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Photoelectrons ionized from atoms and molecules in a strong laser field are either emitted directly or
rescattered by the nucleus, both of which can serve as efficiently useful tools for molecular orbital imaging.
We measure the photoelectron angular distributions of molecules (N,, O, and CO,) ionized by infrared laser
pulses (1320 nm, 0.2 ~ 1 X 10" W/cm?) from multiphoton to tunneling regime and observe an
enhancement of interference stripes in the tunneling regime. Using a semiclassical rescattering model with
implementing the interference effect, we show that the enhancement arises from the sub-laser-cycle
holographic interference of the contributions of the back-rescattering and the non-rescattering electron
trajectory. It is shown that the low-energy backscattering photoelectron interference patterns have encoded
the structural information of the molecular initial orbitals and attosecond time-resolved dynamics of
photoelectron, opening new paths in high-resolution imaging of sub-Angstrém and sub-femtosecond
structural dynamics in molecules.

through the Coulomb barrier suppressed by the laser fields'. The liberated electron wave packets may

follow different paths from the ground state to the same final momentum, giving rise to the quantum
interference effect. A firm understanding on the wave packet interference is pre-requisite for probing the
electronic dynamic in atoms and molecules on the Angstrém spatial and femtosecond-to-attosecond temporal
scale’.

One of the most prominent interference effects in strong-field ionization is the interference of a repetitive
wave-packet release at time intervals separated by the laser cycles. These intercycle interferences will lead to
periodic peak structures in the electron energy spectrum, i.e., above-threshold ionization peaks’. Another type of
interference that will contribute to the photoelectron angular distributions (PADs) of above threshold ionization
is the intracycle interference of the electron wave packets released at adjacent half-cycles, which can either be
ionized directly (direct trajectory) or turn around in the laser pulse (indirect trajectory)?, as illustrated in Fig. 1(a).
The electron wave packets following the direct and indirect trajectories will have the same final momentum. The
interference between the direct and indirect trajectories has been observed as a temporal double-slit experiment in
a few-cycle laser pulse®®.

The electrons after ionization can be driven back to the ion by the laser field and have an opportunity to
rescatter with the nucleus”®. The rescattering electron records detailed structural and dynamic information about
the atoms and molecules, and thus it has been used to image the molecular orbital®!® and to retrieve ultrafast
dynamics of molecular structure''. The interference between the rescattering and non-rescattering trajectories are
first revealed by the benchmark experiment performed for the metastable xenon atoms in deep tunneling regime®

W hen exposing atoms and molecules in strong laser pulses, an electron wave packet can be tunneled

(the Keldysh parameter' y = 4 /1,/2U, <1, I,: the ionization potential, U,: the ponderomotive potential, U, = Fy*/

40?, Fy: field amplitude; o: field frequency, atomic units are used throughout otherwise specified.). The observed
photoelectron holographic interference pattern reveals a characteristic spider-like structure, which originates
from the interference of electron wave packets launched at the same quarter-cycle of the laser pulse with different
transverse momenta (forward scattering photoelectron holography). Subsequently, the scaling of the holographic
interference patterns depending on the laser duration, wavelength and intensity is reported'. It is shown that the
holographic interference is favored by longer wavelengths and higher laser intensities". In the multiphoton
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Figure 1 | Illustration of the non-rescattering trajectories and the back-scattering trajectories. (a) There are two kinds of the non-rescattering
trajectories in each laser cycle, i.e., the direct trajectory released before the field maximum (green) and the indirect trajectory released after the field
maximum (blue). The indirect trajectory is initially emitted along the positive z direction and finally obtains a negative momentum. (b) According to the
excurse time between the ionization and the rescattering, there are two types of backward rescattering trajectories, i.e., the long trajectory (black) and the
short trajectory (magenta). In the bottom parts of (a) and (b), the arrows indicate the instant of the electron release. The scattering angle is assumed to be

180° in (b). The laser field is shown by the red curves in arbitrary units.

ionization regime (y > 1), the interference of the side lobes observed
in the PADs of above-threshold ionization have been revealed with
the help of the quantum-trajectory Monte Carlo approach'.

Because of multiple centers and strong Coulomb focusing effects,
the rescattering cross section in strong-field ionization of molecules
is larger compared to atoms. Recently, Bian et al.'>'¢ predicted that
the interference among the backward rescattering trajectories and
the non-rescattering trajectories for strong-field ionization of mole-
cules can be resolved for H," by numerically solving the time-
dependent Schrodinger equation. In this paper, we present the
experimental measurement of PADs of molecules (N,, O, and
CO;) at 1320 nm in the intensity region 0.2 ~ 1 X 10" W/cm’. In
the multiphoton regime, the ionization of molecules shows similar
PADs with those of atoms. Increasing the laser intensity, we observe
that the PADs of molecules reveal a novel pattern, i.e., interference
stripes. Using a semiclassical rescattering model with including the
interference effect, we show that the stripe pattern is related to the
enhancement of the subcycle interference between the long rescat-
tered trajectory and the indirect trajectory when going to the tunnel-
ing regime. The observation provides the first unambiguously
experimental evidence of the backward rescattering on photoelec-
tron angular distributions, enriching the photoelectron holography
using strong laser fields. We further show that the low-energy back-
scattering photoelectron holography has encoded the structural
information of the molecular initial orbitals and sub-femtosecond
information of electronic dynamics.

Results

Figure 2 shows the measured two-dimensional PADs in momentum
space (P,, P, ) of Oy, N,, and CO, molecules at the intensities of 0.2
~ 1 X 10" W/cm?® at 1320 nm (Details of the experiment can be

found in Methods). The P, and P, (P, =./P,> + P2) represent the

momentum distribution parallel and perpendicular to the laser
polarization direction, respectively. At low laser intensities, i.e., in
the multiphoton ionization regime, the PADs reveal ring-like multi-
photon structures. The PADs of molecules reveal similar low-energy

resonant structure at the wavelength of 800 nm'”""*. At 1320 nm, the
PADs of molecules (see the top panels of Fig. 2) are similar to those of
atoms at low laser intensities®. Interesting, with increasing the laser
intensity, an interference stripe structure is enhanced for strong-field
ionization of molecules, which is nearly perpendicular to the laser
polarization axis. The fringe spacing between adjacent interference
stripes is almost 0.1 a.u., as shown by the white dashed lines in Fig. 2.
This interference stripe pattern was not observed for the rare gas
atoms***! and the negative molecular ions* at similar laser intensities
and wavelengths.

By projecting the two-dimensional PADs onto the laser polariza-
tion direction, one can clearly identify the enhanced interference
structure in the p, momentum distributions with increasing the laser
intensity, as shown in Fig. 3.

As mentioned above, the rescattering cross sections for molecules
are larger than those of atoms and negative molecular ions. The
possibility of backward rescattering will increase for molecules
because of multiple centers and strong coulomb focusing effects'.
The averaged scattering cross section for randomly aligned mole-
sin(sR)

cules is given by Ref. 23 7,,(0,) =2(1+
s

difference between the scattered and incident wave vectors, R is the
internuclear distance of molecules, 0, is the scattering angle, and
0,(0,) is the scattering cross section of atoms. According to the
formula, the molecular scattering cross section is approximately
twice as large as the atomic cross section for backward rescattering.
Increasing the laser intensity, the holographic interference induced
by the rescattering will become more important™. To resolve the
underlying processes leading to the interesting interference pattern,
we perform a simulation starting with the classical rescattering
model**. We have further improved the model by including the
interference effect® and the weight of each trajectory according to
the Ammosov-Delone-Krainov (ADK) tunneling theory**” (See
Methods).

Similar to the high-order harmonic generation process, there are a
long trajectory and a short trajectory with the same final momentum
for the backward rescattering according to the excursion time

)aa(0.), where s is the
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Figure 2 | Experimental two-dimensional PADs. The measured two-dimensional PADs in momentum space (p,, p, ) are shown for O,, N, and CO, in
the intensities of 0.2—1 X 10" W/cm? at 1320 nm. The Keldysh parameters are labeled at the top right corner. The enhanced interference stripes are

marked by the white dashed lines.

between the ionization and the rescattering®?®, as illustrated in
Fig. 1(b). Usually, the energy of the backward rescattering electrons
are distributed in the energy range of 0 ~ 10U,,. When the scattering
angle is 180°, the electrons can obtain the maximum energy of 10U,
at the tunneling phase of ~17° after the field maximum?®. For other
tunneling phases, the electrons can obtain smaller final energy. Only
those rescattering trajectories with energy less than 2U, can interfere
with the non-rescattering trajectories. Both the long trajectory
(released before 17°) and the short trajectory (released after 17°)
can obtain final energy less than 2U,,. The ionization probability of
the long and the short trajectories depends on the laser phase at the
instant of the tunnelling. Because the long trajectory is released near
the field maximum, the ionization probability of the long rescattered
trajectory will be much larger than that of the short rescattered
trajectory for those lower-energy rescattering photoelectrons accord-
ing to the ADK theory.

When the backscattered trajectories acquire the same final
momentum as the non-rescattering trajectories, the interference will
take place. Generally, there are four types of interferences between
the backward rescattered and the non-rescattered trajectories, i.e.,
the long rescattered trajectories with the indirect trajectories, the

long rescattered trajectories with the direct trajectories, the short
rescattered trajectories with the indirect trajectories, and the short
rescattered trajectories with the direct trajectories. We have calcu-
lated those four interference patterns for a model diatomic molecular
ions with an internuclear distance of 2 a.u. for the perpendicular
orientation at an intensity of 1 X 10" W/cm? (1320 nm), as shown
in Fig. 4. In those plots, we do not include the trajectory weight in the
calculation. We find that two interference patterns have comparable
fringe spacing with the experiment, i.e., the interference between the
long rescattered trajectory and the indirect trajectory [Fig. 4(a)], and
the interference between the short rescattered trajectory and the
direct trajectory [Fig. 4(d)]. The fringe spacing of the other two
channels [Fig. 4(b) and 4(c)] is much larger.

The fringe spacing of the interference stripes is determined by the
phase differences accumulated along the trajectories, which depend
sensitively on the difference between the rescattering time of the
rescattering trajectory and the birth time of the non-rescattering
trajectory”. As shown in Fig. 1, because the time differences between
the long rescattered trajectory and the indirect trajectory and
between the short rescattered trajectory and the direct trajectory
are considerably large, the fringe spacing for these two interferences
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Figure 3 | Experimental momentum distributions along the laser polarization direction. The measured p, momentum distributions of O,, N, and CO,
are shown in the intensities of 0.2—1 X 10" W/cm? at 1320 nm. The Keldysh parameters are shown by the labels. The curves are separated slightly in the
vertical direction for visual convenience. The gray dashed lines show the position p, = 0. One can find that it is an interference minimum for O, and CO,,

and a maximum for N, when p, = 0.
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Figure 4 | Simulated interference patterns without considering the ionization probability. The interference patterns of a two-center molecular ion
between the long rescattered trajectory and the indirect trajectory (a), the long rescattered trajectory and the direct trajectory (b), the short rescattered
trajectory and the indirect trajectory (c), and the short rescattered trajectory and the direct trajectory (d). In the simulation, there is no ionization
probability for each trajectory. Top and bottom panels of each plot correspond to the photoelectron rescattered by the parent ions and the neighboring
ions in the molecules, respectively. The internuclear distance is 2 a.u.. The intensity is 1 X 10" W/cm? and the wavelength is 1320 nm.

is small and their interference patterns look quite similar. The much
shorter time difference for the other two interference channels (the
short rescattered trajectory with the indirect trajectory and the long
rescattered trajectory with the direct trajectory) leads to much larger
spacing of the fringes in p, momentum distributions.

Because there is no ionization probability for all of the trajectories
in Fig. 4, the overall distribution of the calculated interference pat-
terns looks like a curved structure. It is very necessary to include the
ionization probability to study the relative contribution to the final
PAD:s. Because the long rescattered trajectory are born near the field
maximum, as seen in Fig. 1(b), the yield of the long rescattered
trajectories is much higher than that of the short rescattered traject-
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Figure 5 | Simulated interference patterns between the long trajectory
and the indirect trajectory. The additional phase difference is zero for o
orbital (a) and & for m, orbital (b) (see text). The intensity is 1 X 10" W/
cm’ and the wavelength is 1320 nm.

ories”. On the other hand, the yield of the indirect trajectories will
dominate over that of the direct trajectories because of the effect of
the long-range Coulomb potential**. Thus, the interference between
the long rescattered trajectories and the indirect trajectories plays a
dominant role in the formation of the low-energy interference stripes.
In order to see the interference pattern more clearly, we assume that
the pair of trajectories has the same weight and we further calculate
the interference patterns for the long rescattered trajectory with the
indirect trajectory, as shown in Fig. 5(a). The simulated interference
stripes are nearly transverse to the laser polarization direction and the
fringe spacing is almost 0.1 a.u., which is similar to the experimental
data. The simulated interference patterns between the long rescat-
tered trajectory and the indirect trajectory agree qualitatively with the
interference stripes observed in the measured PADs.

Discussions

It has been shown that the high-energy above-threshold ionization
photoelectrons depend sensitively on the molecular outermost
orbital®, which has been used to extract the electron-ion differential
scattering cross section for molecules®. Different with the high-
energy rescattering photoelectrons, the low-energy rescattering elec-
trons are usually mixed with the non-scattering photoelectrons. We
will show that the low-energy photoelectron rescattering holographic
patterns is encoded with the molecular structure information, thus
could also be used to probe the molecular structure. In Fig. 2, we find
a striking interesting feature for different molecules at zero
momentum of photoelectron angular distributions. It is an interfer-
ence minimum for O, and CO,, while it is an interference maximum
for N,. This is more clearly seen in the momentum distribution
projected onto the laser polarization direction, as shown in Fig. 3.
The outermost orbitals of O, and CO; are the anti-bonding . geo-
metry and that of N, reveals the bonding 6, geometry. There will be
another phase difference of m for the tunneling from adjacent half
cycles for the m, initial orbital®?, which will result in the destructive
interference at the zero momentum, as shown in Fig. 5(b). The
experimental results indicate that the interference of the long rescat-
tered trajectories and the indirect trajectories is sensitive to the
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molecular structures. The low-energy rescattering photoelectron
interference holography can also provide a useful probe of the
molecular structure. Compared with the method of imaging molecu-
lar structure using the non-rescattering photoelectrons'’, the back-
ward rescattering photoelectron holography can survive in the
randomly oriented molecules. In addition, each interference stripe
corresponds to the birth time and the rescattering time of the photo-
electrons in the semiclassical model. The low energy rescattering
photoelectron holography has encoded the electron dynamics with
subcycle resolution.

Previously, the imaging of the ultrafast structural dynamics in
molecules (e.g., the changes of the bond length) is realized by tuning
the laser wavelength, thus changing the excursion time between the
ionization and the rescattering of photoelectrons''. In the backward
rescattering holographic interference, the interference stripes have
recorded both the molecular structure and the electron excursion
time. Hence, it is possible to take ultrafast snapshot for the sub-
Angstrém  structural changes in molecules by combining the
information of the molecular structure with the photoelectron tem-
poral information.

One should note that other interference channels will also have
significant contributions to the PADs, e.g., the ring-like multiphoton
ionization structure and the spider-like interference structure. These
structures have been studied previously***'. The backward rescatter-
ing interference pattern will superimpose on those characteristic
structures. At lower laser intensities, the backward rescattering inter-
ference pattern will be buried below other more prominent interfer-
ence patterns, e.g., the ring-like patterns. With increasing the
intensity, the ring-like patterns will become blurred by the intensity
averaging. As a result, the visibility of the backward rescattering
photoelectron interference increases at high intensities for strong-
field ionization of molecules.

The simulated backward rescattering interference pattern does not
completely agree with the observed interference stripes, which may
arise from the negligence of the long-range Coulomb potential after
the electron ionization. The Coulomb tail has shown its importance
for both the rescattering and non-rescattering photoelectrons'***>*.
Hence, the trajectories and the interference patterns will be inevitably
modified by the Coulomb tail. Currently, the calculation with quan-
titatively including the Coulomb potential and the interference effect
is considerably more complicated>'>", especially for the molecules.

In summary, we have measured the PADs of molecules in intense
infrared laser fields. We experimentally observe the enhancement of
anovel interference stripe pattern in strong-field ionization of mole-
cules when going to the tunneling regime, which is associated to the
interference between the back-rescattered and the non-rescattered
trajectories because of the large rescattering cross section of molecu-
lar ions. Subcycle analysis indicates that the interference between the
long rescattered trajectory and the indirect trajectory plays more
important roles. It is well-known that imaging the dynamics of com-
plex molecules with the help of the rescattering electron current,
generated by tunneling ionization of the molecules, is one of intri-
guing interests in strong-field community. The low-energy rescatter-
ing interference was shown here as a potential tool for probing the
molecular structures. Probably even more important, the interfer-
ence stripe pattern encodes the sub-femtosecond electron and nuc-
lear dynamics of the molecules, which offers the exciting opportunity
to imaging the ultrafast structural dynamics in molecules with an
unprecedented time resolution.

Methods

Experimental methods. A linearly polarized 1320 nm radiation was generated by an
optical parametric amplification (OPA) system that was pumped by 25 fs, 795 nm
pulses from a Ti:Sa laser system with 3 kHz repetition rate, amplified pulse energy up
to 0.8 mJ. The estimated pulse duration at 1320 nm was ~30-35 fs. The two-
dimensional PADs from single ionization of molecules are measured by a reaction
microscope® (for the principle see Ref. 34) with the photoelectron momentum

resolution ~ 0.02 a.u. along the time-of-flight direction and ~0.05 a.u. along the
transverse direction. Ions and electrons were measured with two position-sensitive
microchannel plate detectors respectively. We applied weak electric (~3 V/cm) and
magnetic (~5 G) fields along the time-of-flight axis to guide the electrons and ions to
the detectors. The full momentum vectors of the particles were constructed by
measuring the time of flight and the impact position on the detections. In the off-line
analysis, the photoelectrons were selected in coincidence with their singly charged
parent molecular ions to reduce the effect of background electrons. We have carefully
adjusted the magnetic field and electrical field to avoid the poor resolution for the
transverse momentum for those low-energy electrons. The laser polarization
direction was along the time-of-flight axis. The molecular axis is randomly oriented
with respect to the laser polarization direction.

Theoretical methods. We assume that the laser pulse is cosine-like with F(t) =
Fycos(wt)z, where z is the laser polarization direction. The rescattering electrons are
released in the laser phase (0, 17°) for the long rescattered trajectory and in the laser
phase of (17°, 90°) for the short rescattered trajectory with zero initial momentum.
The electron velocity before rescattering can be calculated as v,(t) = — Fy/w[sin(wt)
— sin(wto)]. The rescattering time ¢, is obtained by numerically solving the classical
equation of motion* cos(wt,) — cos(wt™8) + w(t, — to"¢)sin(wt;"8) = 0. At £, the
electron elastically rescatters off the nucleus with a scattering angle with respect to its
impact direction. The scattering angle 0, is randomly distributed within [0, 360°],
which means that the rescattering electrons can be scattered in full solid angles at the
instant of rescattering®. The asymptotic momentum of the rescattered electron is p,
= Fylwsin(wt,) + vcos(0,) and, p, = v.sin(0,), where v, = v,(t,) is the electron
momentum at rescattering. For the non-rescattering photoelectrons, the birth time
(ty"™") of the direct and indirect trajectories is expressed as [27 + sin™'(wp./Fy)]/w and
[ — sin™(wp./Fy)]/w, respectively. Those electrons will obtain a drift momentum
v.(t) = — Fosin(wt)/. The corresponding energy is smaller than 2Uj,. If the final drift
momenta of the non-rescattering trajectories (direct and indirect trajectories) and the
rescattering trajectories are the same, the interference will take place.

In the calculation, the phase of each trajectory is given by the classical action along

vel

the trajectory S= J [V2(#)/2+I,)dt. The phase difference between the backscat-
t
tered and the non-rescattered trajectories is
1 (% 1 (" 1 ] .
ASy= - J vidt— = J v 2dt— 3 Vi (te—to™") — Ip(ts"® — t5™"). When the elec-
1058 foref

tron is rescattered by the neighboring core of the molecule, the pair of the trajectories
will have an additional phase difference AS; = v.R[cos(ff) — cos(f + 0,)], where f is
the angle between the molecular axis and the laser polarization direction (here we
considered the perpendicular condition with f = 90°)"*. In our model, each pair of
trajectories is weighted by W(to,vo) = Wy (to) W1(vp), in which

Wo(to)oc| (ZIP)Z/F(tO)\Z/\/ZTFIexp [— 2(211,)3/2/\3F(t0)\] is the instantaneous tun-

nelling ionization probability, and W1(ve) = /2L, /|F(to)|exp[ — /2, v0* /[F(to)|] is
the initial transverse momentum distributions®>””. We have sampled the electron
ensemble with the Monte-Carlo method.
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