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We investigate experimentally and theoretically the C and O 1s photoionization of fixed-in-space CO
molecules at a photon energy of 905 eV. We find a significant dependence of the photoelectron angular
distributions on the direction of propagation of the ionizing radiation. It results from an interplay of
nondipole effects, on one hand, and molecular effects, on the other. The nondipole effects lead to an
increase of the emission probability in the forward direction along the light propagation, and the
photoelectron wave being scattered by the molecular potential gives rise to a strong peak in the direction of
the atom neighboring the emitter site. These effects can either conspire or extenuate each other, depending
on the photoelectron emission direction and molecular orientation in space.
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Over a wide range of wavelengths and intensities, light-
driven electron emission does mainly depend on the light’s
polarization but only weakly on its propagation direction.
This is the rationale for the electric-dipole approximation
used in many theoretical treatments. That approximation
entails the neglect of the photon momentum, the finite speed
of light, and the spatial dependence as well as the magnetic
component of the electromagnetic wave. Refined experi-
mental precision, however, has lead to the observation of the
imprints of all of these effects in, e.g., the photoelectron
momentum (angular emission) [1–3] distributions and even
the photoelectron energy [4]. Starting about 10 years ago,
ever more sensitive experiments in strong-field multiphoton
processes uncovered many intriguing details, e.g., on the
forward shift of the momentum distribution by magnetic
[5–8] as well as electric [9] nondipole effects, and found that
the energy of the photoelectron peaks changes with the
emission direction relatively to the light propagation [4]. In
the perturbative regime of single-photon ionization, further-
more, the role of the photon momentum on the photoelectric
effect was directly shown in experiments by Grundmann
et al. [10], the finite speed of light was shown to induce

zeptosecond delays in the birth time of the photoelectron
wave [11], and a long illusive dipole-forbidden mechanism
for double ionization was proposed [12] and experimentally
confirmed several years later [13,14].
These studies examined the nondipole contributions

emerging due to the nature of light itself. As these
experiments mainly investigated atoms (or randomly ori-
ented molecules) as targets, they mostly neglected the
influence of the geometrical properties of those targets. In
molecular photoionization, the interaction of the emitted
photoelectrons with the multicenter molecular potential
plays a dominant role, as is shown, for example, in cases
where molecular-frame photoelectron angular distributions
[15–17] are employed even as a tool for structure deter-
mination. Despite at high photon energies both of these two
building blocks are naturally shaping the photoelectron
emission process, they have rarely been looked at jointly
(see Ref. [18] for pioneering work which made use of a
powerful experimental setup of Ref. [19]). It is the purpose
of the present Letter to show on the example of single-
photon K-shell ionization of CO how the molecular effects
and the nondipole effects finally determine the outcome of
the photoionization process. While the molecular effects
decrease with photon energy (as fast photoelectrons are
less affected by the molecular potential), on the contrary,
nondipole effects increase with photon energy. We, there-
fore, chose a photon energy of hν ¼ 905 eV, where both
effects can be expected to be appreciably strong.
In almost all atomic and molecular photoionization

studies, the nondipole contributions manifest themselves
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via a forward-backward asymmetry of the angular emission
distributions of photoelectrons in the laboratory frame
[2,3,20]. A simplified physical picture behind this effect
can be demonstrated with the help of Fig. 1. Let us consider
the K-shell ionization of an atom with circularly polarized
light of positive helicity which propagates along the z axis.
In the electric-dipole approximation, it emits an εp wave
with an amplitude for its momentum distribution as given
by the Y11 spherical function [dashed curve in Fig. 1(a)].
The quadrupole interaction populates an εd wave whose
momentum-distribution amplitude is given by the Y21

function [dotted curve in Fig. 1(a); compare Fig. 1 in
Ref. [14] for experimental demonstration]. As one can see,
the dipole and quadrupole contributions possess similar
signs for z > 0 and opposite signs for z < 0 (as encoded in
their colors). As a consequence, a superposition of those
contributions results in an angular emission distribution
with considerably more electrons being emitted along the
light propagation direction kγ , i.e., in the forward direction
[see the solid curve in Fig. 1(b) representing a 80%:20%
mixture of the amplitudes].
One can expect that this simple physical picture changes

considerably formolecules. First, owing to the loss of central
symmetry, the photoelectron can exchange angular momen-
tum with the molecular ion. Thus, many partial photo-
electron waves mix in the dipole and also in all multipole
contributions, and a more complicated dependence of the
phase difference between those contributions (and of their
superposition) on the emission angle can be expected (even
for randomly oriented molecules). Second, the nondipole
contributions can be expected to be different for different
molecular orientations, depending on the spatial configu-
ration of scattering neighbor atoms. Indeed, a variety of
asymmetries in photoelectron angular distributions from
fixed-in-space molecules and in the laboratory-frame
angular distributions of fragments, emerging beyond the

electric-dipole approximation, was predicted analytically
almost 20 years ago [21]. Here, we investigate experimen-
tally and theoretically one of such nondipole-induced
asymmetries.
The interplay of nondipole effects and molecular multi-

ple scattering is illustrated with the help of our theoretical
results in Fig. 2. This figure depicts the angular emission
distribution of the carbon and oxygen 1s photoelectrons of
a CO molecule, computed in different approximations. The
molecule lies in the picture plane and is oriented such that
the carbon atom points toward þ45° and −45° with respect
to the polarization plane ε of the circularly polarized light
(i.e., in the forward and backward directions with respect to
the light propagation axis kγ). The calculations were carried
out in the frozen-core Hartree-Fock approximation using
the stationary single center (SC) method [22–24], which
allows for an accurate description of angle-resolved
molecular photoionization. In the calculations, molecular
orbitals of the bound electrons of the neutral CO molecule
were generated at the equilibrium internuclear distance of
2.132 a.u. [25] using the PC GAMESS (U.S.) [26] QC
package in the triplet-zeta valence basis set [27]. They were
further decomposed over the spherical functions with
l < 99 and m ¼ 0 or m ¼ �1 (for σ or π orbitals,
respectively) with respect to the geometrical center of the
molecule and used to generate the electrostatic direct and
exchange Coulomb potentials for the photoelectron. In order
to properly describe the underlying nondipole effects,
angular-momentum quantum numbers l < 50 and m < 5
were included in the calculations of the partial photoelectron
waves with the kinetic energies of 609 and 363 eV, respec-
tively, for the C and O 1s ionizations. The photoionization
amplitudes for emission of partial photoelectron waves were
computed in the velocity gauge by treating the plane wave
eikγ ·r of the vector potential in the transition matrix element
explicitly and performing a three-dimensional integration in
the molecular frame numerically [28].
As one can see from Fig. 2, the computed angular

emission distributions exhibit the strong main lobe in the
direction of the scatterer, showing the ability of high-energy
photoelectrons to image a neighboring atom [29,30]. It
emerges because a photoelectron wave emitted toward a
heavy neighbor is attracted by an uncompensated positive
charge of its nucleus, which focuses it as a lens. In the
dipole approximation with eikγ ·r ≈ 1 (dashed blue curves),
the two emission patterns computed for þ45° and −45°
orientations of the molecule are perfect mirror images of
each other with respect to the polarization plane (vertical
magenta double arrow). If the plane wave eikγ ·r is fully
included in the calculations (solid black curve), the under-
lying nondipole effects cause a systematic enhancement
and reduction of the angular distributions, respectively, in
the forward and backward emission directions with respect
to the propagation of the light. As a consequence, the main
lobe in the computed distributions is larger if the scatterer

FIG. 1. (a) Normalized dipole (Y11, dashed curves) and quadru-
pole (Y21, dotted curves) amplitudes in the xz plane. Red
represents positive and blue negative signs. The phase difference
between those amplitudes changes stepwise by π going from the
forward to the backward emission directions. (b) 80%:20%
mixture of the dipole and quadrupole amplitudes, which is bent
to the forward direction of the propagation kγ of circularly
polarized light.
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points in the forward direction, creating a notable asym-
metry of the emission patterns for the two selected
molecular orientations. Additional calculations performed
approximating eikγ ·r ≈ 1þ ikγ · r (dotted red curves) sug-
gest that the quadrupole contribution underestimates the
full effect in the backward emission direction and over-
estimates it in the forward direction.
In order to verify this nondipole-induced asymmetry, we

performed an experiment at the soft x-ray beam line P04 of
the synchrotron PETRA III [31] at DESY in Hamburg
(Germany) in few-bunch timing mode (bunch spacing
192 ns). A supersonic CO molecular beam was crossed
with the circularly polarized synchrotron radiation pro-
vided by the 5-m-long APPLE-II undulator at the photon
energy of 905 eV. All charged particles generated in the
course of the photoionization, Auger decay, and subsequent
Coulomb explosion of the molecule were detected in
coincidence by using the COLTRIMS (cold target recoil
ion momentum spectroscopy) reaction microscope [32–34]
permanently installed at the beam line. Electrons and ions
were guided by homogeneous electric (56.1 V=cm) and

magnetic (43.5 G) fields in two opposite arms onto two
time- and position-sensitive microchannel plate (MCP)
detectors (active area of 80 mm diameter) with hexagonal
delay-line position readout [35,36]. The employed electron
arm was in total 166 mm long and included an additional
mesh for creating a drift region (time-of-flight focusing
geometry). The employed ion arm was in total 308 mm
long and included an electrostatic lens (time-of-flight and
spatial focusing) plus spectrometer plates of smaller inner
diameter to shield the target region from this electrostatic
lens. The electron arm of the spectrometer allowed for an
efficient detection of high-energy C and O 1s photo-
electrons and subsequent Auger electrons.
The initial momentum vectors of charged particles can

be determined from their positions of impact on the
detectors and their flight times. Under assumption of the
axial-recoil approximation [37], the ionic momenta provide
access to the molecular orientation at the instant of
photoionization. The photoelectron momenta measured
in coincidence yield in addition the relative emission
angles. The measured angular emission distributions of
the C and O 1s photoelectrons are depicted, respectively, in
Figs. 3 and 4 for selected orientations of the molecule with
respect to the polarization plane. They are compared to the
respective theoretical distribution. The error bars represent
the absolute statistical uncertainties of the measured data
(i.e., the square root of the number of counts). As one can
see from these figures, the experimental results are in good
agreement with the computed ones, confirming thereby the
predicted nondipole-induced asymmetry. In particular, the
emission distributions obtained for two mirrored orienta-
tions of the molecule with respect to the polarization plane,
i.e., for the�α angles, are not perfect mirror images of each
other as they would be within the dipole approximation.
Indeed, both theory and experiment exhibit a clearly larger
main lobe if the scatterer atom points in the forward
direction (negative orientation angles in Fig. 3 and positive
in Fig. 4) as compared to the cases where the neighbor
points backward with respect to the light propagation (for
þα orientations in Fig. 3 and for −α in Fig. 4).
Although many details in the theoretical emission dis-

tributions are reproduced by the experiment, there is a
quantitative disagreement between the measurement and
the prediction which can be rationalized as follows.
First, the measured data represent photoelectrons emitted
within an opening angle of �12° out of the plane which is
spanned by the molecular axis and the light propagation
direction (the picture plane). In order to demonstrate the
largest nondipole-induced asymmetry, the computed data
are restricted to this plane only. Extended calculations,
however, indicated a small impact of the close-lying out-of-
plane emission directions on the effect. Second, the photo-
electron emission angles are binned in steps of 6°. Finally
and most importantly, in order to gather sufficient statistics,
the experimental data are gated on intervals for molecular

FIG. 2. Angular emission distributions of 1s photoelectrons
after ionization of CO molecules by photons with an energy of
905 eV, as computed in different approximations. (a) and (b)
Carbon 1s photoelectrons. (c) and (d) Oxygen 1s photoelectrons.
Light propagates horizontally from left to right (green arrow).
The molecule is oriented in the picture plane atþ45° in (a) and (c)
and at −45° in (b) and (d) with respect to the polarization plane
(which is perpendicular to the picture plane, indicated by magenta
double arrow) of the circularly polarized light. The photoelec-
trons are emitted in the plane built by the light propagation and
molecular orientation axes. Dashed blue curve, dipole approxi-
mation. Dotted red curve, dipole and quadrupole contributions.
Solid black curve, full nondipole treatment.
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orientation angle of α� 10°. This uncertainty in the
determination of the molecular orientation washes out
some details of the experimental distributions as compared
to the theory. Individual impacts of those averaging effects
are visualized in Supplemental Material [38] with the help
of the present theoretical data. Remaining disagreements
might be attributed to limitations of the present theory, e.g.,
to the one-particle description of photoelectron waves in
the frozen-core Hartree-Fock approximation.
As a final point, we demonstrate in Fig. 5 that this

nondipole-induced asymmetry survives an averaging over

the photoelectron emission directions. Such a total electron
yield can be considered as a measure of the total ionization
rate which, of course, depends on the molecular orientation
(owing to the main lobe in the photoelectron angular
emission distributions). However, in the dipole approxi-
mation, it should be equal for two�αmirrored orientations
of the molecule with respect to the polarization plane. Solid
black curves in Figs. 5(a) and 5(b) depict the presently
computed total yields of the respective C and O 1s
photoelectrons in the considered emission plane, and they
exhibit a clear asymmetry [i.e., their maxima are slightly

FIG. 3. Theoretical (left panels) and experimental (right panels)
nondipole angular emission distribution of the C 1s photo-
electrons of CO ionized by photons with an energy of 905 eV.
The molecule is oriented as shown in the inset in the picture plane
at an angle �α with respect to the polarization plane (magenta
double arrow) of the circularly polarized ionizing light which
propagates from left to right (green arrow).

FIG. 4. Theoretical (left panels) and experimental (right panels)
nondipole angular emission distribution of the O 1s photo-
electrons of CO ionized by photons with an energy of 905 eV.
The molecule is oriented as shown in the inset in the picture plane
at an angle �α with respect to the polarization plane (magenta
double arrow) of the circularly polarized ionizing light which
propagates from left to right (green arrow).
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shifted to negative (positive) orientation angles for the
carbon (oxygen) emitters]. Much higher contrast in the
asymmetry can be seen if one considers the total photo-
emission yields in the forward and backward hemiplanes
separately [broken curves in Figs. 5(a) and 5(b)].
Experimentally, this small asymmetry is beyond the

systematical errors of our ion detector. To still test the
underlying effect, we depict in Figs. 5(c) and 5(d) the nor-
malized differences of these computed forward and back-
ward electron yields (solid black curves). As one can see,
they exhibit a clear oscillatory structure from positive to
negative values for carbon and vise versa for oxygen
emitters. However, the computed differences are not anti-
symmetric with respect to the polarization plane (α ¼ 0°)
being clearly shifted to positive values (upward) as com-
pared to those computed in the dipole approximation
(dashed blue curves). The systematical error in these
normalized differences is significantly smaller than in
our measured absolute rates. As one can see, the respective
experimental normalized differences (symbols with error
bars as statistical uncertainties), which need not be cali-
brated for different orientation angles jαj, fully support the
theoretically demonstrated asymmetry. The measured nor-
malized differences are, however, somewhat washed out by
the discussed above uncertainties in the determination of
the molecular orientation angle α.
In conclusion, we observe an asymmetry in the angle-

resolved photoemission from COmolecules oriented at two

equal but mirrored angles with respect to the polarization
plane of circularly polarized 905 eV synchrotron radiation.
In the dipole approximation, the respective photoelectron
emission distributions are perfect mirror images of each
other. Owing to the retardation of short-wavelength ioniz-
ing radiation, the main lobe in the photoemission, which
points toward the scatterer atom, is notably enhanced or
reduced if the neighboring atom is oriented along the light
propagation or in the opposite direction. The present Letter
provides a showcase example for the manifestation of
nondipole effects, which can be expected in future ultrafast
photoelectron diffraction imaging experiments at high-
photon-energy facilities.
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