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We experimentally investigate the two-dimensional photoelectron momentum spectra of aligned
diatomic molecules in an intense laser field. Our results reveal a novel prominent valley structure in
the molecular alignment dependence of the high-energy photoelectron spectra along the laser polarization.
Resorting to the molecular strong-field approximation and a simple semiclassical analysis, we show that
this valley structure stems from the destructive two-center interference of the laser-driven rescattered
electrons in diatomic molecules. Based on this two-center interference with aligned diatomic molecules, we
demonstrate for the first time a tomographic method to extract the molecular internuclear separation,
providing a more straightforward approach of molecular imaging, in comparison with, e.g., laser-induced
electron diffraction and fixed-angle broadband laser-driven electron scattering.
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When subject to an intense laser pulse, an atom or a
molecule ionizes. After being ionized, part of the electron
wave packet may be driven back and recollide with the
parent ionic core when the laser electric field changes sign.
This simple electron rescattering mechanism [1,2] governs
many strong field atomic and molecular processes such as
high-order above-threshold ionization (HATI) [3], high-
order harmonic generation (HHG) [4], and nonsequential
double ionization (NSDI) [5], and serves as the basis for
current attosecond and strong field physics [6].

In comparison with simple atoms, molecular ionization
is expected to exhibit a large variety of peculiar effects
closely related to its structural complexity and extra nuclear
degrees of freedom. One intriguing effect is directly relevant
to the multiatomic-center of a molecule: the ionized electron
in, e.g., a diatomic molecule may be emitted coherently from
the two atomic centers and exhibit an intrinsic interference
effect, which is equivalent to the famous double-slit inter-
ference. This effect has been previously demonstrated both
theoretically and experimentally in, e.g., a pronounced
suppression of the total ionization yields as well as the
low-energy photoelectron yields of a diatomic molecule of
O, compared to its companion atom of Xe with a similar
ionization potential [7-12].

Alternatively, part of the ionized electron wave packet
may return and recollide with different atomic centers,
leading to a novel two-center interference of the laser-
driven rescattered electron. Indeed, the fingerprint of this
novel two-center interference, arising from the quantum
nature of the recolliding electron, has been initially pre-
dicted theoretically in both HHG and HATI spectra with a
model diatomic molecule under different molecular
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alignment with respect to the laser polarization [13,14].
Preliminary experimental evidence of this interference
effect has been found in HHG spectra of an aligned
CO, molecule [15-17], but interestingly, not in simpler
diatomic molecules such as O, and N,, due to their
much smaller internuclear distances. In contrast, recent
theoretical studies show that this interference effect, which
can be described with a simple term, cos(q - Ry/2), may
manifest itself in the angle-resolved HATI spectra of
aligned N, and O, molecules [18,19], where q is the
momentum transfer of the rescattered electron before and
after the recollision and R denotes the molecular inter-
nuclear separation. A following experimental study was
performed, however, with randomly oriented molecules of
N, and O,, and it was found that a clear destructive
interference survives for O,, but not for N, due to the
alignment averaging effect [20].

On the other side, based on this two-center interference
effect from rescattered electron in HATI, an intriguing
molecular imaging method was first proposed more than
twenty year ago [21]. Until recently, this so-called laser-
induced electron diffraction (LIED) scheme has been
successfully employed in probing the molecular structure
and ultrafast dynamics (see, e.g., Refs. [22,23]). Note that,
however, in this LIED scheme, the extracted photoelectron
yield is a function of the momentum transfer q of the
corresponding recolliding electron with different scattering
angles upon the two-center target molecules. Thus, the two-
center interference pattern is superimposed by the modu-
lations due to the atomic scattering differential cross section
(DCS) and a priori knowledge of the atomic DCS needs to
be derived as a prerequisite [22]. To eliminate some of the
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complexities in LIED, a fixed-angle broadband laser-
driven electron scattering (FABLES) scheme was further
demonstrated [24,25] by studying the back-rescattered
electron with fixed scattering angle but with different
recolliding energies. In this scheme, the corresponding two-
center interference fringes are entangled with the energy-
dependent background signal, that is, atomic scattering
DCS and electron returning broadband wave packet. To
overcome the disadvantages inherent to LIED and
FABLES, an alternative imaging method, for which one
may fix the momentum of q but rotate the molecular
internuclear distance of R, by employing the molecular
alignment technique, may be envisioned. This is essentially
a tomographic method and will avoid the complexities with
the modulation of atomic DCS in extracting the molecular
structure. However, until now, such a tomographic method
with aligned molecules has not yet been achieved.

In this Letter, we demonstrate this tomographic method
to retrieve the molecular structure with a pre-aligned
diatomic molecule N,. Our measurement shows a promi-
nent valley structure in the alignment dependence of the
high-energy photoelectron spectra along the laser polari-
zation direction. In terms of the molecular strong-field
approximation (MSFA) theory, this novel valley structure is
well reproduced and further simple semiclassical analysis
reveals its origin as a direct evidence of the destructive two-
center interference from the rescattered electrons. Based on
this two-center interference, we show that the detailed
information about the molecule, i.e., the internuclear
separation, can be extracted directly from the alignment-
dependent photoelectron spectra, in the context of tomo-
graphic imaging.

The experiment is performed with cold-target recoil-ion
momentum spectroscopy (COLTRIMS) [26-28]. The fem-
tosecond linearly polarized laser pulses are generated from
a commercial Ti:sapphire femtosecond laser system
(FEMTOPOWER compact PRO CE-Phase HP/HR) with
a repetition rate of 5 kHz, a pulse duration of around 30 fs,
and a center wavelength of 800 nm. The pulse is split into a
stretched alignment pulse (~80 fs) and a probe pulse
(~30 fs) with variable relative delay. Two pulses are
focused by an on-axis spherical mirror (f = 75 mm) onto
a cold supersonic gas jet inside the COLTRIMS vacuum
chamber with the transverse and longitudinal translational
temperatures less than 5 and 20 K, respectively. The probe
pulse, which is applied after a time delay of about 4.1 ps for
N, and 59 ps for O,, ionizes the aligned molecules
produced by the alignment pulse. Any alignment angle
can be achieved by rotating the alignment pulse polariza-
tion with a half-wave plate [29]. The alignment degree
(cos? 9) estimated from a 2D angular distribution of ions by
using the Coulomb explosion method [30,31] is 0.79 for N,
and 0.73 for O, at the corresponding time delay, respec-
tively. We measure the three-dimensional momenta of the
produced photoelectrons in coincidence with the singly
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FIG. 1. The measured two-dimensional photoelectron momen-
tum spectra of aligned diatomic molecules. p, and p, are the
momenta of the electron along and perpendicular to the laser
polarization, respectively. (a) For N, with the alignment angle
0; = 30°, (b) for N, with 8; = 90°, and (c) for O, with §; = 90°.
The peak intensities of the laser pulses are 1.2 x 10 for N, and
1.0 x 10" W/ecm? for O,, respectively. The momentum spectra
have not been symmetrized, and data points in the white area are
removed because of the influence of the spectrometer magnetic
field [26,33]. All of the spectra are normalized by 1 at their
maxima.

charged ions. The alignment pulse creates a low ionization
background (<0.5%) compared to the ionization pulses.
By fitting the delay-dependent alignment degree [30],
we obtain the alignment pulse intensity of about
6.5 x 10> W/cm? for N, and the initial rotational temper-
ature of the molecule about 50 K, while for O,, the
alignment pulse intensity is about 3.5 x 10'3 W/cm? with
the rotational temperature of the molecule about 60 K. On
the other hand, the laser intensities of the ionization pulses
are calibrated with a procedure utilizing the photoelectron
momentum distribution in a close-to-circularly polarized
laser field [32].

Figures 1(a) and 1(b) present the measured two-
dimensional photoelectron momentum spectra of N, at
the alignment angles of 9; = 30° and 90°, respectively. For
comparison, we also present the two-dimensional photo-
electron momentum spectra of O, at 8; = 90° in Fig. 1(c).
Our measurement shows that in comparison with the
spectra of N, the electron yields of O, in the region with
|p.| > 1.25 a.u., which corresponds to the rescattered
electrons [3], are significantly suppressed. This phenome-
non is closely related to the antibonding symmetry of the
valence orbital of O, and can be understood as a conse-
quence of the symmetry-induced destructive interference of
the electron wave packet during the tunneling ionization
[10,18,19]. Because of the extremely low electron yields of
O, in this high-energy regime, we will focus on the spectra
of N, and demonstrate the two-center interference of the
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FIG. 2. Density plot of the measured (a) and simulated
(b) photoelectron spectra of the back-rescattered electrons in
the energy region of 25-70 eV with respect to the molecular
alignment angle from 0° to 90°. The two dashed curves in panel
(b) are based on the relation of cos[(p — k)R, cos 0 /2] = 0 for
the long (red) and short (white) orbits, respectively. For more
details, see text.

rescattered electrons, though similar two-center interfer-
ence also, in principle, imprints in the spectra of O,.

At first glance, the photoelectron momentum spectra of
N, in Figs. 1(a) and 1(b) seem to be qualitatively indis-
tinguishable, which is partially due to the imperfect align-
ment in the experiment and rapid falloff of the high-energy
electron yields. However, when we focus on the photo-
electrons with the momenta along the p, axis, correspond-
ing to the back-rescattered electrons [34], as a function of
alignment angle, distinct fingerprints arising from the two-
center interference of rescattered electrons is uncovered.
Figure 2(a) presents the density plot of the photoelectron
spectra of the back-rescattered electrons in the high-energy
region of 25-70 eV (the ponderomotive energy of the laser
pulse U,~7.1 eV [3]), with respect to the molecular
alignment. For visual convenience, the yields of the photo-
electrons with identical energy have been normalized
[35,36]. Interestingly, a prominent valley structure is
observed in the photoelectron spectra, which starts from
the energy region around 30 eV at #; = 0° and extends up
to the higher energy region, e.g., around 70 eV at 6; = 60°.
In order to achieve deep insight into this novel valley
structure in the photoelectron spectra, we resort to the
simulation with the MSFA theory and a simple semi-
classical analysis.

Within the MSFA theory [18,19], the transition ampli-
tude of the photoelectron from the initial bound state v, of
molecule to the final continuum state with momentum p is

given by MYSFA = ME,O) + Mﬁ,l), where

M@=*{[W&@+A@W4ﬂﬂW&wmwdmﬂ](U

describes the direct ionization amplitude, while

[l )

X (k + A(7)|r- E(7)lyo) expliS (p: 1.7)]  (2)

with  V,_x = (p|V|k) = (p + A(#)|V|k + A(#)) and
7 =t—r1 is the rescattering amplitude. Here, A(¢) is
the laser vector potential, So(p;z) and S;(p;t,7) are the
actions, and k =— [/ d/A(¢')/z is the intermediate
momentum of the liberated electron between ionization
and rescattering. The molecular initial state v, within
the fixed-nuclei approximation, can be written as a
linear combination of atomic orbitals (LCAO) [37,38],

T aCalwd (r + Ro/2) + (=1)lmmatimaly O (r — Ry/2)],
where [/, and m, are the orbital and magnetic quantum
numbers, respectively, and y/(ao) is the Slater-type orbital
[39]. Moreover, to compare with the experimental meas-
urement, the ionization yield has to be integrated over the
spatiotemporal intensity distribution in the laser focus
(see, e.g., Ref. [40]) and over the angular distribution of
the imperfect molecular alignment [31].

Figure 2(b) shows the density plot of the alignment
dependence of the simulated photoelectron spectra along
the laser polarization direction in the high-energy region of
25-70 eV. The main features of the photoelectron spectra
are well consistent with the measurement. For example,
there is a prominent valley structure from the energy region
of 30 eV at 6, =0° to the higher energy of 70 eV
at 0; = 53°.

We will now show that the prominent valley structure
observed in the high-energy photoelectron spectra is a
distinct fingerprint of the destructive two-center interfer-
ence of the rescattered electrons. When the rescattered
electron elastically scatters off the diatomic molecule, the
momentum of the electron is changed from the incident
momentum k + A(7) to the scattered momentum p + A(¢)
and thus, the momentum transfer q = [p + A(7)]-
[k + A(#)] = p — k. The rescattering of the electron
on the two atomic centers in the molecule forms a two-
center interference term in the scattering amplitude [22]

e'4Ro/2 4 o714 R0/2 — 2 cos(q - Ry/2)
=2cos[(p—k)-Ry/2].  (3)

For the photoelectron along the laser polarization,
(p—Kk)-Ry/2=(p—k)RycosO; /2. Destructive inter-
ference occurs when the value of (p — k)Rycosf; /2 is
equal to (2n + 1)z/2 (n =0, 1,2, ...). In the simple man’s
model, there are two dominant rescattered orbits for each
photoelectron, which are best known as the “long orbit”
and “short orbit” [3]. In Fig. 2(b), we plot the interference
minima based on the relation of cos[(p — k)R cos 0, /2] =
0 for the long and short orbits, respectively. Our simulation
shows that the red dashed curve of the long orbit quali-
tatively provides a perfect fit of the valley structure in the
spectra, which clearly indicates that the valley structure
stems from the destructive two-center interference of the
rescattered electrons. Interestingly, we find that the valley
structure in the MSFA simulated spectra is wider than the
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prediction of the simple man’s model. The main reason is
that, in fact, in the MSFA theory [18,19], there is a swarm
of the rescattered orbits around the two specific long and
short orbits with the same final momentum. These rescat-
tered orbits have the different ionization times z and the
rescattering times ¢, and hence the different values of k.
According to Eq. (3), the corresponding alignment angles
of the interference minima are changed accordingly.
Therefore, the coherent superposition of the different
rescattered orbits leads to the relatively wide interference
minima structure in the spectra. Furthermore, our calcu-
lation shows that in comparison with these rescattered
orbits around the long orbit, the difference of the values of k
is much more significant for the rescattered orbits around
the short orbit, especially for the low-energy photoelectrons
(not shown here). Thus, the change of the corresponding
alignment angle of the interference minima is also signifi-
cant, resulting in the blurring of the interference minima for
the short orbit in the low-energy region of the photoelectron
spectra. Our result is qualitatively well consistent with the
simulated spectra and the measured spectra shown in Fig. 2.

In the following, we will demonstrate that the two-
center interference feature in the alignment-dependent
photoelectron spectra provides a tomographic method in
retrieving molecular structure. According to Eq. (3), the
two-center interference of the back-rescattered electron
is closely related to the molecular internuclear separation
R,. However, due to the influence of a swarm of the
rescattered orbits with different values of &, the two-center
interference minima cannot be accurately determined. In this
Letter, we propose a simple and straightforward method by
reducing the effect of k on the two-center interference.
Equation (3) can be expanded as cos[(p—k)Rycosf; /2]=
cos(pRycosf; /2)+Rycosd, sin( pRycost; /2)k/2+0(k)>.
For the laser pulse with, e.g., a short wavelength, the values
of p and k decrease [3,34]. If the variable | pR cos 6 /2| of
the zero-order term in the Taylor expansion is smaller than
7/2, the decrease of the values of p and k results in the
increase of the zero-order term and, conversely, the decrease
of the other terms. Therefore, the contribution of the zero-
order term becomes dominant and the corresponding inter-
ference feature in the photoelectron spectra can be safely
described with a simple term cos(pR, cos 6, /2)>.

Figure 3(a) presents the density plot of the alignment
dependence of the measured photoelectron energy spectra
along the polarization direction of the laser pulses with a
short wavelength of 400 nm, for which the maximal value
of |pRycos @y /2] is 1.5 (< n/2) at the cutoff energy of the
spectra with 8; = 0. With increasing 6; or decreasing the
photoelectron energy, the value of |pRycos®; /2| will
decrease monotonically, leading to that no valley structure
from the two-center interference can be observed in the
spectra, which is different from the spectra with 800 nm
laser pulse shown in Fig. 2. To more directly show the
change of the photoelectron yields with the alignment
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FIG. 3. (a) Density plot of the measured photoelectron spectra

along the laser polarization direction with respect to the align-
ment angle from 0° to 90° with 35 fs, 400 nm laser pulses with
peak intensity of 2.0 x 10'* W/cm?. (b) Extracted electron
yields in the energy region of 22.5 eV < E < 24.5 eV with
respect to the alignment angle. The error bars represent the
standard deviation resulting from experimental uncertainties. The
smooth evolution of the yields with the alignment angle is fitted
to the interference term cos(pR cos @, /2)%. The solid red line is
the yield calculated using the best-fit internuclear separation. The
dashed black and blue lines are the calculated yields using the
internuclear separations of 1.863 and 2.263 a.u., respectively.
(c) The retrieved internuclear separations for various photo-
electron energies. The error bars denote the error in the fitting
with the least square method. The blue line denotes the well
adopted internuclear separation of N,, Ry = 2.068 a.u..

angle, we extract the photoelectron yields from the mea-
sured spectra at different alignment angles. In Fig. 3(b),
we present the extracted yields of the photoelectrons
in the energy region of, e.g., 22.5 eV < E < 24.5 eV with
respect to the alignment angle. The smooth evolution of the
yields with the alignment angle is fitted to the interference
term cos(pR cos 8, /2)?. To better compare with the exper-
imental measurement, we also consider the alignment
distribution of molecule in experiment [31]. The best-fit
is shown as a solid red curve with the fitted value of
R = 2.063 a.u., which agrees well with the N, internuclear
separation of Ry = 2.068 a.u. in the literature [39]. For
comparison, we also plot in Fig. 3(b) the theoretical yield
with the internuclear separations deviating from the fitted
value by 40.2 a.u. Furthermore, we fit the alignment
dependence of the photoelectron yields for different energy
regions of the spectra and the retrieved internuclear
separations are plotted in Fig. 3(c). Our simulations show
that the internuclear separations extracted from the mea-
sured photoelectron spectra with the simple interference
term cos(pR cos @, /2)? qualitatively agree well with the
N, internuclear separation marked by the blue line in
Fig. 3(c).

It is worth noting that, comparing to the well-explored
LIED and FABLES schemes [22-25,41,42], our tomo-
graphic method exhibits several benefits. First of all, in our
method, we explore the back-rescattered photoelectron
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with fixed final energy as a function of the alignment
angle. The corresponding elastic differential scattering
amplitudes of constituting atoms, which are entangled with
the two-center interference pattern in LIED and FABLES
(see, e.g., Refs. [22,24]), are independent on the molecular
alignment and thus, cancel out as a common factor. Second,
in our method, the extracted electron-ion DCSs can be
described with a simple two-center interference term
cos(pR cos @, /2)?, which is directly related to the mea-
sured photoelectron momentum p, while in LIED and
FABLES, a relatively complicated derivation of the relation
between the scattering momentum and the measured
momentum of the photoelectron has to be taken [22-24].
Last but not least, in our method, the entire high-energy
photoelectron spectra with high yields can be safely used to
retrieve the information of the molecular internuclear
separation, while the LIED method usually selects the
highest energy photoelectrons in the spectra to diminish the
contamination from other rescattered orbits, with the cost of
the relatively low photoelectron yield. To improve the
experimental efficiency in LIED, the DCS with the lower
energy photoelectrons is used with a plausible assumption
that the contribution of the long orbit dominates in the
spectra [3]. Such assumption is also made in the FABLES
scheme for the retrieval of the internuclear separation [24].
In summary, we demonstrate a tomographic method to
retrieve the molecular internuclear separation based on two-
center interference with aligned diatomic molecules. Our
measurement shows a prominent valley structure from the
destructive two-center interference of the rescattered elec-
trons in the alignment dependence of the high-energy
photoelectron spectra along the laser polarization direction.
Based on this two-center interference, we show that the
detailed information about the molecular structure can be
extracted, providing a more straightforward approach of
molecular imaging based on strong-field ionization and
rescattering, in comparison with LIED and FABLES
schemes. Our tomographic method with the two-center
interference of the aligned molecules may be applied to the
more complex molecules, e.g., the multicenter molecules to
retrieve the information of the molecular structure.
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