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Abstract. We report on fully diﬀerential cross sections for double ionization of H2
by a single circularly polarized photon of 160 eV energy. For an unequal sharing
of the energy between the two electrons and a particular geometry where the inﬂuence of electron/electron interaction is constant, we ﬁnd a four-lobe structure
in the molecular frame angular distribution of the faster electron. This structure is interpreted to be due to a coherent emission of the electron from the two
atomic centers of the molecule. This Young-type interference pattern is lost for
other geometries, where electron-electron interaction plays a major role. Furthermore, we show that the interference structure depends strongly on the internuclear
distance.

1 Introduction
Emission of electrons from a homonuclear diatomic molecule should give rise to Thomas Youngtype interference eﬀects basically due to the two center nature of the problem: on photoionization an electron wave emerges coherently from each of the two atoms of the molecule due to
tunnelling of the electrons between two indistinguishable atomic sites giving rise to interference.
For photo electron emission this was noted by Cohen and Fano [1] and by Kaplan and Markin
[2]. The double slit analogy suggests that the interference should be visible in the angular distribution of the electron with respect to the internuclear axis of the molecule, i.e. the molecular
frame electron angular distribution, giving rise to distinct diﬀerences between the gerade and
ungerade parity states [3]. It has been shown however, that traces of this interference eﬀect
can even be seen in more integrated quantities like the angular distribution of the molecular
breakup [1,4–6] and in the energy dependence of electrons emitted from randomly oriented
molecules for ion [7–10] or photon impact [11]. Related interference patterns are also found in
Auger electron angular distributions [12,13].
a
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The most simple and clear cut case to study this interference eﬀect is single photoionization
of H2 (see e.g. the theoretical studies in [2,14–16]). In the present work we focus on double
ionization. In this case the electronic continuum is additionally shaped by the inﬂuence of
electron-electron interaction. The interplay of the interaction between the electrons with the
two center interference eﬀect is the topic of the present paper.
Experimentally the angular distribution of photoelectrons in the molecular frame is often
measured by detecting the electron in coincidence with the direction of fragmentation of the
molecule. This allows to use randomly oriented gas phase molecules in a measurement. This
coincidence technique, however, relies on the fact that dissociation is much faster than rotation
and hence the fragmentation direction coincides with the orientation of the molecular axis at
the instant of electron emission (see e.g. [17,18]) which is the case for the present work on H2 .
The present paper belongs to a series of papers in which we have studied photo double
ionization of H2 .
hν + H2 → 2p+ + 2e−
(1)
We brieﬂy summarize the main ﬁndings of these preceding publications. In [19] we have
reported a strong dependence of the coincident electron angular distributions on the internuclear separation, which was measured by detecting the kinetic energy release (KER) of the
fragments. The photon energy was 75,5 eV resulting in only 25 eV of energy to be shared between the two electrons. The corresponding wavelength is therefore much too long to show even
the ﬁrst minimum of the predicted two center interference. The ﬁndings were explained [20,21]
as due to a strong variation of the strength of the Σ to Π transition. In the present paper we will
show an even stronger dependence of a fully diﬀerential cross section on internuclear distance.
In a more recent experiment at a photon energy of 160 eV and 240 eV using circularly polarized
light we found a clear two center interference [22] pattern in the angular distribution of the fast
electron integrated over the emission direction of the slow electron for extremely unequal energy
sharing. This interference disappears for more equal energy sharings, which we attribute to
decoherence [23] induced by the now position resolving electron-electron interaction. If, however, instead of the single electron momentum k1 the angular distribution of the sum momentum
k+ = k1 + k2 is plotted a very robust interference is found [24]. This can be traced back to
a emission of both electrons from the same center of molecule [24], i.e. the ionic part of the
ground state wave function. Subsequently we have shown that this interference pattern in k+
depends on the internuclear distance [25]. In the present paper we study fully diﬀerential cross
sections and report molecular frame angular distributions of one electron for a ﬁxed angle Θ
of the second electron. We show that for a geometry where the inﬂuence of electron-electron
interaction is constant (i.e. the second electron is emitted perpendicularly to the plane deﬁned
by the molecular axis and the momentum vector of the ﬁrst electron) the interference reappears
even for an energy sharing where it is already lost for other geometries. We also show a strong
dependence of the interference fringes on the internuclear distance.

2 Experiment
The experiment has been performed at the Advanced Light Source at Beamline 11 using the
COLTRIMS multi particle imaging technique [26–28]. A beam of circularly polarized light
(hν = 160 eV) was intersected with a supersonic molecular H2 beam. Ions and electrons created
in the intersection region are guided by a 36 V/cm electric ﬁeld and a superimposed homogenous
magnetic ﬁeld of 14.7 Gauss [29] to two multichannel plate detectors with delayline readout [30].
Out of the measured position and the time of ﬂight we extract the three-dimensional initial
momentum vector of each particle in an oﬄine analysis. The electric and magnetic ﬁelds and
spectrometer geometry have been chosen such, that we achieve a 4π collection solid angle for
electrons up to half of the maximum possible excess energy. In most cases we do not detect the
higher energetic electron of the two electrons. The momentum vector of this fast electron has
been deduced using momentum conservation. Since we measure the momenta of both ions and
one electron the missing fourth particle momentum can be calculated. For atomic ionization
this is successfully used in many experiments, for molecular targets which dissociate it is much

Advances in X-Ray and Inner Shell Processes

111

more challenging to reach the necessary resolution since the momentum imparted on the ions’
center of mass motion by the electron pair is in the range of only 2–3 a.u. while the individual
proton momentum is in the order of 40 a.u. out of the coulomb explosion. The resolution of our
ion spectrometer is mainly determined by the extension of the interaction volume. Due to the
very good focussing conditions of BL 11, the extension was below 0.1 mm in both directions
perpendicular to the photon beam. In the photon propagation direction the length of the
reaction volume was about 1.5 mm, given by the diameter of our supersonic beam. Due to the
chosen geometry (see below), all angular distribution shown here are restricted to the two to
the two spatial dimensions perpendicular to the photon beam.

3 Results
To search for a two-center interference pattern, we focus on a geometry where the fast electron
and the molecular axis are within the polarization plane of the circularly polarized light (i.e.
perpendicular to the photon propagation). In the following ﬁgures we plot the azimuthal angle
φe−mol between the fast electron and the molecular axis, i.e. the angular distribution in the
molecular frame. For the second electron we ﬁx the corresponding polar angle Θ (i.e. the angle to
the polarization plane, see Figure 1a). The virtue of this geometry in combination with circularly
polarized light is, that any unaligned target species like atoms or randomly oriented molecules
would yield an isotropic angular distribution in the laboratory frame. In this geometry even the
two major contributions to structure in the fully diﬀerential cross section for double ionization,
namely the polarization of the light and electron-electron interaction, both by themselves do not
produce any structure. For all data points in Figures 1 and 2 the electron-electron interaction is
identical and hence does not cause any anisotropy. Also the use of linearly instead of circularly
polarized light would produce additional and for the present purpose unwanted structure by
selection rules [31,32].
In Figure 1e, we observe a pronounced four lobe pattern for the fast electron, which is
slightly rotated clockwise. We suggest that this pattern is the result of the double slit like
interference. For two coherent spherical electron waves with momentum ke emitted from two
centers being separated in space by R one obtains a molecular frame angular distribution
given by
I(Φe−mol ) ∝ cos(ke R/2 cos(Φe−mol ))
(2)
where Φe−mol is the angle between electron momentum vector ke and the molecular axis. To
compare this equation for the optical case with the situation of an electron emerging from a
molecule, additional eﬀects like the scattering of the electron at the neighboring center and
phase shifts in the molecular potential [33] have to be taken into account. These additional
eﬀects signiﬁcantly change the apparent internuclear distance (a well known eﬀect in EXAFS
[34]) or alternatively the apparent electron momentum. Multiple scattering [35] as well as
RPA calculations [36] for single electron emission which both include such eﬀects show a four
lobe interference structure at the current electron wavelength (Figure 1f). Please note that
the calculations treat the emission of only a single active electron, while in our experiment
both electrons are ejected. The tilt of the pattern is a result of the helicity of the circularly
polarized light. We have veriﬁed that the rotation ﬂips for inverted polarization. This circular
dichroism in molecular double ionization has in general two origins. Firstly it is produced by
the multiple scattering of the electron wave at the two centers, a well studied eﬀect in single
electron emission [37–40]. This eﬀect is accounted for in the single electron calculations shown in
Figure 1f. Secondly in double ionization also the two electrons can give rise to circular dichroism
even for the atomic case [41–44]. This latter eﬀect is excluded in the present data by the choice
of the geometry, where the slow electron is emitted along the photon direction [45].
Figure 1e shows, that for the chosen geometry the presence of the second electron does
not destroy the interference. If, however, no constraint on the angle of emission of the second
electron is made (Figure 1b) the interference is completely lost. As discussed in [22] this loss of
fringe contrast is analogous to the decoherence in matter wave interference experiments, where
a scattering [46,47] or emission [48] of photons or a collision with other atoms [49] behind a
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Fig. 1. Double photoionization by 160 eV circularly polarized photons. a) Demonstration of the geometry chosen in this paper. b) Polar presentation of the azimuthal angle Φe−mol between the fast electron
(85 eV < E1 < 105 eV) and the molecular axis in the polarization plane. The polar angle of the molecular axis and the fast electron is ﬁxed in this plane ±20◦ . The molecule is aligned horizontally. There is
no angle constraint for the slow electron (5 eV < E2 < 25 eV). c)–e) Same as b) but with a constraint
for the polar angle Θ of the slow electron: c) Θ = 0◦ –6◦ , d) Θ = 37◦ –45◦ and e) Θ = 75◦ –90◦ with
respect to the polarization plane. In b)–e) there is no constraint on the azimuthal angle of the slow
electron. f) Angular distribution of a single electron with the kinetic energy E1 . Red (dashed) curve:
equation (2), blue (dashed dotted) curve: RPA calculation, black (solid) curve: multiple scattering
calculation.
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double slit arrangement, resolving this two-centre setup, yields a similar loss of fringe contrast.
This can be understood as the result of a phase shift or a momentum transfer with a de
Broglie wavelengths shorter than the bond lengths in the in the collision between the particles.
Such a collision leads to an entanglement of the two particle wave function. In the case of
single photon double ionization electron-electron collisions within the target are the dominant
ionization mechanism within high photon energies and the energy sharings employed in this
experiment ([50,51]). One can also argue, that the electron-electron interaction deposits which
way information in the second particle, again leading to a loss of contrast. Figure 1 shows,
that a restriction of the opening angle into which the second electron is ejected recovers the
interference. This ﬁnding can be discussed in diﬀerent contexts. Firstly thinking about phase
shifts on the wave function of the fast electron induced by the slow electron, the selection of
the direction into which the slow electron is scattered (Figure 1) determines this phase shift.
For the particular out of plane geometry as in Fig. 1e, the phase shift induced on the two
partial waves from the two centers is equal and hence this ﬁgure is closest to the unperturbed
single electron diﬀraction as in the calculations. In contrast, the selection made in Figure 1b
includes all in plane directions of the slow electron. This results in an averaging over many
diﬀerent phase shifts, which obscures the interference completely. Another way to rationalize
this ﬁnding is to think of the momentum measurement on the slow electron into a ﬁxed direction
as a quantum eraser. The two electron emission creates an entangled electron pair in which in
principle one electron can be used to infer which way information on the second electron. By
measuring the momentum of this electron one erases all such position information. To continue
this argument the alternative choice to erase position information by momentum detection
would be to actually use the slow electron for a position measurement. In this case one would
have to focus the slow electron wave with a wide opening angle into a photoelectron microscope
(PEEM). Such an experiment is unfortunately technically not yet feasible today.
To further support our claim that the observed structure in Figure 1e results from the two
center interference we investigate its dependence on the internuclear distance R in Figure 2.
For each event our experiment measures the kinetic energy release KER with high resolution
(< 500 meV). In a classical picture of the nuclear motion the KER is inversely proportional
to the internuclear distance at the instant of double ionization [19,52–54]. We have previously
demonstrated that this technique of Coulomb explosion imaging for double ionization is precise
enough to distinguish even between a nuclear wave function of a harmonic and a Morse potential
(Figure 1 in [19]). Figure 2 shows the data from Figure 1e split in three subsamples to diﬀerent
KER. We ﬁnd a striking dependence on the internuclear distance. To verify that the observed
eﬀect is in qualitative agreement with the expectation from the simple double slit we plot the
function



3
1
2
2
cos(kR/2 cos(ϑ)) · 1 + β
cos(ϑ) −
.
(3)
2
2
For β = 0 this yields the double slit formula of equation (1). We have chosen β = 0.6 to yield
the highest similarity with the experiment. This modiﬁcation of the optical double slit formula
with the second term simulates the fact that the electrons are preferentially emitted along the
molecular axis. β is the same in all three ﬁgures. We have used an apparent k = 3.1 a.u. This
simple modelling can of course not account for the rotation of the pattern by the circular light.
The only purpose of this modelling is to conﬁrm that the observed R dependence is qualitatively
in agreement with the expectation from a double slit.
We note that Horner and coworkers [20] have shown theoretically the relative strength of
the σ- and π-transition in double ionization does signiﬁcantly change as function of R. This
ﬁnding has recently been beautifully conﬁrmed in [21]. It is currently not clear how this ﬁnding
connects to the observation shown in Figure 2 with our seemingly diﬀerent interpretation based
on interference.
To conclude we have demonstrated a double slit interference pattern in the fully
diﬀerential cross section for double photo ionization of H2 for a special geometry where the
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Fig. 2. a)–c) Angular distribution of the fast electron for the geometry chosen in Figure 1e but with
a variation of the KER and hence the internuclear distance R, a) KER = 15 eV–18 eV (R ≈ 0.85 Å),
b) KER = 19 eV–21 eV (R ≈ 0.7 Å), c) 22 eV–24 eV (R ≈ 0.6 Å). d) Double slit formula according to
equation 3 with β = 0.6 for diﬀerent internuclear distances R, blue (dashed dotted) curve: R = 0.85 Å,
black (solid) curve: R = 0.7 Å, red (dotted) curve: R = 0.6 Å.

inﬂuence of electron-electron interaction is constant. The interference fringes are washed out for
other geometries and are shown to depend strongly on the internuclear distance. While original
pioneering theoretical work on photo double ionization of H2 , for example in the 5C approach,
has been reported e.g. in [14], today quasi exact calculations for photo double ionization of
H2 within the ﬁxed nucleus approximation have been reported by two groups [20,21,55–59].
Since increasing photon energy requires a larger angular momentum basis these calculations
have so far not been extended to higher photon energies where interference phenomena become
important. Our data show that such calculations would be highly rewarding. Examination of
the two body wave function obtained from such calculations promises to built a bridge between
many particle quantum dynamics and quantum optics.
We are indebted to Bill McCurdy, Tom Rescigno, Michael Walter, John Briggs, Anatoli Kheifets, Uwe
Becker, Daniel Rolles, Erich Joos, Kiyoshi Ueda, Markus Arndt, Markus Aspelmeyer for enlightening
discussions. We acknowledge outstanding support by the staﬀ of the Advanced Lights Source in particular by Elke Arenholz, Tony Young, Hendrik Bluhm and Tolek Tyliszczak. The work was supported by
the Deutsche Forschungsgemeinschaft and by the Oﬃce of Basic Energy Sciences, Division of Chemical
Sciences of the US DOE under contract DE-AC03-76SF00098.

References
1. H.D. Cohen, U. Fano, Phys. Rev. 150 30 (1966)
2. I.G. Kaplan, A.P. Markin, Sov. Phys. Dokl. 14, 36 (1969)

Advances in X-Ray and Inner Shell Processes

115

3. D. Rolles, M. Braune, S. Cvejanovic, O. Gessner, R. Hentges, S. Korica, B. Langer, T. Lischke,
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S. Kammer, O. Jagutzki, L.Ph. Schmidt, T. Osipov, J. Rösch, M.H. Prior, H. Schmidt-Böcking,
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