–30] (see a recent review in

Ref. [31]). In a strong 800-nm laser field, the photoelectron
holographic pattern has a maximum along the field polari-
zation direction, which corresponds to the central maxi-
mum of the hologram. By adding a weak 400-nm field
perpendicular to the polarization of the strong 800-nm
field, the holographic fringe becomes asymmetric in such
an orthogonally polarized two-color (OTC) laser field,
leading to a momentum shift of the central maximum
along the 400-nm-field direction. This momentum shift
depends on the photoemission position. In Fig. 1, we
illustrate the relation between the momentum shift of the
holographic fringe and the photoemission position.
Released from a photoemission position r0, the electron
obtains an intermediate canonical momentum k and then
near-forward scatters off the molecular center. For a larger
r0, the electron takes a smaller imaginary time during the
tunneling process and obtains a smaller intermediate
canonical momentum along the 400-nm-field direction.
This intermediate canonical momentum is mapped onto the
shift of the holographic fringe [7,29]. Hence, inspecting the
fringe shift in the OTC field offers a way to measure r0.
We implemented this scheme using a similar experi-

mental setup to that used in a previous experiment studying
the molecular attoclock [32]. Briefly, the laser pulse was
centered at 800 nm with a repetition rate of 5 kHz and a
pulse duration of about 40 fs. It was split in a Michelson
interferometer into an alignment pulse and a probe pulse
with an adjustable delay. The duration of the alignment
pulse was stretched to about 150 fs through a 12-mm-thick
SF11 glass. The delay between the probe pulse and the
alignment pulse was set to be ∼8.33 ps for N2 molecules to
generate a macroscopic field-free alignment around the
polarization axis of the alignment pulse [33]. The degree of
alignment hcos2θi is estimated to be ∼0.65. The probe laser
pulse was propagated through a 300-μm-thick β-barium
borate (β-BBO) crystal for second harmonic generation.
After the BBO, the probe laser pulse became an OTC laser
field. The polarization direction of the alignment laser
beam was either along the 800-nm-field direction (x
direction corresponding to ϕ ¼ 0°) or along the 400-nm-
field direction (y direction corresponding to ϕ ¼ 90°) of the
probe pulse. Each direction was maintained for ∼20 min
by means of half-wave plate mounted on a computer-
controlled rotary stage. The alignment and probe beams
were recombined and focused by an f ¼ 75-mm parabolic
mirror into a N2 gas jet. The three-dimensional momenta of
the resulting photoelectrons were detected using cold target
recoil ion momentum spectroscopy [34,35]. The intensity
of the 800- and 400-nm components of the OTC field was
calibrated to be ∼6.2 × 1013 and ∼1.2 × 1012 W=cm2,
respectively.
The measured PMDs in the OTC laser fields for N2

molecules with the alignment angles of ϕ ¼ 0° and ϕ ¼ 90°
are shown in Figs. 2(a) and 2(b), respectively, which reveal
that the holographic patterns are asymmetric with respect to

FIG. 1. (a) The schematic of tunneling ionization of a N2

molecule aligned along the tunnel direction. Because of the effect
of the molecular orbital, the ionized electron wave packet might
be emitted from an initial coordinate (photoemission position) of
r0, rather than the center of the molecule. (b)–(e) The scheme of
probing the photoemission position with photoelectron holo-
graphic interferometry. By adding a weak 400-nm linearly
polarized laser field perpendicular to the polarization direction
of a strong 800-nm field, the rescattering electron will return to
the molecular geometric center with different intermediate
canonical momenta along the 400-nm-field direction depending
on the photoemission position (b),(d). The intermediate canonical
momentum will be mapped onto the shift of the holographic
fringe along the 400-nm-field direction (c),(e). The holographic
patterns are simulated by the strong-field approximation in (c)
and (e), in which the dashed and dash-dotted lines show the
central maxima of the holographic structures without and with the
weak 400-nm field, respectively. The arrow in (e) shows the shift
direction of the holographic fringes.
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py ¼ 0 for both cases. The central maximum of the PMD is
guided by the white dashed lines, which corresponds to
zero scattering angle at the instant of rescattering for the
electron. The Coulomb potential enhances the relative
contribution of the rescattering electron with zero scattering
angle owing to the large scattering cross section. As a
result, the central maximum is very clear in the PMD and
we will use the shift of the central maximum to extract the
photoemission position. The shift of the central maximum
depends on the relative phase of the OTC field. In Fig. 2(c),
we show the comparison of the fringe shift for ϕ ¼ 0° with
that for ϕ ¼ 90° at px ¼ 0.4 a.u. as a function of the relative
phase of the OTC field. Atomic units are used unless
specified otherwise. The shift of the central maximum from
the measurement can be obtained either from a Gaussian
fitting process or from the mean value of the py momentum
distribution. One can see that the fringe shifts are nearly the
same using those two methods. The solid curves in Fig. 2(c)
show a sinusoidal function fitting of the oscillation of the
fringe shift. It is clear that the amplitude of the oscillation
for ϕ ¼ 90° (A90) is larger than that for ϕ ¼ 0° (A0).
The amplitudeA of the oscillation of the fringe shift as a

function of the final momentum px is shown in Fig. 3(a) for
ϕ ¼ 0° and ϕ ¼ 90°, which reveals that the amplitude A of
ϕ ¼ 90° is larger than that of ϕ ¼ 0° for all px.
Theoretically, the fringe shift of the holographic pattern
is determined by the phase difference between the rescat-
tering and direct electron wave packets. In the OTC field,
the phase difference can be written as [7,29]

ΔS ≈
ðpy − kyÞ2

2
ðtc − t0Þ þ α; ð1Þ

where k ¼ −½1=ðtc − tsÞ�
R tc
tsAðτÞdτ is the intermediate

canonical momentum of the rescattering electron, AðτÞ
is the laser vector potential, ts is the saddle-point time, tc is
the rescattering time, t0 is the ionization time, and α is the
phase arising from the interaction between the electron and
the parent ion. The subscript y indicates the weak 400-nm-
field direction. Comparing Eq. (1) with the phase difference
in a single-color laser field, i.e., ΔS ≈ ðp2

y=2Þðtc − t0Þ þ α,
we know that the shift of the central maximum with respect
to py ¼ 0 is the intermediate canonical momentum ky in the
OTC field [7,29].
Using the molecular strong-field approximation [36–38],

the intermediate canonical momentum ky can be obtained
from the saddle-point equation for the rescattering electron
(see Supplemental Material for details [39]),

½kþAðtsÞ�2=2þ Ip − sEðtsÞ · r0 ¼ 0; ð2aÞ

ðts − tcÞk ¼
Z

tc

ts

AðtÞdt − sr0; ð2bÞ

½kþAðtcÞ�2=2 ¼ ½pþAðtcÞ�2=2; ð2cÞ
where Ip is the ionization potential, E is the laser electric
field, and s ¼ 1 for the electron emitted from the left side of
the molecular wave function and s ¼ −1 from the right side.
Equations 2(a) and 2(c) stand for the energy conservation at
the moment of ionization and rescattering, respectively, and
Eq. 2(b) stands for the return condition for the rescattering

(a)

(b)

(c)

FIG. 2. (a),(b) The measured PMDs in the OTC laser fields of
N2 molecules with alignment angles of (a) ϕ ¼ 0° and
(b) ϕ ¼ 90°. The central maximum of the PMD is guided by
the white dashed lines. The relative phase of the OTC fields is the
same for (a) and (b), corresponding to the most asymmetric
fringes for the holographic structures. (c) The shift Δpy of the
central maximum as a function of the relative phase for the
alignment angles of ϕ ¼ 0° and ϕ ¼ 90° at px ¼ 0.4 a.u. The
solid lines show the fitting results of the experimental data with a
sinusoidal function.

(a)

(b)

FIG. 3. (a) A with respect to the final momentum px, where A
is the amplitude of the oscillation of the fringe shift with the
relative phase. For comparison, the simulated results with
assuming an initial photoemission position of r0 ¼ 2 a.u. and
r0 ¼ 0 are shown by the dashed blue and red curves, respectively.
(b) The PMD in a single 800-nm laser field. The vertical dashed
lines show the position of the classical 2Up cutoff.

PHYSICAL REVIEW LETTERS 127, 263202 (2021)

263202-3



electron. Compared to the case of atoms, Eq. 2(a) includes an
additional potential energy term −sEðtsÞ · r0. This term
defines the energy gain or loss for the electron to travel from
the position of −sr0 to the molecular center, which means
that the electron is released from the position of −sr0. For
the return condition, there is also an additional term −sr0 on
the right-hand side of Eq. (2b), indicating that the electron is
released from −sr0 and then scatters at the molecular center.
Therefore, the photoemission position r0 has been included
in the saddle-point equation and has an influence on the
fringe shift, i.e., ky.
To extract the photoemission position from the fringe

shift, we numerically solve the saddle-point equation (2) to
obtain the quantitative relation between the fringe shift and
the photoemission position r0. Because the photoionization
for ϕ ¼ 90° is similar to the case of an atom, the
photoemission position for ϕ ¼ 90° is nearly zero.
Therefore, we minimize systematic errors by taking the
case of ϕ ¼ 90° as a reference. We denote the difference of
the amplitude between ϕ ¼ 0° and ϕ ¼ 90° as
ΔA≡A0 −A90. By numerically solving the saddle-point
equation (2), we find that ΔA is directly proportional to the
photoemission position [39], i.e.,

ΔA ≈ fðpxÞr0; ð3Þ

where fðpxÞ is an coefficient determined by solving
Eq. (2). Equation (3) allows us to directly extract the
photoemission position r0 from the measured ΔA. Note
that we did not consider the effect of the bound excited
states in Eq. (3). The effect of the excited states is negligible
in the momentum range of [0.2, 0.7] a.u. because the phase
of the released electron wave packet is affected by the
excited states only at near-vanishing field strength [43].
The extracted photoemission position is shown in

Fig. 4(a) for ϕ ¼ 0°, which is nearly independent on the
final electron momentum px. By taking the averaged result
at different px, we determine the photoemission position
relative to the molecular center to be 1.8� 0.4 a.u.,
corresponding to 95� 21 pm. For comparison, we also
show the nuclei position relative to the molecular center
(R0=2 ¼ 1.03 a.u. where R0 is the internuclear separation)
by the dashed line, which is significantly smaller than the
extracted r0. This deviation can be understood by approx-
imately considering the HOMO of the molecule as a linear
combination of atomic orbitals. When the HOMO of a
molecule is only contributed by the atomic s orbitals, the
tunneling electron is released from the nucleus. However,
for a N2 molecule, the atomic p orbital has a significant
contribution to its HOMO [36]. Compared to the s orbital,
the maximum of the probability amplitude of the p orbital
deviates from the nuclear position, leading to a larger
tunneling ionization rate for the part of the orbital opposite
to the instantaneous laser-field direction than the part along
the laser-field direction. As a result, the center of the

released electron wave packet does not correspond to the
nuclei position.
To validate our result, we further determine the photo-

emission position from the Wigner function distribution.
The Wigner function employs the classical concept of phase
space in quantum theory, which has been used to identify the
difference between the Wigner tunneling trajectory and the
classical trajectory [44,45]. For an electron in a state
Ψ̃ðvx; tÞ, the Wigner function is given by Wðvx; x; tÞ ¼
1=π

R
dpΨ̃�ðvx þ p; tÞe−2ixpΨ̃ðvx − p; tÞ with the position

x and the momentum vx. Within the strong-field
approximation, the electron wave function in the momentum
space reads Ψ̃ðvx;tÞ¼−i

R
t
0hvxþFðt− t0ÞjxFjΨmoli×

e−i
R

t

t0 ½vxþFðt−t00Þ�2=2dt00eiIpt0dt0 þhvxjeiIptjΨmoli [19,46], where
jΨmoli is the initial wave function of the molecule and F ¼
0.1 a.u. is the strength of a static electric field. The Wigner
functionsWðvx; x; t → ∞Þ clearly show the trajectory of the
electron probability current from the photoemission position
to the continuum, as shown in Figs. 4(b) and 4(c), corre-
sponding to ϕ ¼ 0° and ϕ ¼ 90°, respectively. The photo-
emission position obviously depends on the molecular
orientation, which is nearly zero for ϕ ¼ 90° and becomes
∼2 a.u. for ϕ ¼ 0°. The latter is in a good agreement with the
extracted one from the measurement (1.8� 0.4 a.u.). With
assuming a photoemission position of r0 ¼ 2 a.u. (r0 ¼ 0)

FIG. 4. (a) The extracted photoemission position of N2 mol-
ecules for the alignment angle of ϕ ¼ 0°. The nuclear position
relative to the molecular center (R0=2) is shown by the dashed
line, and the most probable photoemission position from the
Wigner function distribution is shown by the blue solid line. (b),
(c) The Wigner function distributions for the N2 molecules with
alignment angles of (b) ϕ ¼ 0° and (c) ϕ ¼ 90°. The red dots and
blue rhombi show the molecular geometric centers and the most
probable photoemission positions, respectively.
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when solving Eq. (2), we obtain the amplitude A as a
function of px, which agrees with the measurement for
ϕ ¼ 0° (ϕ ¼ 90°), as shown in Fig. 3(a). The extracted r0 is
slightly smaller than the prediction of the Wigner function
distribution, which comes from the assumption of perfect
alignment of the molecules in the extraction procedure (see
Supplemental Material [39]).
In conclusion, we have determined the photoemission

position of prealigned nitrogen molecules with a photo-
electron holographic interferometry. We for the first time
demonstrate that picometer-resolved spatial information
can be experimentally extracted using the strong-field
photoelectron holography technique, thus paving the
way toward monitoring charge migration in molecules
[28]. The extracted photoemission position deviates from
the nuclei position of the molecule and agrees well with the
prediction of the Wigner function distributions. This find-
ing provides new physical insight into how molecules are
ionized in strong laser fields and has implications for laser-
induced tunnel ionization in all molecules. Furthermore,
the photoemission position will affect the phase of the
electron accumulated along the trajectory, which is relevant
to the timing of photoionization. Thus, our Letter also has
significant implications for any attosecond metrology that
is based on tunneling ionization, such as attoclock or high
harmonic spectroscopy.
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