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Abstract
We investigate experimentally and theoretically the N 1s photoionization of fixed-in-space N2

molecules at a photon energy of 880 eV. In our experiment, we employed circularly polarized
synchrotron radiation for the photoionization and coincident electron and fragment-ion
detection using cold target recoil ion momentum spectroscopy. The accompanying
angle-resolved calculations were carried out by the multichannel single-center method and code
within the frozen-core Hartree–Fock approximation. The computed emission distributions
exhibit two distinct features along the molecular axis, which are the results of a superposition of
the direct and nearest-neighbor scattering amplitudes for the photoemission from two nitrogen
atoms. In the electric-dipole approximation, these peaks are symmetric with respect to both
nitrogen atoms. Including nondipole (retardation) effects in the calculations results in a
simultaneous increase and decrease of the scattering peaks towards the nitrogen atoms pointing
in the forward and backward directions along the light propagation, respectively. These
theoretical findings are in agreement with our experimental findings.

Keywords: photon interactions with molecules, inner-shell photoionization,
molecular-frame angular distributions, nondipole (retardation) effects
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1. Introduction

In a majority of theoretical studies of light–matter interac-
tion, it is well justified to employ the electric-dipole approx-
imation, which neglects the spatial dependence of the radi-
ation plane wave and thus its retardation. Nevertheless, a con-
tinuous enhancement of the experimental detection techniques
and the refinement of their precision provides unambiguous
proof of a breakdown of the electric-dipole approximation
[1]. In x-ray photoionization of atoms and randomly oriented
molecules, nondipole effects induce a notable dependence of
the laboratory-frame photoelectron angular distributions on
the direction of the light propagation [2–4], and their influence
increases with increasing photon energy. If the photoemission
from fixed-in-space molecules is considered (see, e.g. studies
ofmolecular-frame photoelectron angular distributions [5–7]),
geometrical properties of ionized targets start to play a domin-
ant role in the formation of the angular distributions. Contrary
to the nondipolar effects, the role of such multiple-scattering
effects caused by the molecular potential decreases as the
photon energy is increased.

For fixed-in-space molecules, a superposition of effects
caused by the molecular potential on one side and nondipole
contributions due to the light retardation on the other side
may induce intricate asymmetries in the photoelectron emis-
sion distributions [8]. One of such asymmetries was repor-
ted in our recent experimental and theoretical study of fixed-
in-space CO molecules ionized by photons with an energy
of 905 eV [9]. On the one hand, molecular-frame angular
distributions of high-energy photoelectrons exhibit a distinct
nearest-neighbor scattering peak pointing from the emitting
atom towards its neighbor (scatterer) [10–13]. On the other
hand, the nondipole contributions introduce a notable forward-
backward asymmetry with respect to the light propagation
direction, typically with more photoelectrons being emitted
along the light propagation direction [14, 15] than in the
opposite direction. As a consequence of these two effects,
the nearest-neighbor scattering peak in our study [9] was not-
ably increased (decreased) if the scatterer atom was pointing
in the forward (backward) direction with respect to the light
propagation.

In our present work, we perform a joint theoretical and
experimental study of similar nondipole-induced asymmet-
ries in the angular emission distribution from fixed-in-space
N2 molecules and discuss two new aspects. Firstly, for homo-
nuclear molecules, there are two nearest-neighbor scattering
peaks for the photoemission from two nitrogen atoms. As a
consequence, they are simultaneously present in the emission
distribution with equal strengths (within the electric-dipole
approximation), pointing in two opposite directions along the
molecular axis [10, 12, 16]. Thereby, the two aforementioned
situations where the scatterer atom points in the forward or
in the backward direction with respect to the light propaga-
tion are present simultaneously. Secondly, the inner-shell pho-
toionization of homonuclear molecules involves two contribu-
tions from the 1σg and 1σu orbitals, and we address the nondi-
pole effects in these contributions separately. For randomly

orientedN2 molecules, an influence of the nondipole effects on
the laboratory-frame angular distribution of inner-shell pho-
toelectrons was studied experimentally and theoretically in
[17, 18].

This paper is organized as follows: our experimental and
theoretical approaches are outlined in section 2. The results
are discussed in section 3. We conclude with a brief summary
in section 4.

2. Methods

Our experiment was performed at the soft x-ray beamline P04
of the synchrotron PETRA III [19] at DESY in Hamburg
(Germany) and is very similar to that presented in [9]. The
synchrotron was operated in the few-bunch timing mode with
a bunch spacing of 192 ns. The circularly polarized syn-
chrotron radiation (h̄ω = 880 eV) was provided by beamline
P04 using a 5m-long APPLE-II undulator. The N2 molecules
were introduced into the chamber in form of a supersonic
molecular beam. The coincident detection of the photoelec-
trons, Auger electrons, and fragment ions created by the
Coulomb explosion of the molecules was performed using a
COLTRIMS (cold target recoil ion momentum spectroscopy)
reactionmicroscope [20, 21], which is permanently installed at
the beamline. All charged particles generated in the photoreac-
tion were guided by homogeneous electric (43.1V cm−1) and
magnetic (36.1G) fields onto two time- and position-sensitive
microchannel plate detectors (with an active area of 80 mm
diameter) with hexagonal delay-line position readout.

The ion arm was in total 308mm long and enhanced by
an electrostatic lens yielding time-of-flight and spatial focus-
ing of the fragment ions. The electron arm was in total 66mm
long. It allowed for an efficient detection of high-energy 1s
photoelectrons and subsequently emitted Auger electrons with
4π collection solid angle. The particles’ impact positions on
the detectors and measured flight times provide access to their
initial momentum vectors. The difference of the two ionic
momentum vectors yields the orientation of the molecular axis
in the laboratory frame (e.g. with respect to the light propaga-
tion direction). The latter is only valid under the assumption of
the axial-recoil approximation [22]. This assumption holds for
the reaction channel under investigation, as was demonstrated
in [10]. As the photoelectron momentum is measured in coin-
cidence, the electron emission angle in the above-established
molecular frame of reference (i.e. relative to the molecular
axis) can be retrieved in the experiment.

The present calculations were performed in the frozen-
core Hartree–Fock approximation by the stationary single-
center (SC) method [23, 24], and, in particular, with its mul-
tichannel realization [24]. The bound orbitals of the neut-
ral N2 molecule were generated at the equilibrium inter-
nuclear distance of 2.074 a.u. [25] using the PC GAMESS
(US) [26] QC package in the triplet-zeta valence basis set
[27]. Those molecular orbitals, decomposed over spherical
harmonics with ℓbound < 99 and mbound = 0,±1 with respect
to the geometrical center of the molecule, were further used
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to create direct and exchange electrostatic Coulomb poten-
tials for the N 1s photoelectrons. In the single-center calcu-
lations, the partial photoelectron continuum waves, Ψkℓm(r),
with the linear momentum k and the kinetic energy ε= k2/2
(which is equal to ε= 470.1 eV for the 1σg and 470.2 eV
for the 1σu channels with the respective ionization poten-
tials of 409.9 and 409.8 eV [28]) were described by the
ℓ < 50 and m< 5 angular-momentum quantum numbers. The
method provides accurate energy-normalized outgoing par-
tial continuum photoelectron waves Ψkℓm(r), as obtained in
the field of the molecular potential, with the proper asymp-
totic behavior [29]. For the considered inner-shell photoioniz-
ation in the far continuum, electron-correlation effects can be
neglected, and even more simplified one-particle approaches
(like, e.g. multiple-scattering x-ray photoelectron diffraction
theory [30]) provide satisfactory agreement with the exper-
iment. Nevertheless, inter-channel correlations in the con-
tinuum were included in the present calculations, and the
1σg and 1σu channels were mixed by the respective Coulomb
coupling [31–33].

The angular emission distributions were calculated in the
molecular frame of reference in the xz plane, which is spanned
by the molecular axis (z axis) and the light propagation direc-
tion kγ . The latter forms an Euler angle β with the former.
Within this geometry, the respective photoemission probabil-
ity, as a function of the orientation angle β and the emission
angle θ, reads [34, 35]:

σε (β,θ) =

∣∣∣∣∣∑
ℓm

(−i)ℓAεℓm (β) Yℓm (θ,φ)

∣∣∣∣∣
2

. (1)

Here, Yℓm are spherical functions and the azimuthal photoe-
mission angle isφ= 0 andφ = π for the x> 0 and x< 0 hemi-
planes, respectively. The photoionization amplitudes Aεℓm(β)
for the emission of partial photoelectron continuum waves
were computed in the velocity gauge by including the plane
wave eikγ ·r of the vector potential in the light–matter interac-
tion explicitly:

Aεℓm (β) = ⟨Ψkℓm (r) |eikγ ·r
(
ϵ⃗ · ∇⃗

)
|Ψ1σg/u (r)⟩r. (2)

Here, ϵ⃗ is the polarization vector of the circularly polarized
light, and the subscript r indicates an integration over the spa-
tial coordinates in the frame of the molecule.

For circularly polarized light with positive helicity and in
the chosen geometry, the following holds:

eikγ ·r = ei
ω
c r(cosβ cosθr+sinβ sinθr cosφr), (3a)(

ϵ⃗ · ∇⃗
)
=− 1√

2

(
−sinβ

∂

∂z
+ cosβ

∂

∂x
+ i

∂

∂y

)
, (3b)

where ω is the photon’s angular frequency and c is the speed
of light. Since the initial bound electronic wave functions
Ψ1σg/u in equation (2) are represented over the knownGaussian

basis set xaybzce−αr2 , the respective partial derivatives over the

molecular Cartesian coordinates in equation (3b) can be taken
analytically. Those analytical derivatives were decomposed
over spherical harmonics with ℓbound < 99 and mbound = 0,±1
with respect to the molecular center. Afterwards, the pho-
toionization transition amplitudes Aεℓm(β) were computed by
performing the three-dimensional integration over the radial
coordinates {r,θr,φr} in equation (2) numerically.

3. Results and discussion

The computed and measured angular emission distributions
of the N 1s photoelectrons, obtained for selected orientations
of the molecule with respect to the light propagation direc-
tion, are depicted in the left and right columns of figure 1,
respectively. A sketch of the molecular orientation scheme is
shown in figure 1(j). The experimental data include all pho-
toelectrons emitted within an opening angle of ±10◦ out of
the picture plane (spanned by the molecular axis and the light
propagation direction). The orientation of the molecular axis
in the laboratory frame spans intervals of β± 10◦ in the pan-
els showing the experimental results. The error bars repres-
ent the absolute statistical uncertainties. We do not present
experimental results for the molecular orientation angle β =
0◦ as we did not obtain sufficient statistics for this geo-
metry. The calculations are performed in the two ways: in
the electric-dipole approximation by setting the plane wave
eikγ ·r in the transition matrix element (equation (2)) to unity
(dipole, blue curves) and beyond this approximation includ-
ing the plane wave fully (nondipole, red curves). In order
to demonstrate a maximal effect, the computed data repres-
ent slices of the angular emission distributions in the picture
plane.

As one can see from the left panels of figure 1, the pho-
toelectron angular emission distributions, computed in the
electric-dipole approximation (blue curves), are symmetric.
Indeed, being rotated by 180◦, the lower part of each distri-
bution would coincide with its upper part. Thereby, the emis-
sion probabilities in the forward and backward hemiplanes, as
defined by the light propagation direction (from left to right),
are equivalent. The nondipole contributions (red curves), as
expected, show a systematic increase of the emission prob-
ability in the forward and a corresponding decrease in the
backward hemiplane. The effect is most pronounced along
the molecular axis, where the emission probabilities exhibit
two distinct features. The latter are given by a superposi-
tion of the direct and nearest-neighbor scattering amplitudes
for the emission from the two equivalent nitrogen atoms [10,
12]. Extended calculations, performed by approximating the
plane wave in the transition matrix element (equation (2))
via eikγ ·r ≈ 1+ ikγ · r, attribute the main asymmetry effect
to the electric-quadrupole and magnetic-dipole expansion
terms [9].

Figure 1 illustrates an overall agreement between
the shapes of the computed (left panels) and measured
(right panels) photoelectron angular emission distributions.
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Figure 1. Theoretical dipole and nondipole (left panels) and experimental (right panels) angular emission distribution of the N 1s
photoelectrons of N2 ionized by photons with an energy of 880 eV. The experimental distributions are normalized to the theoretical ones.
The relative radial scale is visualized by the dotted concentric circles with inclined numbers. Panel (j): the molecule is oriented in the picture
plane at an angle β with respect to the propagation direction (from left to right, green arrow) of the circularly polarized ionizing light
(polarization plane, magenta double arrow).
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Figure 2. The same as in figure 1 for the two orientation angles
β = 60◦ and β = 45◦. Here, the lower part of each distribution
(emission angles 180◦ − 360◦, green curves) is rotated by 180◦ and
compared with the respective upper part (emission angles 0− 180◦,
red curves). See the caption of figure 1 for details on the data
representation and the scheme in figure 1(j) for the definition of the
molecular orientation angle β.

However, as it is necessary to integrate over finite angular
intervals in the experiment (as indicated above), some details
in the experimental distributions are washed out, as com-
pared to the theory. Moreover, owing to the solid-angle ele-
ment, the statistical uncertainties (error bars) grow for smaller
molecular orientation angles β significantly. We therefore
omitted the measured results for β = 0◦ in figure 1. In order
to demonstrate the effect visible in the theory more clearly,
we use in figure 2(a) slightly different data representation
and compare the theoretical and experimental emission dis-
tributions for the two molecular orientation angles β = 60◦

and β = 45◦, for which the effect is largest. In this figure, the
upper parts (red curves) of the distributions from figure 1 are
shown unchanged, while the lower parts (green curves) are
rotated by 180◦, such that they can directly be compared with
each other. In addition, the symmetric distributions, computed
in the electric-dipole approximation, are shown in figures 2(a)
and (c) as the blue curves in between the red and green curves,
which are equivalent for the upper and lower parts of the
dipolar distributions. The emission distribution in figure 2(b),
measured for the molecular orientation angle β = 60◦, sup-
ports these theoretical findings unambiguously. In particular,
this measured distribution is not point-symmetric, as expected
in the electric-dipole approximation, and it is systematically
enhanced in the forward and reduced in the backward emission
direction mainly along the molecular axis (cf red and green
curves in figure 2(b)). Unfortunately, owing to the large statist-
ical uncertainties, the distribution in figure 2(d), measured for
β = 45◦, cannot be considered as an unambiguous proof of the
effect.

Figure 3 shows the breakdown of the computed distribu-
tions into the partial 1σg (left panels) and 1σu (right panels)
contributions. By symmetry, the 1σg channel (corresponding
to a gerade K-shell hole) exhibits emission probability along
the molecular axis. As a consequence, the nondipolar effects
aremore pronounced in the 1σg channel (cf blue and red curves
in each panel). Interestingly, in the 1σu channel (correspond-
ing to an ungerade K-shell hole), the nondipole contributions

Figure 3. Theoretical angular emission distribution of the 1σg (left
panels) and 1σu (right panels) photoelectrons of N2 ionized by
photons with an energy of 880 eV, as computed in different
approximations. See the caption of figure 1 for details on the data
representation and the scheme in figure 1(j) for the definition of the
molecular orientation angle β.
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act differently at different emission directions within each of
the hemispheres. As one can see from the right panels of this
figure, at preferable emission directions (i.e. for largest lobes),
they increase the probability in the forward and decrease in
the backward hemisphere, alike in the 1σg channel. However,
this effect is opposite for the electrons emitted closely along
the molecular axis, where the emission probability for the 1σu

channel vanishes by symmetry. In a time-dependent perspect-
ive, the forward tilt of the central lobe in the 1σg channel in
figure 3(i) can been attributed to a delay of the photoelectron
birth time between the atom facing the incoming light as com-
pared to the atom situated forward in the photon propagation
direction, being caused by the travel time of the light between
the two atomic centers [36].

4. Conclusion

We reported a continuation of our systematic study of the inter-
play between the molecular-potential scattering and nondi-
pole effects in the core–shell photoemission from fixed-in-
space molecules. Here, we demonstrate experimentally and
theoretically how this interplay determines the final photoelec-
tron emission distributions in homonuclear N2 molecules at
a photon energy of 880 eV. We observe that the nondipole
effects break the symmetry of the main lobes in the photoemis-
sion, which are aligned along the molecular axis. In particu-
lar, the lobe which points along the light propagation direction
becomes noticeably larger than the one pointing in the oppos-
ite direction. The effect emerges mainly in the 1σg photoion-
ization channel, which is responsible for the emission probab-
ility along the molecular axis.

Data availability statement
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