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Theoretical two-center interference patterns produced (i) by the K-shell photoionization process of the
N2 molecule and (ii) by the Auger decay process of the K-shell hole state of the N2 molecule are compared
for the case of equal photo- and Auger-electron energies of about 360 eV. The comparison shows that both the
angular distribution of the photoelectrons and the angular distribution of the Auger electrons of equal energy
in the molecular frame are primarily defined by the Young interference. The experimental data for the angular
resolved K-shell Auger electrons as a function of the kinetic-energy release (KER) obtained earlier [Phys.
Rev. A 81, 043426 (2010)] have been renormalized in order to visualize the angular variation in the regions of
low Auger-electron intensities. That renormalized data are compared with the corresponding theoretical results.
From the known behavior of the potential energy curves, the connection between the KER and the internuclear
distance can be established. Since the Young interference pattern is sensitive to the internuclear distance in the
molecule, from the measured KER dependence of the Young interference pattern one can trace the behavior of
the Auger-electron angular distribution for different molecular terms as a function of internuclear distance. The
results of that analysis are in a good agreement with the corresponding theoretical predictions.
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I. INTRODUCTION

The famous Young’s double-slit experiment demonstrated
how the addition of two coherent waves of light leads to
interference oscillations of the light intensity as a function
of direction of light propagation. A conceptually similar phenomenon for the photoelectron waves emitted from homonuclear diatomic molecules has been discussed in a number
of papers [1–4]. Instead of passing through the holes in a
screen, the photoelectron is ejected from a state described as a
linear combination of two atomic orbitals localized on different
atoms. The interference of the coherent electron waves emitted
from two indistinguishable atoms leads to intrinsic interference
oscillations. To observe this pattern one must study photoemission from fixed-in-space molecules. Recently, this molecular
double-slit pattern was observed in a more complicated case
of double photoionization of the H2 molecule, where the
dissociation of the two protons allows the molecule to be fixed
in space by coincidence detection of electrons and protons.
If one of the electrons is very slow while the other one takes
nearly all excess energy, the angular distribution of the fast
electron clearly exhibits the interference pattern [5–9].
Cohen and Fano [10] have shown that even the total
photoionization cross section for the H2 molecule oscillates
as a function of photon energy due to the presence of the
Young’s interference. Recently these oscillations have been
studied both theoretically and experimentally for the H2 [11]
and N2 [12,13] molecules. These oscillations are also seen in
the electron spectra from charged- particle impact ionization
of molecules [14,15]. In the case of the N2 molecule it was
necessary to resolve the contributions of the 1σg and 1σu
core levels, which are separated by a very small energy
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gap of about 0.1 eV. That became possible only recently
owing to the application of the modern high-resolution x-ray
photoelectron spectroscopy using synchrotron radiation as
a light source [16,17]. Results of the experiments [12,13]
clearly exhibited the Cohen-Fano interference modulation of
the partial photoionization cross sections for the 1σg and 1σu
shells (which are in antiphase), in a good agreement with the
predictions of the theory developed there.
Applications of different coincidence techniques during the
last 15 years made it possible to study the angular distributions
of photoelectrons from fixed-in-space molecules in the gas
phase (see [18–25] and references therein). However, up to
now, to our knowledge, there have been no direct studies of the
Young’s interference pattern for photoelectron waves emitted
from fixed-in-space N2 molecules at the relatively high photon
energies (770 eV) considered in this paper.
Auger electrons resulting from the decay of core levels in
homonuclear diatomic molecules like N2 can also exhibit the
Young’s interference pattern provided the decay processes of
the 1σg and 1σu states are separated. As far as we know, that has
also not been studied up to now. In this paper we compare the
molecular frame theoretical angular distributions of photoelectrons and Auger electrons of equal energies resulting from the
1σg and 1σu core levels of a N2 molecule and demonstrate that
they are essentially defined by the Young’s interference pattern.
Since this pattern depends on the distance between the slits,
or on the internuclear distance in the case of the N2 molecule,
the study of the Young’s interference pattern must allow, in
particular, a determination of the internuclear distance at the
moment of the Auger decay. Experimental studies capable
of discovering such a phenomenon have been performed very
recently and are presented in our previous publications [26,27].
©2010 The American Physical Society
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A careful analysis of those experimental data enabled us to
disentangle the dependence of the Young’s interference pattern
on the internuclear distance, which appears to be in a good
agreement with our calculations. The present paper is a direct
continuation of the study presented in [26,27], where a detailed
description of both theory and experiment was given, and we
do not repeat it here. Reference [27] will be referred to further
as I.
Photoionization of the K shell of a N2 molecule produces
a highly excited molecular ion state which decays within a
short time of about 7 fs, predominantly by emission of a fast
Auger electron (around 360 eV). In a two-step model which is
implied to be valid in our case the Auger decay does not depend
on the energy of the photon which produced the K-hole state
(the photon energy in our experiment was equal to 419 eV).
As a result, a doubly charged molecular ion is created with
two holes in the valence shell(s). At the next step this doubly
charged molecular ion dissociates predominantly into two N+
atomic ions with kinetic energy release (KER) in the region
of 4–20 eV. The dissociation time is usually short compared
to the molecular rotation; therefore the direction of motion of
the atomic ions gives the direction of the molecular axis at the
time of both photoabsorption and Auger decay.
In our experiment the Auger-decay process was studied
by detecting in coincidence the photoelectron and the two
atomic singly charged ions (all of them being energy and
angular resolved) using the cold target recoil ion momentum
spectroscopy technique [21,23,25–29]. The Auger-electron
ejection angle was determined from the known momenta
of three other particles using the momentum conservation
law. From calculations it is known that at some angles of
photoelectron emission the 1σg or 1σu shell is the primary
contributor [25–27]. By determination of the Auger-electron
angular distribution in coincidence with the photoelectrons
collected at these angles, the contributions of the 1σg and
1σu shells to the Auger-decay process were separated without
resolving these transitions in energy.
II. PHOTOELECTRON ANGULAR DISTRIBUTIONS

The electron densities of the 1σg and 1σu orbitals of
the N2 molecule are confined near individual nuclei, and a
photoelectron is emitted from either of the two centers with

(a)

equal probabilities. As a result, Young interference of the two
electron waves originating from two centers must appear. Let
R be the internuclear distance (R = 2.068 a.u. at equilibrium
in the the ground state of N2 ) and η be the angle between the
direction of observation and the direction perpendicular to the
molecular axis. For a photoelectron of energy E = 360 eV
(which is equal to the Auger-electron energy considered
below), the wavelength λ is equal to 1.22 a.u. and is of
the same order of magnitude as the internuclear distance
R. That is the main precondition for the appearance of the
Young interference pattern. The corresponding photoelectron
momentum is k = 2π/λ = 5.14 a.u. The wave function of
the 1σg shell has the same sign on both centers; therefore
the photoelectron waves emitted from the two centers have
equal phases. As a result, in the direction perpendicular to the
molecular axis the interference maximum appears. The first
interference minima are placed at the angles defined by the
equation sin η = λ/2R = π/kR, which in our case correspond
to η = ±17◦ . Analogously, the first-order maxima appear at
the angles defined by the equation sin η = λ/R, which gives
η = ±36◦ .
The wave function of the 1σu shell has opposite signs on
the two centers, and so the corresponding photoelectron waves
differ in phase by π . Therefore in the direction perpendicular
to the molecular axis there is the interference minimum; the
first-order maxima appear at the angles defined by the equation
R sin η = λ/2, that is, at η = ±17◦ , and correspondingly the
first-order minima appear at the angles η = ±36◦ . In other
words, the interference oscillations of the photoelectron waves
emitted from the 1σg and 1σu shells are in antiphase.
As an illustration we show in Fig. 1 the molecular frame
photoelectron angular distributions (MFPADs) for electron
energy 360 eV for three light polarizations. For light linearly
polarized parallel to the molecular axis, the maximum of
photoelectron intensity is directed along the molecular axis,
and the Young interference is not visible since the dipole
matrix element has a node in the plane perpendicular to the
polarization direction, suppressing the first-order maxima. In
contrast, when the light is linearly polarized perpendicular
to the molecular axis, the photoelectrons are ejected mainly
along the light polarization, and the angular distribution is
essentially defined by the Young interference. As follows
from Fig. 1(b), the interference maxima and minima appear

(b)

(c)

FIG. 1. (Color online) Molecular frame photoelectron angular distributions calculated for the photoelectron energy 360 eV and for
absorption of light linearly polarized parallel (a) and perpendicular (b) to the molecular axis, and for left-handed circularly polarized light (c).
The molecular axis is directed along the horizontal axis. The contributions of the 1σg and 1σu hole states are shown by dot-dashed (red) and
dashed (blue) lines, respectively. Their sum is shown by the solid line.
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exactly at the angles η = ±17◦ and η = ±36◦ in accord
with our estimation, and oscillations for the 1σg and 1σu
shells are in antiphase. And finally, for circularly polarized
light shown in Fig. 1(c), the intensity can be qualitatively
described as a sum of the contributions of the two linear
polarizations considered above, slightly rotated in the direction
of the light polarization. Qualitatively similar results have been
obtained earlier for the photoelectrons from H2 molecule [2].
To summarize, one can say that in photoionization the clearest
Young interference pattern arises in the case of absorption of
light linearly polarized perpendicular to the molecular axis.
The corresponding patterns will be used in the following
for comparison with the angular distributions of the Auger
electrons. At the moment there are no experimental data for
MFPADs for comparison with our calculations at this photon
energy.
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III. AUGER-ELECTRON ANGULAR DISTRIBUTIONS

The appearance of the Young interference pattern in
the molecular frame Auger electron angular distributions
(MFAADs) is less evident. The Auger electron is emitted from
a valence shell where the electron density is not as strongly
localized in the vicinity of each nucleus as it is in the 1σg
and 1σu shells. Nevertheless, as our calculations show, the
two-center character of the wave functions involved in the
Auger decay is frequently sufficient to produce the Young
interference patterns in the MFAADs, too. We attribute this to
an overlap integral with the well centered innershell initial hole
state in the Auger matrix element. This effectively confines the
region from where the Auger electron is emitted tightly to the
two nuclei.
Figure 2 shows the MFAADs for three Auger transitions
compared to the MFPADs with the same electron energy
360 eV. The Young interference oscillations are the dominant
features of these MFAADs in the broad range of angles
from about 30◦ to 150◦ . As in the case of MFPADs, the
positions of the main minima and maxima of the MFAADs
fit well the estimated angles of η = ±17◦ and η = ±36◦
relative to the direction perpendicular to the molecular axis. All
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3σ g
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FIG. 3. Diagrams representing different photoionization and
Auger-decay processes described in the text. Dashed line corresponds
to a photon, wavy line denotes the Coulomb interaction, and solid
lines correspond to a particle or a hole state.

these calculations have been performed at a fixed internuclear
distance R = 2.068 a.u. corresponding to the ground state of
the N2 molecule.
To discuss in more detail these angular distributions, let us
consider the lowest-order diagrams describing the photoionization and Auger-decay processes shown in Fig. 3 for the
case of ionization of the 1σg (1σu ) shell. The photoionization
process is described by the diagram shown in Fig. 3(a). The

(a)

(b)

FIG. 2. (Color online) Comparison between the molecular frame photoelectron and Auger-electron angular distributions for equal electron
energy 360 eV for the case of ionization of the 1σg shell (a) and 1σu shell (b) (and vice versa for the 3 g state; see text for details).
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FIG. 4. (Color online) Examples of the molecular frame Auger-electron angular distributions deviating from the simple Young interference
patterns exhibited by photoelectrons of equal energy ejected from the 1σg shell (a) and 1σu shell (b) (see text for details).

photoelectron wave ejected from the 1σg hole state for the case
of light polarized perpendicular to the molecular axis (επu
wave) when presented as an expansion in partial waves contains the sum of terms proportional to the spherical harmonics
Y11 ,Y31 ,Y51 , . . . . They all are proportional to sin θ (θ is the
polar angle in the molecular frame with the z axis directed
along the molecular axis) and go to zero in the direction
of the molecular axis. In the direction perpendicular to the
molecular axis, that is, at θ = π/2, they all have a maximum.
The Auger decay of the 1σg hole leading to the (1πu )−2 1 g+
doubly charged ion state is described by the diagram shown in
Fig. 3(b). From parity conservation, it follows that the Augerelectron wave function must correspond to the εσg wave [λg =
0 in Fig. 3(a)]. The partial wave expansion of this wave function
includes the spherical harmonics Y00 ,Y20 ,Y40 , . . . . They have
maxima (except for Y00 which is constant at all angles) at the
angle θ = π/2, as well as at the angles θ = 0 and π . The latter
property explains the main difference between the (1πu )−2
1 +
g term and all others shown in Fig. 2, namely, that for the
 term there is a maximum in the direction of the molecular
axis where the MFAADs for the and  terms go to zero.
The Auger decay of the 1σg hole into the (1πu )−2 1 g
doubly charged ion state is described by the same diagram
of Fig. 3(b) with λg = 2 producing the Auger electron in the
εδg state. Its expansion in partial waves contains the terms
proportional to Y22 ,Y42 ,Y62 , . . . . They all are proportional
to sin2 θ , leading to zero along the molecular axis and to a
maximum at θ = π/2. And finally, the Auger decay of the
1σg hole into the (2σu )−1 (1πu )−1 3 g final state is described
by a difference of the diagrams shown in Figs. 3(c) and 3(d).
In both cases the Auger electron is in the επg state, and its
expansion in partial waves includes the spherical harmonics
Y21 ,Y41 ,Y61 , . . . . They all are proportional to the product
sin θ cos θ , which gives zero intensity at the angle θ = π/2,
while other angular distributions for the 1σg hole state
discussed above have a maximum at θ = π/2. Therefore, for
comparison with the angular distributions shown in Fig. 2(a),
we must consider the Auger decay of the 1σu hole creating
the Auger electron in the επu state. Then its partial wave
expansion contains the spherical harmonics Y11 ,Y31 ,Y51 , . . . ,

similarly to the photoelectron ejected from the 1σg shell, and
the corresponding MFAAD behaves like the other angular
distributions shown in Fig. 2(a), while the MFAAD from the
1σg hole leading to the (2σu )−1 (1πu )−1 3 g final state behaves
like the MFPAD from the 1σu shell and is shown in Fig. 2(b).
An analogous treatment is applicable for explanation of the
MFAADs from the decay of the 1σu hole state.
As was already mentioned, the MFAADs do not necessarily
display the pure Young interference pattern as in the case
of the MFPADs. We found that the MFAADs for the 1 g,u
final states do not follow as closely the Young interference
patterns as those MFAADs shown in Figs. 2(a) and 2(b). These
MFAADs are shown in Figs. 4(a) and 4(b). In the case of the
(2σu )−1 (1πu )−1 1 g state, the MFAAD is defined by the sum
of the diagrams shown in Figs. 3(c) and 3(d), and has another
period of oscillations as compared to the MFPAD also shown
in Fig. 4. In the case of the (3σg )−1 (1πu )−1 1 u final state,
the MFAAD is defined by the sum of the diagrams shown
in Figs. 3(e) and 3(f), and differ more substantially from the
MFPAD. It is worthwhile to mention that the corresponding
MFAADs for the triplet states 3 g,u are defined by the
difference of the diagrams shown in Figs. 3(c), 3(d) and 3(e),
3(f), and demonstrate a great similarity with the MFPADs,
as was shown for the the (2σu )−1 (1πu )−1 3 g final state in
Figs. 2(a) and 2(b).
IV. KINETIC ENERGY RELEASE DEPENDENCE OF THE
INTERFERENCE MAXIMA

Young-type interference in optics depends on the slit
distance. Hence it is tempting to search for a dependence of the
maxima in the photo- and Auger-electron angular dependence
on internuclear distance of the molecule. Calculations for
photoelectrons from H2 have shown such a dependence
recently [3,4]. For repulsive final states, the internuclear
distance at the instant of the electronic transition is related to
the kinetic energy release (KER). A classical approximation
to this relationship of KER to R is given by the reflection
approximation [34]. This has been used also to experimentally
observe dependences of the Young-type interferences on the
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FIG. 5. (Color online) Potential energy curves from Refs. [30–
33] for several final dicationic states mentioned in the figure. For
estimation of the range of R accessible in the Auger-decay processes,
the square moduli of the first two vibrational wave functions with
v = 0 and 1 of the ground state of the N2 molecule are also shown.
For the 1 g final state two curves are shown, one from Ref. [32] (bold
solid curve) and the other from Ref. [33] (thin dashed curve).

KER [5,35]. For Auger electrons, however, no such study has
been available so far to our knowledge.

From the known behavior of the molecular terms as a
function of R [30–33] one can connect the KER of the atomic
ions with the internuclear distance R. In Fig. 5 we show three
molecular terms, the contributions of which can be traced
from the experimental data. For estimation of the range of
R accessible in the processes under investigation, the square
moduli of the vibrational wave functions of the ground state
of the N2 molecule are also shown there. The analysis of the
MFAAD at different KER performed in I shows that usually
several transitions are contributing in a given narrow region
of KER. Nevertheless, in some cases there are regions of
angles where the predominant contribution is given by a single
decay channel. In particular, as follows from Fig. 7(a) of I,
in the Auger decay of the 1σg shell at a KER (EK ) in the
region 10.2–11 eV, the predominant contribution at the angles
60◦ –75◦ and 105◦ –120◦ is given by the (2σu )−1 (1πu )−1 1 g
final state.
Let us study the contribution of this final state in more
detail. Figure 6 shows the theoretical MFAAD for this state
calculated at several internuclear distances R. The positions
of the main lobes are notably moving as a function of R. It is
possible to analyze the experimental MFAADs as a function
of KER in a much narrower KER region than was done in
I. In Fig. 7 we show the modified Fig. 4(a) of I where a

(a)

(b)

(c)

1

FIG. 6. (Color online) Theoretical molecular frame Auger-electron angular distributions for the decay of the 1σg hole into the (2σu )−1 (1πu )−1
g (a), (1πu )−2 1 g (b), and (1πu )−2 1 g+ (c) final states calculated at several internuclear distances R mentioned in the figure.
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FIG. 7. (Color online) Experimental MFAAD as a function of
KER. The total intensity at each KER value (each horizontal line) is
normalized to unity. The black dots show the positions of the maxima
obtained by fitting a Gaussian.

evidently tend to the theoretical curve describing the positions
of the lobe produced by the (1πu )−2 1 g final state.
At EK > 12 eV the v = 0 vibrational wave function is
already too small to give a visible contribution to the Augerelectron intensity. Therefore most probably the contribution of
the 1 g term at these KERs is appearing due to the population
of the v = 1 vibrationally excited state in the photoionization
step. A high probability of its excitation was well established
in a recent experimental and theoretical study [17]. The
square modulus of the v = 1 vibrational wave function shown
in Fig. 5 demonstrates that this explanation is feasible. At
KER values in the region between 8 and 10 eV one can
study the behavior of the lobes at cos η ≈ ±0.6. As follows
from the study performed in I, the main contribution to it
is given by the (1πu )−2 1 g state, although the contribution
of the (1πu )−2 1 g+ state cannot be neglected. The sum of
these two contributions is shown in Fig. 8 together with the
corresponding experimental points. There is a satisfactory
agreement between the theory and experiment.
V. CONCLUSIONS

different normalization is used, namely, the total intensity at
each KER value (each horizontal line) is normalized to unity.
Owing to that, one can follow the positions of lobes up to
the KER values as high as 13 eV. The fitted peak positions
of lobes are shown in Fig. 7 by black points. In Fig. 8 we
compare these positions with the corresponding theoretical
values taken from Fig. 6. Up to EK = 12 eV, there is a good
agreement between theory and experiment, while at higher EK
the experimental points start to deviate from the theory. This
is explained by a sharp decrease of the relative contribution of
the (2σu )−1 (1πu )−1 1 g final state to the total Auger-electron
intensity as it is seen in Fig. 8 of I. As a result, the contribution
of the (1πu )−2 1 g final state is becoming comparable with
that of the (2σu )−1 (1πu )−1 1 g one, which is proved also by the
appearance of the characteristic maximum at EK > 11.5 eV at
the angle θ = π/2 (cos θ = 0) in Fig. 7. The positions of the
theoretical first-order maxima of the (1πu )−2 1 g final state are
also shown in Fig. 8. The experimental points at EK > 12.5 eV

We have demonstrated that at electron energy 360 eV
both photoelectron and Auger-electron angular distributions
from the N2 molecule can be reasonably well modeled by
the Young interference of electron waves in a broad range of
angles about the direction perpendicular to the molecular axis.
At that energy the electron wavelength is comparable with
the internuclear distance of the molecule, which makes the
interference particularly strong. In our experiment the Augerdecay process was studied by detecting in coincidence the
photoelectron, the Auger electron, and the two atomic singly
charged ions, all of them being energy and angular resolved.
This measurement made it possible to investigate the MFAAD
in the molecule fixed frame as a function of the KER. Since
different KER values correspond to different internuclear
distances R at the moment of the Auger decay, it opens the
possibility of experimental study of the Auger-decay process
as a function of R. From the measured dependence of the
positions of the Young interference maxima in the MFAADs
on the KER value, one can disentangle the contribution of
particular Auger-decay processes as a function of R. The
measurements clearly demonstrated this dependence, in a good
agreement with the predictions of our calculations. As a matter
of fact, this method gives the possibility of an experimental
check of the behavior of different molecular terms.
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