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Abstract. In this paper, we shed new light on the molecular photoionization
of a diatomic molecule. We will elaborate the differences and analogy between
a quantum optical and light–matter interaction approach in a study of K-shell
photoionization of N2 in which the photoelectron and the subsequently emitted
Auger electron are both measured in coincidence in the body fixed frame of
the molecule. The two electrons form an entangled state inside a double slit.
By changing the photon energy we create different types of interference in the
photoelectron and the Auger electron wave.
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1. Introduction

Ejection of an electron from a tightly bound 1s orbital by photoabsorption is a convenient
way to create an extremely well-controlled electron wave. The wavelength of that wave can
be tuned by changing the photon energy. The initial photoelectron wave is not spherical but has
an angular distribution imprinted on it, which is imposed by the photon angular momentum.
The wavelength changes as the electron escapes from the Coulomb potential. If the 1s electrons
that absorbed the photon are part of a molecule or a crystal, these photoelectron waves can be
used for many fascinating matter wave experiments showing two different types of interference
effects [1]. Firstly, the electron wave can be multiply scattered at neighboring centers in the
molecule. This interference will be observed as a function of the photoelectron wavelength at
a fixed ejection angle or as strong oscillations of the electron flux depending on the emission
angle of the electron with respect to the molecular axis. These oscillations in the total absorption
cross section [2] are well understood and are frequently used to actually measure the distances
and locations of the nearest scattering centers in extended x-ray absorption fine structure
(EXAFs) [3]. X-ray photoelectron diffraction (XPD) makes additional use of the emission
angle dependence [4]. For molecules in the gas phase they can be used to ‘illuminate the
molecule from within’ [5]. In the most advanced experiments, circularly polarized light is used,
which allows us to obtain a stereoscopic picture of the neighbors in such electron diffraction
patterns [6]. When the electron wavelength is comparable to the bond length, multiple scattering
of the electron can result in quasi-standing waves in the multicenter potential of the molecule,
which give rise to the so-called shape resonances. They manifest themselves in a resonant
enhancement of the photoionization cross section and a highly structured angular distribution
of the photoelectron [7, 8]. As expected, these features show a strong dependence on the
internuclear distance [9–13] and are usually strong for the sigma-shape resonance.

Secondly, in a homonuclear molecule the initial photoelectron wave will emerge
coherently from two indistinguishable centers. This resembles the situation of a
double-slit experiment [14–16]. For the hydrogen molecule, this has been shown for
photoionization [17–19] and for ion impact [20–22] and has also been predicted for strong
field ionization [23–25]. These studies confirmed the dependence of the interference pattern on
the internuclear distance of the two centers [26] as well as on the electron wavelength [18].

For all other homonuclear diatomics but H2, the situation is slightly more complicated,
since the two K-shells are fully filled with a total of four electrons. This situation is described by
using a molecular basis of a gerade state, which is the sum of two orbitals being located at either
atom of the molecule, i.e. the sum of the contribution of the ‘left’ atom and the ‘right’ atom of
the molecule. The ungerade molecular state in turn is the difference of these two contributions.
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Ejection from the gerade state is the analogue of a classical double-slit experiment, as the two
waves emerge in phase, while emission from the ungerade state corresponds to a double-slit
experiment with a π phase shifter in one of the slits. This leads to the conversion of interference
maxima to minima. Note that the ground state of the N2 molecule is a gerade state. The
intermediate state after core hole creation of N+

2 can be either of gerade or ungerade parity.
Hence, any experiment that does not distinguish between core holes in gerade or ungerade
orbitals will not see an interference pattern since the maxima and minima cancel out. The gerade
and ungerade levels are slightly shifted in energy (about 100 meV in N2 [27]). If this energy
splitting is larger than the natural line width, given by the core hole lifetime, the symmetry of
the state can in principle be resolved. An experiment with sufficient energy resolution will then
observe the analogue to fringes and anti-fringes observed in optical double-slit experiments in
the electron angular distribution of the gerade or ungerade state, respectively. If, in contrast, the
natural line width is bigger than the gerade–ungerade energy splitting, the interference cannot be
resolved by just detecting the photoelectron. However, it turns out that by coincident detection
with the Auger electron, the interference can be restored if in addition the symmetry of the N2+

2
ion in the final state is measured. We will discuss this point in more detail below.

All K holes in N2 can decay by emission of an Auger electron. In this case, an outershell
electron fills the hole and another outershell electron is emitted to the continuum. As the
outershell orbitals are typically not localized, one might at first glance expect that these Auger
electrons do not show any two-center interference. This picture, however, neglects the nature of
the Auger effect. In the Auger decay the energy needs to be transferred to the ejected electron
via Coulomb interaction between the electron that filled the hole and the emitted outershell
electron. This strong Coulomb interaction requires that the two electrons be spatially close and
both in the vicinity of the hole. In the Coulomb matrix element, this becomes obvious by the
1/r12 term, where r12 is the distance of the two interacting electrons. As a consequence, two-
center interference in Auger electron angular distributions has been predicted in [13] and seen
in the experiments. These experiments have also shown that the interference fringes on the
Auger electron angular distribution depend on the internuclear distance, as expected from a
double slit.

The emitted Auger electrons also show the same two interference effects as the
photoelectron discussed above. There might be a π -phase shift between the Auger electron
waves from the two centers. This depends on the parity of the hole, as well as on the parity
of the electron that fills the hole and the one that is emitted. Furthermore, the Auger electrons
experience the same multiple scattering in the molecular potential as the photoelectrons, giving
rise to additional interferences from the wave scattered at the neighboring nuclei.

So far, we have discussed the emission of the photoelectron and the Auger electron as two
independent steps. This is not correct however, since the Auger electron is emitted in a process
that fills the hole from which the photoelectron was emitted earlier. In addition to this obvious
link in symmetry, the photoelectron and the Auger electron also interact in the continuum and
there has been a dispute over whether there is a memory of the photon absorption in the molecule
in addition to the site from which it was emitted [28–30], which was called the ‘breakdown of
the two-step model’ and its ‘resurrection’. These latter effects are not central in the current
context. The link via the intermediate core hole state, however, is of central importance. The
intermediate core hole state entangles both electrons as we have shown in [31].

In the previous work [31], we investigated the reaction:

419 eVhν + N2 → ephoto(10 eV)+ eAuger + N+ + N+. (1)
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We have detected the kinetic energy and emission angle of all four particles. From the
direction of the two ions, we obtain the molecular axis at the instant of photoabsorption. The
N2+

2 ion, which finally dissociates to N+ + N+, can either be in a state of gerade or ungerade
parity. As we will address the parity of the Auger and photoelectron pairs, it is essential that
the parity of the final N2+

2 state be known. Luckily, in the case of dissociating N2+
2 , there are

regions of the kinetic energy release (KER) of the N+ + N+ which are related to intermediate N2+
2

of well-defined parity. We are therefore able to deduce the parity of ions in the N2+
2 final state

[13, 32, 33] from the measured KER. For a fixed direction of the molecular axis and a well-
defined parity of the N2+

2 state, we then studied the correlation between the photoelectron and
the Auger electron emission angle. They can successfully be described by considering the
two electrons in an entangled state, very similar to a Bell state. The cross section for coincident
detection of a photoelectron into the solid angle element d�Ekp

and an Auger electron into d�Eka

is given by

dσ

d�Eka
d�Ekp

=

∑
f

|〈9++
f ψ

−

Eka
|V |9+

σg
〉〈9+

σg
ψ−

Ekp
|d|90〉 + 〈9++

f ψ
−

Eka
|V |9+

σu
〉〈9+

σu
ψ−

Ekp
|d|90〉|

2. (2)

Here, 〈9+
1σg,u

ψ−

Ekp
|d|90〉 is the dipole amplitude describing the photoelectron emission and

〈9++
f ψ

−

Eka
|V |9+

1σg,u
〉 is the matrix element describing the Auger emission. The key here is that the

emission via the gerade and ungerade molecular states 9+
1σ g,u

for the intermediate, core-ionized
singly charged ion is added coherently, resulting in an entanglement between the two electrons.

The purpose of the present paper is to explore the interplay of the entanglement of the
photo- and Auger electron and the interference effects from the scattering at the molecular
centers in some more detail. This extends our previous study [31] as we altered the photoelectron
wavelength by changing the photon energy. A change of the photon energy does not directly
affect the Auger decay or intermediate core hole state. It does, however, change the interference
originating from the scattering of the photoelectron strongly, as we will show below.

2. Experiment

We performed the experiment at the Advanced Light Source of the Lawrence Berkeley National
Laboratory using circularly polarized photons provided by the beamline 11.0.2, by applying
the cold target recoil ion momentum spectroscopy (COLTRIMS) method [34–36]. In the
experiment, we detected the vector momenta of the slow photoelectron and the two N+ ions
directly; the momentum vector of the fast Auger electron was deduced by incorporating
momentum conservation. To achieve a maximum resolution the gas for the supersonic beam
was precooled to 130 K. This reduced both the jet velocity and the momentum spread in the
longitudinal direction of the jet (expansion direction). Furthermore, we used a high driving
pressure of 20 bar to reach a high speed ratio, i.e. a minimal momentum spread of the gas target
(1.7 a.u. estimated from the experiment).

We used a weak electric field (varying 12–18 V cm−1) to project the electrons and ions onto
position and time-sensitive multichannel plate detectors (80 mm diameter) equipped with delay
line anodes for position readout [37]. As the photoelectrons are much lighter than the ions and
have a high velocity, they tend to escape the spectrometer. Therefore a magnetic field (6.5–15 G)
was superimposed in parallel to the electric field to guide the electrons toward the electron
detector [38]. This technique of catching fast electrons is usually limited to electron energies
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below 100 eV, as energy and angular resolution decrease with increasing electromagnetic
field strength.

The experiment requires us to measure a low energetic photoelectron (5, 10, 18 and
56 eV) in coincidence with a much higher energetic Auger electron (370 eV) and the two
ionic fragments (∼5 eV per ion). Typical COLTRIMS approaches for molecular fragmentation
studies so far employed short ion arms on the spectrometer in order to achieve a solid angle of
detection of 4π for the ions as described in [36]. In the present case, we adopted a spectrometer
geometry usually used for investigations of atoms [39]. In that approach, time and space
focusing is used in order to maximize the momentum resolution of the measured ion. For
molecular targets the ionic fragments typically undergo Coulomb explosion, resulting in high
kinetic energies. Therefore the resulting long spectrometer and the low electric field reduced the
total acceptance angle. The momentum resolution, on the other hand, is dramatically increased.
The 3D focusing geometry of the recoil ion spectrometer allowed us to get rid of the diminishing
influence of the size of the interaction region. The use of an electrostatic lens in the acceleration
region improved the resolution at least by a factor of 3. From the non-dissociating doubly
charged N2+

2 ion channel, we extracted an overall momentum resolution for the Auger electron of
1.8 a.u. in the jet, 0.45 a.u. in the photon beam and 0.4 a.u. in the time-of-flight (TOF) direction.
For the Auger electrons of the fragmenting N+/N+ channel we reached a resolution of 1.9 a.u.
in jet, 0.85 a.u. in the photon beam and 0.75 a.u. in the TOF direction.

The momentum offset due to the initial jet velocity is approximately 10 a.u. This
corresponds to a position shift of 14 mm on the detector. Since only a small solid angle of
the almost back-to-back emitted ions is detected, the detector had to be shifted upwards in
order to maximize the ion/ion coincidence signal. Otherwise in many cases only one ion would
have been detected and its partnering, back-to-back emitted, ion would have been lost. The
overall acceleration length on the ion side is 83 mm, while the lens is centered around 67 mm.
Furthermore, no mesh was used to separate the drift from the acceleration region. This increased
the overall detection efficiency by nearly 50%, but also added a bulged field that defocused the
ion trajectories. To compensate for this effect, the electrostatic lens had to be a little stronger
compared to the case incorporating a mesh. The time focusing geometry was achieved by adding
a 642 mm long field-free drift tube.

Figure 1 shows a simulation of the spectrometer used. The simulation was performed using
Simion 7.0 for a 130 K precooled N2 target (corresponding a 10 a.u. offset momentum), a target
size of 4 × 4 mm2 and ions with 90 a.u. momentum (9 eV KER). A coincidence detection angle
of 3.6% of 4π was achieved. It scales linearly with the applied electric field. Ions emerging in
the extended target are projected and focused on the detector to a position spread of <0.4 mm
and a focus in TOF <5 ns. With respect to the gas jet and photon beam overlap (2 mm in the
beam propagation direction and <0.5 mm in the perpendicular directions), we could expect
a resolution of 0.1 a.u. in TOF and 0.25 a.u. in the position direction. Taking the momentum
uncertainty of the jet temperature (in the expansion direction) into account the simulated and
experimentally achieved ion momentum resolution agree satisfactory. The resolution for the
Auger electrons calculated from the dissociating channel (N+ + N+) is a factor 2 worse compared
to the non-dissociating channel (N2+

2 ). This might be due to: (i) nonlinearity effects of the
square detector used (local resolution <100µm, but average resolution around 1 mm) and/or
(ii) all inhomogeneous field areas in the spectrometer (lenses) are not linear in their properties
(focus/defocus stronger in the outer region) and have to be deconvoluted during the analysis.
The latter process is absolutely necessary and increases the resolution by a factor of 2–3. It still
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Figure 1. Simulated time and space focusing recoil ion arm of the spectrometer
with 10 a.u. offset momentum of the gas jet (corresponding to an N2 jet at 130 K)
and 9 eV KER. The simulated target size is 4 × 4 mm2 and differently colored
trajectories correspond to certain back-to-back emitted ion pairs (black 0/180◦,
green 5/185◦, blue 10/190◦ and orange 15/195◦). Dimensions are given in (mm).
Electrons are measured in coincidence with the ions and projected to the left side,
but are not shown here.

does not work perfectly and has some room for further improvement (software, spectrometer
design and a hexagonal detector with increased linearity).

3. Results

The K-shell photoemission with subsequent Auger decay leads to a wealth of electronically
excited states of the N2+

2 ion. These states are repulsive and finally lead to two N+ ions with
a KER in the range of 4–20 eV. Correspondingly the Auger energy spectrum is also broad
and contributions from different states overlap in energy. By using the information on the
angular distribution many of these decay pathways can be unraveled [32, 33]. As outlined in
the introduction it is essential to select decay routes where the N2+

2 ion is in a state of well-
defined symmetry. We have therefore selected events where the kinetic energy release KER is
between 8.1 and 9.3 eV only for all the cases discussed below. This corresponds to the c11g and
D16+

g states of N2+
2 ion [33]. Thus the final ionic state is selected to be of gerade symmetry. As

the neutral initial state is also of gerade parity and the photon absorption results in a change of
symmetry, the combined wave functions of the photoelectron and the Auger electron must be of
ungerade symmetry. This does not imply that the photoelectron and the Auger electron or the
intermediate core hole state of the N+

2 ion have well-defined symmetry though.
For a selected subset of the data, figure 2 shows the photoelectron angular distribution in the

molecular frame, as indicated by the barbells, in the polarization plane of the circularly polarized
light. From panels (a) to (d), the excess energy (5, 10, 18 and 56 eV) of the photoelectron,
and therefore its wavelength, is varied from 0.26 to 0.08 a.u. Describing the electron emission
process in a multiple scattering approach, the angular distributions result from the coherent
superposition of all possible paths the electron can take from where its wave is launched. All
these pathways are diffracted inside the molecular potential and interfere, leading to richly
structured angular distributions. The diffraction term depends on the wavelength and therefore
the kinetic energy of the electron. One much discussed aspect of these interferences is the shape
resonance around 9 eV electron energy. In this energy range, constructive interference leads to
an increase of the photoionization cross section [7, 8] for the creation of a core hole of ungerade
character.
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(a)

(c)

(b)

(d)

Figure 2. Photoelectron angular distribution integrated over all Auger electron
emission angles at (a) 414 eV, (b) 419 eV, (c) 427 eV and (d) 465 eV photon
energies.

By changing the photoelectron energies, the Auger electron angular distribution for a given
symmetry of the intermediate hole does not change. Since the ratio of the cross section for the
creation of a gerade or ungerade core hole in the intermediate state changes across the shape
resonance, the overall Auger electron angular distribution changes slightly if integrated over
the photoelectron angle. Figure 3 shows this behavior for the four different photon energies.
The full lines represent the distribution expected for an optical double slit (cos(Ek · Er/2); blue
lines) and for an optical double slit with a π phase shifter in one of the slits (sin(Ek · Er/2); red
lines), where Ek is the photoelectron momentum and Er the distance of the slits. These simple
optical analogues nicely reproduce the position of the maxima and minima. This indicates that
the key ingredient of the Auger electron angular distribution is indeed the superposition of two
spherical waves emerging from the two centers, as recently demonstrated in [13], as well. The
multiple scattering of the outgoing wave at the neighboring center plays a minor role at this high
energy of the Auger electron. This is very different for the photoelectrons (see figure 2). They
show no reminiscence of a double-slit interference. Their energy is so low that the plane wave
approximation that is inherent in the optical analogue fails completely. Their angular distribution
is dominantly shaped by the multiple scattering. As shown in [31, 32], there are angular regions
of the emitted photoelectrons that almost solely correspond to gerade or ungerade symmetry of
the N+

2 ion core hole state. Thus, by choosing Auger electrons that are in coincidence with the
photoelectrons of preselected parity together with our selection of the parity of the N2+

2 parity
via the KER, we can investigate the Auger electron angular distribution for a fixed symmetry.
These Auger electron distributions are shown in figure 4. They exhibit pronounced interference
fringes, where maxima and minima are interchanged when we change the symmetry of the
corresponding photoelectron (and thus the symmetry of the Auger electron).
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Figure 3. Angular distribution of the Auger electrons at (a) 414 eV, (b) 419 eV,
(c) 427 eV and (d) 465 eV photon energies. Solid lines represent theory curves for
double slits with a width of r = 2.2 Å and an electron of 370 eV: the blue curve
for a regular double slit (cos(Ek · Er)) and the red curve with a π phase shifter at
one slit (sin(Ek · Er)). (a) The green dashed curve shows the sum of the red and blue
curves. The statistical error bars are comparable to the line width.

Of course, the corresponding approach can be used to gather information on the angular
distribution of the photoelectron for a given symmetry: figures 5 and 6 show the corresponding
gerade or ungerade photoelectron angular distributions for the different photon energies. In
order to extract these data from the total photoelectron cross section, we applied gates on
the Auger electron angular distributions, as indicated by the blue (gerade) and red (ungerade)
shaded areas in figure 3. We observe a strong dependence of the photoelectron angular
distribution on the photoelectron wavelength for both parities. The wavelength of these
photoelectrons is so long that Ek · Er is smaller than π . Thus the two-center interference term
does not even reach the first interference minimum. Therefore the nodes in the gerade and
ungerade photoelectron angular distributions do not stem from any two-center interference. As
discussed above they are purely a result of the second type of interference (multiple scattering).
It is created by the superposition of the direct (gerade or ungerade) photoelectron wave with the
secondary waves created by its multiple scattering in the molecular potential.

Finally, we superimpose the gerade and ungerade photoelectron waves by selecting Auger
electron angles of 93–99◦ or 97–102◦. In these intervals, highlighted by the green shaded area
in figure 3, the amplitudes of gerade and ungerade Auger electrons are almost equal. For a long
time it was believed that such superposition of the gerade and ungerade photoelectron waves
has to be done incoherently, i.e. only the emission probabilities have to be added [10, 40–42].
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Figure 4. Ungerade (a) and gerade (b) Auger electrons, generated by gating on
the photoelectron emission angles (a) 20–65◦ and (b) 90–100◦ (at 465 eV photon
energy). The solid line represents theory curve for a double slit with a width of
r = 2.2 Å and an electron of 370 eV, the blue curve (b) for a regular double slit
(cos(Ek · Er)) and the red curve (b) with a π -phase shifter at one slit (sin(Ek · Er)).
Note that only events with a KER between 8.1 and 9.3 eV are chosen. This
corresponds to the c11g and D16+

g states of N2+
2 (see text).

Such incoherent superposition yielded excellent agreement with all available data on
photoelectron angular distributions (see, e.g., [10, 40]). This is due to the fact that the cross terms
of the amplitudes vanish if one integrates over the Auger electron angular distribution [43]. Only
if the Auger electron is measured in coincidence with the photoelectron, the cross terms remain
and the interference between gerade and ungerade photoelectron waves becomes visible. In turn
this allows us to study the relative phase between the gerade and ungerade photoelectron waves.
This is shown in figure 7, where the emission angles of the Auger electrons are selected where
the amplitudes of the gerade and ungerade contributions are almost equal. While an incoherent
sum would still show a left/right symmetric distribution, the coherent sum from equation (1)
breaks this symmetry and promotes the photoelectron in a pure left or right state, which is either
the sum or difference of the gerade and ungerade states. As the relative contributions of gerade
and ungerade parities vary with photon energy, also the angular region where both parities
are almost equally strong changes. To achieve a maximum left/right contrast, the gerade and
ungerade parities have to be equally strong. Otherwise one of them would dominate the angular
distribution and the left/right symmetry breaking effect would vanish. Therefore it is crucial to
select the correct gate on the Auger electron angle; here (b)–(d) are different from (a), where
the gerade and ungerade amplitudes contribute similarly (see figure 3). To enhance this point, in
figure 7(b) the left inset shows the photoelectron angular distribution with a gate on a different
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(a)

(c)

(b)

(d)

Figure 5. Angular distribution of the gerade photoelectrons (gated on the
Auger electron emission angle 87–93◦, see the blue shaded area in figure 3) at
(a) 414 eV, (b) 419 eV, (c) 427 eV and (d) 465 eV photon energies.

(a)

(c)

(b)

(d)

Figure 6. Angular distribution of the ungerade photoelectrons (gated on the
Auger electron emission angle 70–75◦; see red shaded area in figure 3) at
(a) 414 eV, (b) 419 eV, (c) 427 eV and (d) 465 eV photon energies.
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(a)

(c)

(b)

(d)

Figure 7. Angular distribution of the ‘left’ photoelectrons (gated on the Auger
electron emission angle: a (93–99◦) and b–d (97–102◦); see green shaded area in
figure 3) at (a) 414 eV, (b) 419 eV, (c) 427 eV and (d) 465 eV photon energies.
The left inset in (b) shows a similar photoelectron angular distribution with
a gate on the Auger electron emission angle 117–120◦. A similar right/left
asymmetric pattern can be observed for all photon energies for Auger electron
emission angles around 120◦ (not shown here). The right inset in (b) shows the
photoelectron angular distribution for CO.

Auger electron emission angle, where the gerade and ungerade amplitudes contribute again
equally. At higher photon energies (b)–(d), on and above the shape resonance, the ungerade
parity is stronger compared to the gerade. As a comparison in figure 7(b), the right inset shows
the right/left asymmetric photoelectron emission in the by definition localized system of CO
after 1s ionization of the carbon atom, i.e. a case where the emission is localized to one site.

4. Conclusion

In conclusion, we have shown that the Auger electron and the photoelectron form an entangled
state in the K-shell ionization of a diatomic molecule (N2). The single-particle basis from
which this entangled state is formed is gerade and ungerade (rather than spin-up and -down).
Analogous to spin-type Bell states the measurement of the spin component of one particle
fixes the spin of the second; in our case a measurement of the parity of one of the electrons
fixes the parity of the second one. We select electrons of one parity by choosing a certain
angle with respect to the molecular axis where the contribution of this parity maximizes and
the opposing parity state emission pattern has a node. We can investigate the interference
term between the photoelectron waves of gerade and ungerade parities by selecting Auger
electrons at angles where the states of both parities contribute equally. This demonstrated that
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the angular distribution of the photoelectron is a result of an interfering gerade or ungerade
wave that is multiply scattered in the molecular potential. The angular dependence of the phase
of these gerade and ungerade waves changes with electron wavelength. The optical Gedanken-
experiment analogue to the presented molecular investigation would be a classical double slit
with a wavelength depending on phase shift at one of the slits.
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