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We extracted the molecular-frame elastic differential cross sections (MFDCSs) for electrons scattering
from Nþ

2 based on elliptical laser-induced electron diffraction (ELIED), wherein the structural evolution is
initialized by the same tunneling ionization and probed by incident angle-resolved laser-induced electron
diffraction imaging. To establish ELIED, an intuitive interpretation of the ellipticity-dependent rescattering
electron momentum distributions was first provided by analyzing the transverse momentum distribution. It
was shown that the incident angle of the laser-induced returning electrons could be tuned within 20° by
varying the ellipticity and handedness of the driving laser pulses. Accordingly, the incident angle-resolved
DCSs of returning electrons for spherically symmetric targets (Xeþ and Arþ) were successfully extracted
as a proof-of-principle for ELIED. The MFDCSs for Nþ

2 were experimentally obtained at incident angles of
4° and 7°, which were well reproduced by the simulations. The ELIED approach is the only successful
method so far for obtaining incident angle-resolved ionic MFDCS, which provides a new sensitive
observable for the transient structure retrieval of Nþ

2 . Our results suggest that the ELIED has the potential to
extract the structural tomographic information of polyatomic molecules with femtosecond and sub-
angstrom spatiotemporal resolutions that can enable the visualization of the nuclear motions in complex
chemical reactions as well as chiral recognition.
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Capturing the structural evolution of molecules at the
atomic length and timescales can bridge their structure and
functionality, and plays an essential role in physics,
chemistry, and biology [1–3]. Many ultrafast imaging
techniques have been developed to achieve the ultrafast
imaging of gaseous or crystal targets with subangstrom
accuracy, such as ultrafast electron diffraction (UED) [4–7],
laser-induced electron diffraction (LIED) [8,9], x-ray dif-
fraction with free-electron laser [10,11], and Coulomb
explosion imaging [12,13]. Ultrashort electron bunches
have been proposed to directly determine the structural
changes during a photochemical reaction, and the reaction
is pumped by femtosecond laser pulses and probed via
mega-electron-volt electron diffraction imaging [14,15].
Currently, this technique can achieve a temporal resolution
of 50 fs [16]. A similar temporal resolution can be achieved

byx-raydiffraction andCoulombexplosion imaging [17–20].
Based on the strong-field tunneling ionization process, the
tabletop LIED technique can increase the temporal resolution
further to the femtosecond or subfemtosecond level through
the intracycle pump-probe scheme [21–24]. The ultrafast
motion of a proton within a gaseous molecule has been
visualized at this unprecedented temporal resolution [25]. The
subcycle tunneling ionization was used as a pump to initiate
thedynamics of an isolatedmolecule, and the ionized electron
wasdrivenback to collidewith theparent ionby theoscillating
electric field. The elastic scattering differential cross sections
(DCSs) of laser-induced returning electrons by the parent ion
can be extracted from the measured momentum distributions
of high-energy rescattering electrons, and the transient struc-
ture of the parent ion can be extracted from the measured
DCSs.With LIED, theDCSs for variousmolecules have been
extracted, where the direction of the returning electron is
parallel to the polarization direction of driving laser (i.e.,
incident angle of 0°) [26–29]; furthermore, the alignment-
dependent electron diffraction image of neutralmolecules has
been obtained with an electron diffraction technique in
combination with ultrashort laser pulse [30–32]. However,
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the incident angle-resolved DCSs of molecular ions in the
molecular frame have not yet been experimentally obtained
with LIED or UED. By tuning the incident angle of the
probing electron beam, different molecular-frame differential
cross sections (MFDCSs) scattered by the same transient
molecular ioncanbeobtained,whichcanbeused toextract the
tomographic imaging of complex molecules (see Fig. 1).
Here, the incident angles of laser-induced returning

electrons driven by different elliptical laser pulses were
first established by analyzing the transverse momentum
distributions of rescattering electrons (TMDE). The DCSs
at different incident angles for spherically symmetric atoms
were extracted to verify the elliptical laser-induced electron
diffraction (ELIED) approach. Furthermore, the MFDCSs
at incident angles of 0°, 4°, and 7° for prototype molecules
(Nþ

2 ) were obtained, which demonstrates that ELIED is so
far the only feasible approach for obtaining incident angle-
resolved ionic MFDCS.
The experimental setup [33] is described in Supplemental

Material (SM) [34]. Figure 1 presents a schematic of LIED
and ELIED. One electron was liberated from a spatially
orientedmolecule through tunneling ionization; this electron
then accelerated and returned to the vicinity of the parent ion
in the oscillating electric field. The returning electron can be
scattered off by its parent ion at approximately 2 fs (three-
quarters of the optical cycle) after tunneling ionization, and
the DCS can be extracted [41–43]. For LIED, the returning
electron propagates along the laser polarization direction;
thus, the incident angle for the returningelectron is definedas
0° in the laboratory coordinate system [see Fig. 1(a)]. In the
case of ELIED, the rescattering electron trajectory is affected

by the vector potential along the minor axis of the elliptical
laser pulse.The incident angleof the returningelectronvaries
relative to the major axis direction, which can be controlled
by changing the ellipticity [see Fig. 1(b)]. Thus, we can
obtain several DCSs by probing the same transient structure
of the molecule at different incident angles; this allows
us to reconstruct the transient structure topographically.
Interestingly, the elliptical laser-induced returning electron
acquires a helical trajectory owing to the influence of the
magnetic field when the nondipole effect is included, and
the helicity of the returning electron trajectory is defined by
the handedness of the driving laser pulse [44]. Thus, a chiral
response can arise as the DCSs of the returning electronwith
different helicitybyoneenantiomer aredifferent, as shown in
Figs. 1(b) and 1(c). Moreover, the laser-induced returning
electron beam in ELIED can recollide in deep regions in the
ionic core of chiral molecules and is expected to be very
sensitive to the chiral molecular potential [45]. Thus, ELIED
can have applications for chirality discrimination of gas-
phase chiral molecules.
However, to establish ELIED, an intuitive interpretation

of the ellipticity-dependent rescattering electron distribu-
tions is necessary. In the elliptical laser field, it is
formidable to theoretically disentangle the dynamics of
returning electrons in the polarization plane because of the
presentation of both the laser field and the Coulomb
potential of the ionic core [46]. Interestingly, in the
light-propagation direction, the electrons are only affected
by the Coulomb potential within the dipole approximation;
thus, the transverse momentum distribution (TMD) can
accurately reflect the interaction between the returning
electron and the ionic core at different ellipticities [37].
To establish the incident angles of the returning electron

driven by the elliptical laser pulse, we first studied the
strong-field tunneling ionization of the Xe atom and pre-
sented the TMDE for ellipticities in the range of 0–0.3 in
Figs. 2(a)–2(d). For each point in the polarization plane (that
is, each combination of the pz and py components), the
TMD were fitted with a Lorentzian distribution, and the half
width at half maximum (HWHM) of the TMD can be
obtained from the fit [37]. The returning electrons can be
attracted by the Coulomb potential of the parent ion, thus
leading to the reduction in transverse velocity and narrowing
of the profile of the TMD (Coulomb focusing effect) [38].
The most prominent rescattering electron distributions in
Fig. 2(a) are the nodal structures located at 0° (main node)
and�25° (side nodes), which are the well-known diffraction
patterns of LIED for Xe driven by the linearly polarized field
[47,48]. Interestingly, the side nodes have much larger
HWHM values than the main node. The one-dimensional
distribution of the main and side nodes [integrated along the
black curves in Figs. 2(a)–2(d) with p ¼ 1.45 a:u:] is shown
as the solid black curve in Fig. 2(e). Moreover, as the
ellipticity increases from 0.1 to 0.3, the distribution of
HWHM changes gradually [see Figs. 2(b)–2(d)], and their

(a)

(b)

(c)

FIG. 1. (a) Schematic of LIED. An electron ionized from an
oriented molecule at an instant (green dot in the electric field)
returns to the parent ion and is scattered off by this molecule
(black star). The incident angle is 0° relative to the laser
polarization direction. The right panel presents a typical DCS.
(b),(c) Schematics of ELIED with opposite helicities of the
driving laser pulse. An electron is ionized and scattered at the
same time instant with LIED, the incident angle is changed to�α
and the different DCSs are obtained. This enables tomographic
structural imaging of the target.
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one-dimensional distributions show that the position of the
maximum HWHM for side nodes shifts from approximately
25° to 35° as the ellipticity increases from 0 to 0.3, and the
position of the minimum HWHM for the main node also
shifts to a larger angle (for example, approximately 10° for
0.3). In the following, we show the correspondence between
this angular shift of the maximum position of HWHM to the
incident angle of the returning electron for each ellipticity of
the driving pulse within the classical scattering model.
In the elliptical laser field, the incident direction of the

returning electron may shift away from the direction of the
major axis because of the existence of the vector potential
perpendicular to the major axis during its propagation.
According to the quantitative rescattering (QRS) theory
[47–49], the rescattering electron in the “back-rescattered
ridges” (BRR) can be expressed as p̂ ¼ bAr þ bprðAr ¼
pr=1.26Þ, where the first term signifies the momentum
gained as the electron propagates from the moment of

backscattering to the end of the laser pulse ( bAr represents
the vector potential, whose magnitude is linked to the
effective ponderomotive energy through the equation
Up ¼ A2

r=4), the second term depicts the backscattering
of the electron into the direction of bpr (bpr is related to the
effective ponderomotive energy through the equation
3.17Up ¼ p2

r=2). Here, the collision center was located
at Ar ¼ 0.76 a.u., and the incident angle was 0° in the case
of linear polarization. The typical trajectory forming the
side node is shown by the white arrow in Fig. 2(f). For the

elliptical laser field, we assume that the elastic electron-ion
collision is analogous to the classical Rutherford scattering
[50], and reveal the value of α according to the ellipticity-
dependent TMDE. In this model, the momentum transfer
between the electron and the ionic core can be described by
the impact parameter b ¼ ða=2Þctg½ð180° − βÞ=2�, where
a ¼ 2mee2=4πε0p2, pr sin β ¼ p sinðθ − αÞ. The larger
momentum transfer (smaller b) indicated a stronger inter-
action between the electron and the ionic core, which led to
a stronger Coulomb focusing effect, that is, a smaller
HWHM in Fig. 2. According to this equation, larger
scattering angles (180° − β) correspond to smaller b values.
The main node in Fig. 2(a) is formed by trajectories with a
scattering angle of 180°, thus resulting in a smaller HWHM
than that of the side node (with a scattering angle less than
155°). With this model, we can qualitatively explain the
observed difference in HWHM between the main and side
nodes in Fig. 2(e). Furthermore, this equation also suggests
that the incident angle α can be accurately mapped to the
angular offset of impact factors [also see Fig. 2(f)], thus the
observed angular offset (Δθ) of HWHM for the main node
and side node in Fig. 2(e) can also reflect the changes in α
for the returning electron in the elliptical field, as indicated
by the yellow arrow in Fig. 2(f). The α for the ellipticity
values of 0.1, 0.2, and 0.3 are approximately equal to 2°, 5°,
and 10°, respectively.
By establishing the incident angle of the returning electron

in the elliptical laser field, the DCS could be obtained in the
rotated ion-electron collision coordinates. For linearly polar-
ized light, the DCS of the returning electron (pr ¼ 0.95 a:u:,
E ¼ 12 eV) could be extracted directly from the momentum
distribution [see Fig. 3(a)] based on the QRS theory, as
shown by the red dots in Fig. 3(e). We calculated the DCS of
Xeþ for a free electron using the distorted wave method [51],
where the DCS is proportional to the scattering matrix
element khkjjVjjψik2. Herein, k represents the planewave of
the rescattering electron, V is the electron-ion distortion
potential, and ψ is the distortion wave calculated by solving
the Schrödinger equation E0ψ ¼ ½−ð∇2=2μÞ þ V�ψ . The
Coulomb interaction, polarization, and electron exchange
interactions [52] were accurately considered in calculations.
The results are plotted in Fig. 3(e). A good agreement
between the extracted DCS and simulation could be reached.
Those results were consistent with the literature [47,48]. For
a spherically symmetric atom, varying α will not change the
DCS; thus, the same DCS should be obtained for ELIED.
Based on this argument, we tuned the α and obtained the
DCSs from Figs. 3(b)–3(d). The most probable values of α
are shown in Figs. 3(e)–3(f), where the best agreements
between the DCSs in the elliptical (green-dotted lines) and
the linear cases (red-dotted line) are obtained. We can see
that these DCSs are consistent when α has values 2°, 4°, and
10° for ellipticities of 0.1, 0.2, and 0.3, respectively. These
incident angles are the same within the error as the values

FIG. 2. (a)–(d) HWHM of TMDE ionized from Xe atom
for laser ellipticities from 0 to 0.3. The values of the HWHM
are encoded in the color scale. (e) One-dimensional angular-
dependent distributions of HWHM from the black curves
(p ¼ 1.45 a:u:) in Figs. 2(a)–2(d). Δθ indicates the angular
offset for ellipticity values in the range of 0–0.3. (f) Schematic
of electron elastic rescattering driven by laser pulses with
different ellipticity values analogous to classical Rutherford
scattering. θ is the detected angle relative to the Pz in the
momentum frame, and α is the incident angle offset for
the returning electron driven by elliptical laser pulses, and the
collision center rotates along the circle with the momentum of Ar.
In this model, α is equal to Δθ.
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obtained from the analysis of TMD. This agreement con-
firms that the incident angle of the returning electron can be
controlled within 20° by tuning the ellipticity and the
handedness of the driving laser pulse. The extracted incident
angle-resolved DCSs for spherically symmetric targets can
serve as proof of principle for the validity of ELIED.
We applied ELIED to the mixtures of Ar and N2, and

their rescattering electron momentum distributions are
presented in Figs. 4(a)–4(c) and 4(e)–4(g) with ellipticity
of 0, 0.2, and 0.3, respectively. Ar and N2 have similar
ionization potentials, and the results of Ar can serve as a
reference to emphasize the molecular structural sensitivity
of ELIED. Here, N2 is aligned to the direction of the main
axis of the elliptical laser pulse; moreover, the strong field
tunneling ionization of N2 has the highest yield when the
N-N axis is parallel to the laser polarization direction
because of its typical σ orbital [53,54]. Thus, in the ELIED,
the returning electrons with different incident angles can be
scattered by this aligned transient Nþ

2 , and the incident
angle-resolved MFDCSs can be extracted. The DCSs from
Arþ can be extracted from the electron momentum dis-
tributions [Figs. 4(a)–4(c)] using the same procedure as that
used for Xe; the results are shown in Fig. 4(d). The
extracted DCS of Arþ driven with the linearly polarized
laser pulse was compared with the calculated DCS obtained
from distorted wave calculations, the overall reasonable
agreement can be reached. The discrepancies around 105°
may originate from the “contamination” of direct ionized
electrons [47,48]. Applying the same method to Ar as that
used for Xe in ELIED, consistent DCSs were extracted in
the case of elliptical laser pulse (ellipticity is 0.2 and 0.3) by

tuning the incident angle of the returning electron beam to
4° and 7°, respectively.
The incident angle of returning electron for Nþ

2 in the
same elliptically polarized pulse is assumed to be identical
as Arþ when the difference between their Coulomb
potential is ignored. At first, the DCS of the returning
electron by Nþ

2 in the case of linearly polarized laser pulse
was extracted [see black ball in Fig. 4(h)], and the
calculated MFDCS at the incident angle of 0° was inserted
for comparison using the modified molecular multicenter
three-distorted-wave calculation [55], as indicated by the
black solid line in Fig. 4(h). Here, the equilibrium bond
length of N2 (1.10 Å) is used. The experimentally extracted
and calculated MFDCSs both present a minimum at around
110° and a hump around 100°, and the dominant peak
appears for largest angle. In the case of the elliptically
polarized laser pulses, the MFDCSs were directly extracted
by setting the incident angle to 4° and 7° as the ellipticity is
0.2 and 0.3, respectively [see Fig. 4(h)]. The simulated
MFDCSs with the same incident angle well reproduced the
experimental results, which demonstrates the incident
angle-resolved MFDCS for the molecular system can be
obtained with the ELIED. Moreover, the MFDCSs exhibit
prominent incident angle-resolved features. As increasing
the incident angles, the position of the minimum shifted to

FIG. 3. (a)–(d) Momentum distributions of rescattering elec-
trons for Xe driven by the laser pulse at the ellipticities of 0, 0.1,
0.2, and 0.3, respectively. The electrons in low-energy regions are
masked to emphasize the structure of high-energy electrons. The
solid black lines stand for the BRR. The momentum of returning
electron pr and scattering angle θr are indicated using arrows in
(a). The DCS extracted from (a) is shown in (e) (Exp.) and
normalized at 170° to the calculations (Cal.) for comparison.
(f)–(h) The green dots with shading errors are the DCSs obtained
from (b)–(d), respectively. The DCS from linearly polarized light
(LP, red dot) are inserted for comparison.

FIG. 4. (a)–(c) and (e)–(g) Momentum distributions of rescat-
tering electrons ionized from Ar and N2 driven by the laser pulse
at the ellipticities of 0, 0.2, and 0.3, respectively. α stands for the
angular shift of the incident angle relative to the polarization
direction of linear laser pulse. (d) Extracted DCSs for Ar in the
case of the linearly (black ball) and elliptically polarized pulses
(red ball and green ball). The calculated DCS is shown as a black
solid line which are normalized with experiment at 155° of θr for
comparison. Herein, the α is estimated to be 4° and 7°
(pr ¼ 1.2 a:u:, E ¼ 20 eV) with the ellipticity of 0.2 and 0.3,
respectively. Accordingly, (h) presents the extracted and calcu-
lated MFDCSs for Nþ

2 as α is 4° and 7° (pr ¼ 1.3 a:u:,
E ¼ 23 eV). The measured and simulated results are also
normalized at 155°. The red and green curves are offset by
0.01 and 0.025, respectively for clarity.
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the larger angle and the hump at 100° becomes higher, in
contrast, the amplitude for the dominant peak at larger
angles decreases. Those incident angle-resolved features
can offer a new observable to retrieve the bond length. We
define the amplitude ratio between the hump at 100° and
the minimum for incident angle, and this ratio shown in
Fig. S6 (in Supplemental Material [34]) becomes larger as
increasing the incident angle. To retrieve the transient bond
length of Nþ

2 , we simulated the MFDCSs with bond length
from 1.00 Å to 1.20 Å in 0.02 Å increments, and they show
drastically different MFDCSs and ratios (see Figs. S5 and
S6), indicating that the ELIED can provide angle-resolved
probing of the transient structure of ion with subangstrom
resolution in the molecular frame. Here, we reveal that the
most probable transient bond length of Nþ

2 is 1.11 Å within
a fitting error range of 1.10 to 1.16 Å. Moreover, three
measurements with different incident angles show that the
precision of the current approach for transient bond length
can reach to0.01Å (see discussions inSec.Vof Supplemental
Material [34]). Those results can facilitate the tomographic
imaging of complex transient molecular structures.
In conclusion, we proposed an ultrafast molecular

imaging approach (ELIED) based on the intracycle
pump-probe scheme. We experimentally extracted the
MFDCSs of Nþ

2 with ELIED, where the incident angles
of returning electron beam were tuned by varying the
ellipticity of the driving laser pulse. To the best of our
knowledge, the ELIED approach is the only successful
method thus far for obtaining incident angle-resolved ionic
MFDCS. Our results establish an intuitive interpretation to
the complex elliptical laser-induced electron recollision
dynamics and may provide new insights into the high-order
above-threshold ionization and high-harmonic generations
driven by elliptical laser pulses. ELIED has the potential to
reveal the tomographic structural information of molecules
with the femtosecond and subangstrom spatiotemporal
resolution and also may have applications in molecular
chirality discrimination.
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