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We extract large-angle elastic differential cross sections (DCSs) for electrons scattering from par-
tially aligned O+

2 and CO+

2 molecules using rescattering photoelectrons generated by infrared laser
pulses. The extracted DCSs are in good agreement with those calculated theoretically, demon-
strating that accurate DCSs for electron-ion scattering can be extracted from the laser-induced
rescattering spectra, thus paving the way for dynamic imaging of chemical reactions by rescattering
photoelectron spectroscopy.

When a molecule is exposed to an optical field whose
magnitude matches the intra-molecular Coulombic fields,
the molecule can be tunnel ionized, releasing an electron.
This electron is then placed in the oscillating electric field
of the laser and may be driven back to its parent ion and
then recombine or rescatter. These processes form the
core of the rescattering theory [1, 2] and are of current
interest due to the possibility of using the returning elec-
trons for self-imaging the target. When laser-induced
photoelectrons are driven back to collide with the tar-
get ions, structural information about the target can be
extracted from the recombination of the electrons and
ions [3–6]. A ground-breaking study along this line was
a demonstration that the outermost molecular orbital of
the N2 molecule can be extracted from the high-order
harmonic generation (HHG) spectra using a tomographic
procedure [4]. The extraction of the orbital wave func-
tion, however, even though extremely impressive, relies
on a number of unconfirmed assumptions [7–11]. The re-
alization of orbital tomography as a practical tool for re-
trieving structural information still awaits a careful the-
oretical investigation of the underlying assumptions.

In contrast to the wave of excitement and burst of
exploitation that followed the discovery of HHG spec-
troscopy, angular distributions of rescattering photo-
electrons are less studied. Rescattering photoelectron
spectroscopy (RPS) can be regarded as a photoelectron
diffraction measurement where the molecule being stud-
ied is both the source of the electrons and the scattering
target. Noting the fact that electron diffraction with a
pulsed electron gun is the cutting edge technique for re-
trieving time-evolved structures [12, 13], one can see that
RPS offers great opportunities for determining molecular
structure, with the benefit of achieving femto- to sub-
femtosecond temporal resolutions offered by the short
laser pulses. In this connection it is worth noting the
pioneering work by Meckel et al. [14], where they ob-
served the rescattering photoelectrons from the dynam-
ically aligned N2 and O2 molecules and analyzed them

using a plane-wave approximation that is also used for
the analysis of the HHG spectra [4].

Recently, it has been demonstrated, both theoretically
and experimentally, that elastic differential cross sec-
tions (DCSs) for scattering of free electrons from atomic

ions [15–18] can be accurately extracted from the momen-
tum distributions of high-energy rescattering photoelec-
trons. In this Letter, we present the first demonstration
of extracting DCSs of partially aligned molecules, in a
wide range of electron momentum. Namely, we extract
DCSs for electron scattering from partially aligned O+

2

(CO+
2 ) ground state ions, in the range 0.6(0.9)–3.3 a.u.,

from the angular distributions of laser-induced rescat-
tered photoelectrons. The spectra are recorded for ran-
domly oriented free molecules. The highest occupied
molecular orbitals of O2 and CO2 are πg symmetry and
thus have the lobs at ∼ 45◦ relative to the molecular axis.
As a result field ionization by the intense laser predomi-
nantly occurs for the molecules aligned at ∼ 45◦ relative
to the laser polarization vector [19–21].

The main advantage for extracting DCSs in compar-
ison with direct structure retrieval based on several as-
sumptions such as the often-used plane-wave approxima-
tion is that the DCSs completely encapsulate electron-
ion scattering and thus, in principle, can be used for
more precise structure analysis [22] as well as the ex-
traction of the charge distributions [23]. For comparison,
we carry out ab initio calculations of DCSs for elastic
scattering of free electrons from O+

2 and CO+
2 . The ab

initio DCSs are in good agreement with the extracted
DCSs, confirming the validity of the extraction proce-
dure. Furthermore, we find that the DCSs exhibit a rich
structure that dramatically changes as the electron mo-
mentum changes in the range 0.7(0.9) − 3.3 a.u for O2

(CO2). This dramatic change reflects evolution of the
double-slit-like multi-center interference fringes as a func-
tion of the electron momentum. Noting that the multi-
center interference is sensitive to the bond lengths but
cannot be precisely predicted by the plane-wave approxi-
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FIG. 1: (Color online) Laser-induced two-dimensional RPS
spectrum for CO+

2 , at a laser intensity of 1.3 ×1014 W/cm2.
The intensity is plotted in logarithmic false color scale. The
polarization direction of the linearly polarized lasers is along
z-axis. The elastic scattering of a returning electron with mo-
mentum pr is represented by an arc about the shifted center
from the origin by A0 = pr/1.26. See text.

mation, the present DCSs measurement can be regarded
as an important step towards dynamic imaging of chem-
ical reactions by RPS.

In the experiments, we measured angle-resolved high-
energy rescattering photoelectron spectra of randomly
oriented O2 and CO2 with near-IR laser pulses from a 1
kHz amplified Ti:sapphire laser system. The laser beam
was introduced into the vacuum chamber and focused by
a f = 60 mm lens or a f = 100 mm mirror to ionize the
effusively expanded sample molecules. We detected high-
energy electrons with a linear time-of-flight spectrometer
as a function of the angle between the laser (linear) polar-
ization and the direction of emission of the electrons by
rotating a λ/2 plate [24, 25]. The key point of the present
experiments is that we covered a very wide range of laser
intensities from 7 × 1013 W/cm2 to 1.2 × 1015 W/cm2

using three different pulse widths from the two different
laser systems. At the lowest laser intensities, we used
100 fs laser pulse at a wavelength of 800 nm. For higher
laser intensities, we used shorter pulse duration, 35 fs
and 10 fs, at 785 nm (KMlabs, Dragon), in order to re-
duce the effect of depletion of the sample molecules. To
generate the laser pulses of 10 fs duration, the pulses of
35 fs duration were compressed in an argon-filled hollow-
core fiber. In this way, we could cover a wide range of
recollision electron momentum up to 3.3 a.u.

To extract DCSs from the measured angle resolved
RPS spectra, we apply the factorization formula of Mor-
ishita et al. [15, 18]. For fixed-in-space molecules where
the molecular axis makes angles R̂′ = {Θ′, Φ′} with re-
spect to the laser’s polarization along the z-axis, high-
energy photoelectron momentum distributions S(p, R̂′)
having the electron momentum of p can be expressed as

S(p, R̂′) = W (pr, R̂
′)σ(pr, R̂

′), (1)

where σ(pr, R̂
′) is the fixed-in-space elastic DCS for the

scattering of free electrons by the target ion with final
momentum pr = {pr, θr, φr}. Here W (pr, R̂

′) is the re-
turning electron wave packet. Since the rescattering for
the high-energy electrons occurs when the laser electric
field is nearly zero, i.e., the vector potential is close to
the maximum value A0, each electron will gain an addi-
tional drift momentum A0 in the laser polarization di-
rection. Moreover, the photoelectron having the high-
est energy of 10Up has nearly the highest recollision en-
ergy of ∼ 3.2 Up, where Up = A2

0/4 is the pondero-
motive energy [26]. Thus, the recollision momentum is
pr =

√

2 × 3.2Up = 1.26A0, and we have

p = ±A0 ẑ + pr = ± (pr/1.26) ẑ + pr (2)

where the “+” and “−” signs refer to electrons that, be-
fore scattering, are moving toward the ion from the z > 0
and the z < 0 directions, respectively [18, 23]. The rela-
tion in this equation is illustrated in Fig. 1 together with
the definition of the angle θr. An analytical formulation
of the factorization formula was recently derived [27]. For
the lower energy part of the photoelectron spectra, the
electrons may return to the ion core following a long or
a short trajectory. It is shown, however, that the ra-
tio between the recollision electron momentum pr and
the vector potential A does not change significantly from
1.26 and thus the relation in Eq. (2) can be used for those
returning electrons that can be backscattered to emerge
with energies higher than 4Up [28].

Using a procedure similar to that used for analyzing
HHG spectra in [29], we approximate the wave packet
of Eq. (1) by N(Θ′)W̄ (pr), where N(Θ′) is proportional
to the Θ′-dependent ionization rate that can be mea-
sured [19] or calculated by the MO-ADK model [20] or
the Siegert method [30]. The photoelectron momentum
distribution for randomly oriented molecules is then ob-
tained as

S(p) = W̄ (pr)σ̄(pr, θr), (3)

where σ̄(pr, θr) is the DCS convoluted over the alignment
angles, namely,

σ̄(pr, θr) =

∫

N(Θ′)σ̄(pr, R̂
′)dR̂′. (4)

The fixed-in-space DCS depends only on φr − Φ′ in the
azimuthal angles, so that the electron spectra as well as
the convoluted DCS exhibit cylindrical symmetry along
the polarization axis.

The convoluted DCS, σ̄(pr, θr), depends very weakly
on laser intensity via N(Θ′). The relation between pr

and p is independent of laser intensity. We can thus
integrate Eq. (3) over the focus volume to obtain the
approximate formula:

SI0(p) = W̄I0 (pr)σ̄(pr, θr), (5)
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FIG. 2: (Color online) Experimental and theoretical elastic
differential cross sections for scattering of free electrons from
partially aligned O+

2 and CO+

2 . The experimental data were
normalized to the theoretical results at θr = 160◦. The theo-
retical results were obtained by a convolution with MO-ADK
angle-dependent ionization rates. To smooth out the ATI
peaks, the experimental DCSs are obtained by averaging the
raw data over a bin of ∆pr = 0.1 a.u. and ∆θr = 10◦.

where SI0(p) is the volume-integrated photoelectron mo-
mentum distributions with a peak laser intensity of I0 at
the laser focus. W̄I0(pr) is the volume-integrated wave
packet, namely,

W̄I0(pr) = ρ

∫ I0

0

W̄I(pr)

(

−
∂V

∂I

)

dI (6)

where W̄I(pr) is the wave packet for the laser pulse at
the intensity I and ρ is the density of the target gas.

SI0(p) of Eq. (5) describes the 2D electron momen-
tum distributions measured experimentally, as shown in
Fig. 1. Here, the spectrum was recorded for CO2 at the
lowest laser intensity of I0 = 1.3 × 1014 W/cm2. The
precise laser intensity is not important. From such 2D
spectra measured at many different laser intensities, we
can extract the DCSs using Eq. (5).

The crucial function W̄ cannot be obtained reliably
from theory. Instead, for both O2 and CO2 we extracted
W̄I(pr) from the experimental SI0(p) employing the the-
oretical σ̄(pr, θr) at θr = 160◦. This normalization angle
represents a compromise between an angle with weak de-
pendence on pr in the theoretical σ̄(pr, θr) and an angle
with large cross sections. In other words, the extracted
DCSs, σ̄(pr, θr), are normalized to the theoretical ones at
θr = 160◦. Note that the θr variation of the experimental
results are independent of the normalization angle, and
the variation with pr are only weakly dependent on this
angle.

The resulting DCSs for CO2 are shown in lower left

panel of Fig. 2. To construct this 2D map, we combined
one 2D spectrum measured with 100 fs laser pulses (I0 =
1.3×1014 W/cm2), which covers pr = 0.9−1.25 a.u., four
spectra with 35 fs laser pulses (I0 = 1.5, 1.8, 3.0, and
4.5×1014 W/cm2), which cover pr = 1.25−2.3 a.u., and
two spectra with 10 fs laser pulses (I0 = 0.8 and 1.2×1015

W/cm2), which cover pr = 2.3− 3.3 a.u. There are some
overlaps between the momentum ranges for different laser
intensity pulses. In these cases, we used the lowest laser
intensity to extract the DCSs, because the present pro-
cedure of the DCS extraction is the best for the largest
momentum range. The corresponding DCSs for O2 are
shown in the upper left panel of Fig. 2, which includes our
previous measurements [24, 25] at low laser intensities, as
well as the present new ones. We used two 2D spectra
with 100 fs laser pulse (I0 = 0.7 and 1.3× 1014 W/cm2),
which cover pr = 0.6 − 1.25 a.u., two spectra with 35 fs
laser pulses (I0 = 1.5 and 2.0 × 1014 W/cm2), which
cover pr = 1.25 − 1.7 a.u., and four spectra with 10 fs
laser pulse (I0 = 0.35, 0.6, 0.9, and 1.2 × 1015 W/cm2),
which cover pr = 1.7 − 3.3 a.u.

To assist in and confirm the validity of the extrac-
tion of the DCSs as discussed above, we have carried
out ab initio calculations for DCSs, σ(pr, r̂

′) in Eq. (1).
The calculations were performed using the Schwinger
configuration interaction method [31], using interatomic
distances fixed at their experimental equilibrium values
[32, 33]. The augmented correlation-consistent polarized
valence triple-ζ [34] one-electron basis set was used. The
bound orbitals were obtained from valence complete ac-
tive space self-consistent field calculations on the ground
states of the neutral molecules and configuration interac-
tion (CI) wave functions were used to describe the 2Πg

ion ground states. In O2 a full valence CI was used and in
CO2 the CI include all configuration state functions with
up to five electrons in the virtual orbitals. The DCSs
for electron-molecular ion scattering were obtained using
single-channel calculations as discussed previously [35].

In the right-hand panels of Fig. 2 we show the result-
ing DCSs, σ̄(pr, θr), obtained from Eq. (4) using N(Θ′)
from the MO-ADK theory [20]. We also computed orien-
tation averaged DCSs using angle-dependent ionization
rates measured by Pavicic et al. [19]. In the case of CO+

2 ,
the resulting values of σ̄(pr, θr) did not agree with our
measured DCSs as well as the σ̄(pr, θr) computed using
the MO-ADK theory did. We note that the measured
angle-dependent ionization rate for CO2 [19] is much
sharper than that calculated by the MO-ADK [20]. The
angle-dependent ionization rate for O2 calculated by the
MO-ADK [20] agrees reasonably well with that measured
by Pavicic et al. [19]. In the calculations, the dynamical
alignment effects within the laser pulse before the ioniza-
tion is not incorporated, because this effect is by far less
significant than the geometrical alignment effects incor-
porated in the present calculation [36].

Both for O2 and CO2, the experimental DCSs, normal-
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ized to the ab initio DCSs at θr = 160◦, are modulated
as a function of electron momentum. The origin of these
modulations can be found in the ab initio DCSs. Let us
first look at the O2 case. The modulation is significant es-
pecially at ∼ 180◦ where the electrons are backscattered.
This modulation is mainly due to the double-slit-type in-
terference. The returning electron wave packet is rescat-
tered by the two O atoms, aligned at 45◦ relative to the
polarization axis, and thus the back-scattered waves ex-
hibit double slit interference [25]. The minimum at ∼ 0.7
a.u. corresponds to the destructive interference and the
maximum at ∼ 1.2 a.u. corresponds to the constructive
interference. These interference minimum/maximum are
well reproduced by the present ab initio calculations. If
we use a plane wave approximation, however, the mini-
mum/maximum appear at different momenta, illustrat-
ing that proper scattering theory is indispensable for re-
production of the DCSs as well as rescattering photo-
electron spectra. The minimum at ∼ 1 a.u. in the back-
scattering of CO2 illustrates the first observation of the
destructive interference among the wave packets rescat-
tered by the three atoms. The present ab initio theory
reproduces this three center interference pattern. The
structure in the DCSs for CO+

2 at 1.2–1.4 a.u. is at-
tributed to shape resonances in the kσu and kπg continua
which are found in our computed σ(pr, r̂

′).
In summary, we have successfully extracted the large-

angle elastic differential cross sections (DCSs) for scat-
tering of free electrons by singly charged ions of par-
tially aligned O2 and CO2 molecules from the momentum
distributions of rescattering photoelectrons generated by
infrared laser pulses. The extracted DCSs are in good
agreement with ab initio results, confirming the valid-
ity of the extraction procedure. Noting that the double-
slit-type interference includes information about the dis-
tances between the atoms of a molecule, the present re-
sult has a further implication that the rescattering elec-
tron spectroscopy is indeed potentially a powerful tool
for determining the structure of molecules and thus may
be employed for studying chemical reactions with a tem-
poral resolution of femto- or subfemtoseconds and with
atomic spatial resolution.
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