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Impact of nuclear dynamics on interatomic Coulombic decay in a He dimer
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After simultaneous ionization and excitation of one helium atom within the giant weakly bound helium dimer,
the excited ion can relax via interatomic Coulombic decay (ICD) and the excess energy is transferred to ionize
the neighboring helium atom. We showed [Sisourat et al. Nature Phys. 6, 508 (2010)] that the distributions
of the kinetic energy released by the two ions reflect the nodal structures of the ICD-involved vibrational wave
functions. We also demonstrated that energy transfer via ICD between the two helium atoms can take place over
more than 14 Å. We report here a more detailed analysis of the ICD process and of the impact of the nuclear
dynamics on the electronic decay. Nonadiabatic effects during the ICD process and the accuracy of the potential
energy curve of helium dimer and of the computed decay rates are also investigated.
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I. INTRODUCTION

Excited states of isolated atoms or molecules have, in
general, two possibilities to decay to a stable state: by
emitting a photon (radiative decay) or by emitting an electron
(Auger decay). One should mention, however, that in the
case of molecules, vibrational relaxation is also conceivable.
Isolated inner-valence ionized systems usually cannot decay
nonradiatively, i.e., by emitting a secondary electron, since the
energy of the inner-valence vacancy state lies below the double
ionization threshold and thus the process is energetically for-
bidden. The situation changes substantially if the inner-valence
ionized system is embedded in an environment like in a cluster,
for instance. In this case, an electronic relaxation mechanism
called interatomic (or intermolecular) Coulombic decay (ICD)
becomes possible [1]: After inner-valence ionization of a
particular subunit of the cluster, the vacancy is refilled by
an outer-valence electron of the same cluster subunit and
the energy gained in this process is transferred to another
cluster subunit, where a secondary electron is emitted from
the outer-valence shell. The final state is thus characterized
by two outer-valence vacancies, each on a different cluster
subunit. Due to repulsion between the two positive charges
produced after the ICD process, the cluster may undergo a
Coulomb explosion and break into two or more fragments. ICD
was theoretically predicted in 1997 and, since then, observed
experimentally in van der Waals clusters [2–6] as well as in
hydrogen bonded systems [7–9].

Another ICD-like process was observed after simultaneous
ionization and excitation of one atom in neon dimer [10].
Recently, it was observed in the giant helium dimer [11]. After
simultaneous ionization and excitation of one helium atom in
the dimer, the resulting excited helium ion relaxes via ICD to
He+(1s) and the neutral helium is ionized. The two He+(1s)
then undergo a Coulomb explosion and fly apart. In short:

He–He
hν−→ [He+∗–He] + e−

ph

ICD−→ [He+ + He+ + e−
ICD] + e−

ph. (1)
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The ICD process was observed unambiguously by measuring
in coincidence the kinetic energy of the emitted ICD electron
and that of the two ions [11]. In a previous article (Ref. [12]),
we showed that the two helium atoms can exchange energy
over huge distances, up to 14 Å. It was also demonstrated
that the total kinetic energy release (KER) spectrum exhibits
structures which are images of the vibrational wave functions
participating in the ICD process. We report here a detailed
analysis of the ICD process in helium dimer and of the impact
of the nuclear dynamics on the electronic decay. In the next
section, we present the ab initio methods we used to compute
the KER distributions. Then, the results of the computations
are shown and discussed. Finally, we investigate the effects
of nonadiabatic coupling and the impact of varying the decay
rates on the ICD process.

II. METHODS

We computed fully ab initio the distributions of the kinetic
energy released by the two helium ions after ICD. In order to
compute these distributions, one needs the potential energy
curves (PECs) and the corresponding decay rates of the
involved electronic states as a function of the interatomic
distance R. The details of computations of PECs and decay
rates are given in Ref. [13]. We give here a short overview of the
methods: the PECs were computed using the full configuration
interaction (FCI) method with a 6-ζ quality basis set on each
helium atom. The PEC of the neutral helium dimer was initially
taken from Tang et al. [14]. Recently, a new PEC for this
state was published in Ref. [15]. We compare here the total
KER spectrum obtained with each of these PECs. The decay
rates for each state were obtained by the symmetry-adapted
Fano-Green’s functions Stieltjes imaging technique [16,17].
We summarize the results of these computations in Fig. 1 and
in Fig. 2.

In order to investigate the impact of the nuclear dynamics
on the decay process, we computed the KER spectrum for
each ICD channel as function of time. The KER spectrum is
written in terms of eigenvectors and eigenvalues [18] of the
nuclear Hamiltonian of the neutral helium dimer (He-He), the
initial (He+∗-He), and the final (He+-He+) electronic states.
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FIG. 1. (Color online) Potential energy curves for He-He (dashed
blue line), He+-He+ (dashed-dotted red line and full black line), and
He+(n = 2)-He (color lines, see Fig. 2) states. The nuclear wave
function of the ground state of the dimer is shown in yellow. After
photoionization of a helium atom in the dimer, the system is left in one
of the He+(n = 2)-He states. The excited He+ relaxes by transferring
its energy via ICD to ionize the neighboring helium atom which emits
the ICD electron. The system ends in dissociative He+-He+ states.

Assuming broadband excitation, the KER spectrum at time t
is given by

σ (Ef ,t) =
∫

dEe|c(Ee,Ef ,t)|2 (2)

with

c(Ee,Ef ,t) =
nd∑

j=1

〈Ff |Ŵ |Dj )(Dj |I 〉
Ee + Ef − εj + i�j/2

× (1 − e−i[Ee+Ef −(εj +i�j /2)]t ), (3)

where Ee, Ef (= KER), and εj + i�j/2 are the energy
of the ICD electron, of the final state |Ff 〉, and of the
decaying state |Dj ), respectively. The states |I 〉 and |Ff 〉
are the nuclear eigenstates of the neutral He-He and the
final He+-He+ electronic states, respectively. The states
|Dj ) are the right-hand eigenstates of the complex Hamil-
tonian Ĥd of the electronic decaying state. The num-
ber nd of decaying nuclear eigenstates was chosen to
ensure convergence of the results. The operator Ŵ is equal
to

√
2πγD , where γD is the partial ICD rate. The Hamiltonian

Ĥd is written in the local approximation [19] as

Ĥd = T̂N + VD(R) − i
�D(R)

2
, (4)
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FIG. 2. (Color online) Ab initio data relevant for ICD in He2. Top
panel: ICD rates (in atomic units) for the decaying He+(n = 2)-He
states: 2�+

u :2pz (red (dark gray) line), 2�+
g :2pz (green (light gray)

line), 2	u:2px,y (dashed-dotted cyan (light gray) line), 2	g:2px,y

(dashed-dotted blue (dark gray) line), 2�+
u :2s (dashed red (dark gray)

line) and 2�+
g :2s (dashed green (light gray) line). The horizontal lines

in the top panel indicate the values of the radiative decay rates for
He+(2s) (dashed-dotted red line) and for He+(2p) (dashed black
line). Lower panels: Potential energy curves of the He+(n = 2)-He
states decaying by ICD (same color notation as in top panel).

where T̂N is the kinetic energy operator and VD(R) and
�D(R) are the corresponding PEC and the total decay rate,
respectively. Note that the total decay rate is the sum of the
ICD rate and the radiative decay rate.

The equations presented above are valid in the adiabatic
approximation, i.e., the electronic states can be considered
independent of each other. However, when two molecular
electronic states with the same symmetry are close in energy to
each other the commonly used adiabatic representation (Born-
Oppenheimer approximation) breaks down. It is discussed in
Ref. [20] how to incorporate the nonadiabatic coupling into the
formalism of decaying states. A diabatic representation which
couples the molecular states is then favorable. Therefore,
instead of the Hamiltonian Ĥd given in Eq. (4), a more general
Hamiltonian must be used:

HD =
(

Hi
D Cij

Cij H
j

D

)
, (5)
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where Hi
D and H

j

D are the nuclear Hamiltonians of the
uncoupled electronic states and Cij is their coupling in the
diabatic representation, respectively. Details of the computa-
tions of the nonadiabatic coupling are given later on in this
article.

The computation of the eigenvectors and eigenvalues of
the different electronic states was done using a grid finite
difference method and the inverse iteration method [21]. The
helium dimer in its electronic ground state possesses only
one vibrational bound state which has an average internuclear
distance of around 52 Å. A large grid of 8000 grid points
which spans over 425 Å was used to describe correctly this
vibrational state. To represent the vibrational decaying |Dj )
states, we used a smaller 80 Å grid of 4000 grid points. The
ten first low-lying dissociative states were computed as well.
The final |Ff 〉 states were computed on a 50 Å grid of 8000
grid points. We made sure that the computed cross sections are
converged with respect to the size and the number of points of
the different grids.

III. RESULTS

We consider in the present report a photon energy range in
which only He+(n = 2) can be reached in the photoionization
process. Therefore, only molecular states of He2

+ which
correspond to He+(n = 2)-He states at infinite internuclear
distance have to be taken into account for describing the ICD
process. The PECs are shown in Figs. 1 and 2. We label the
electronic states by their configuration term and the atomic
state of the excited He+ in the asymptotic limit (R → ∞).
Two kinds of PECs are identified. Those of the first kind are
related to the so-called 2p states, denoted 2�+

g :2pz, 2�+
u :2pz,

2	u:2px,y , and 2	g:2px,y , which exhibit minima around 2 Å.
The electronic states of the second kind are related to the
so-called 2s states, denoted 2�+

g :2s,2�+
u :2s, which possess

shallower minima at around 5 Å. Each of these electronic states
can decay to He+-He+ singlet and triplet final states (1�+

g and
3�+

u ). Note that nonadiabatic coupling between 2�+
g :2pz and

2�+
g :2s states on one hand and 2�+

u :2pz and 2�+
u :2s states

on the other hand occurs. Therefore, the states within each
pair have to be considered together. We discuss the effect
of nonadiabatic coupling on the ICD process later. The cor-
responding ICD rates as a function of R are depicted in
the top panel of Fig. 2. As seen in the figure, the ICD
rates strongly depend on R; the shorter the distance between
the atoms is, the faster is the ICD. The ICD rates of the
2p and 2s states must be compared to their corresponding
radiative decay rates. The radiative decay is an atomic property
and the extremely weak He-He interaction within the dimer
has little influence on it. Therefore, the radiative decay rate
is assumed to be constant over the relevant internuclear
distances. According to the atomic spectroscopic data [22,23],
the radiative lifetime of He+(2p) is about 100 ps and that of
He+(2s) state is 2 ms. As one can see in Fig. 2, ICD is the
dominant decay channel at interatomic distances below 10 Å
for all the decaying electronic states. At larger interatomic
distances, photon emission starts to be competitive with ICD
and it is largely dominant at interatomic distances above
20 Å.

A. Impact of the nuclear dynamics

We showed in Ref. [12] that nuclear dynamics during ICD
is essential to describe the electronic decay and has a strong
impact on the KER spectra. We give here a detailed analysis
of the nuclear dynamics for one given electronic state, namely
2	u:2px,y . The nuclear dynamics on the other electronic states
is very similar.

After photoionization of one helium atom in the dimer,
the nuclear wave function is a linear combination of nuclear
vibrational levels of the decaying electronic state. Due to the
large size of the vibrational wave function in the electronic
ground state of helium dimer, several vibrational levels are
populated. Franck-Condon factors of the vibrational levels as
well as of the lowest-lying dissociative states are shown in
Fig. 3. As seen in the left panel of the figure, the highest excited
level is the most populated. The wave function of this level is
extended over a large interatomic distances range and thus has
a large overlap with the initial vibrational wave function. We
computed the lifetimes of the decaying vibrational states from
the imaginary part of their energy. The results for the bound
vibrational levels are shown in Table I. As seen in the table,
the ICD lifetime varies between 20 fs and 50 ps depending
on the vibrational level populated during the photoionization
process. These lifetimes are shorter than the radiative lifetime
of He+(2p). This shows that these states decay almost entirely
by ICD. In the right panel of Fig. 3, we show the Franck-
Condon factors for vibrational states above the dissociation
limit. The lowest-lying levels of these discretized continuum
are also populated but they decay mainly by emitting a photon
(not shown). Since the radiative decay is long, the dimer in
these nuclear continuum states dissociates into He+(n = 2)
and He before the excited ion relaxes radiatively. Therefore,
no stable He+

2 dimers are formed. This is in good agreement
with the experimental results of T. Havermeier et al. which
did not detect any stable He+

2 [11] after photoionization and
excitation of helium dimer.
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FIG. 3. Franck-Condon factors of the vibrational levels of the
2	u:2px,y electronic state. The highest excited vibrational level
is the most populated level by the photoionization process. Low-
lying dissociative levels are populated as well. These levels decay
radiatively after dissociation of the dimer.
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TABLE I. Lifetime of vibrational states of the different decaying electronic levels using the adiabatic approximation and
that obtained by taking the nonadiabatic coupling into account. The vibrational levels of the 2	u:2px,y and 2	g:2px,y electronic
states have the same lifetime in both representations since no nonadiabatic coupling between them occurs. The potential energy
curves of the 2�+

g :2s and 2�+
u :2s states support only two vibrational levels in the adiabatic approximation.

Including nonadiabatic coupling Adiabatic approximation

ν 2	u:2px,y
2	g:2px,y

2�+
g :2pz,2s 2�+

u :2pz,2s 2�+
g :2pz

2�+
g :2s 2�+

u :2pz
2�+

u :2s

0 22.00 fs 34.08 fs 30.61 fs 33.49 fs 30.60 fs – 33.49 fs –
1 27.15 fs 38.25 fs 37.40 fs 36.44 fs 37.38 fs – 36.44 fs –
2 39.27 fs 47.43 fs 51.89 fs 49.00 fs 51.88 fs – 49.00 fs –
3 61.22 fs 66.06 fs 81.07 fs 69.58 fs 81.01 fs – 69.61 fs –
4 127.44 fs 111.16 fs 147.10 fs 113.76 fs 148.07 fs – 114.32 fs –
5 387.04 fs 251.72 fs 377.19 fs 261.05 fs 342.97 fs – 247.79 fs –
6 1.81 ps 839.12 fs 1.42 ps 957.02 fs 1.21 ps – 738.95 fs –
7 15.57 ps 4.56 ps 1.975 ps 2.64 ps 8.43 ps – 5.956 ps –
8 – 53.96 ps 24.69 ps 8.71 ps – 4.18 ns – 29.93 ns
9 – – 44.12 ps 8.78 ps – 0.80 µs – 0.17 µs

We investigate now the evolution in time of the KER
spectrum for 2	u:2px,y state decaying to 1�+

g final state.
The KER spectra for different times after the photoionization-
excitation process are shown in Fig. 4. The lower panel
of the figure shows the KER spectrum after 10, 50, and
100 fs. We see that after 10 fs, there is a broad peak in the
spectrum between 3 and 6 eV. These KER values correspond
to interatomic distances between the two atoms of 5 and
2.5 Å, respectively. It demonstrates that just after 10 fs, the
system relaxes and the two atoms exchange energy of around
40 eV at distances of up to 5 Å. Note that the maximum of the
initial vibrational wave function of the neutral helium dimer is
at about 6 Å and the wave function goes to zero very quickly
at shorter interatomic distances (see Fig. 1). This explains
that even though ICD is faster at shorter distances, the first
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FIG. 4. (Color online) Evolution in time of the KER spectrum for
the 2	u:2px,y electronic state decaying into the 1�+

g final state. Time-
resolved KER spectra allow us to follow the nuclear wave packet
onto the decaying electronic state: at t = 10 fs, a broad peak appears
between 3 and 6 eV corresponding to R = 5 and 2.5 Å, respectively.
As time proceeds, the nuclear wave packet moves toward shorter R

and distinct peaks arise. The peak at KER = 8.5 eV corresponds to
R = 2 Å.

signals appear at KER values corresponding to rather large
distances. At longer times after the photoionization step, the
nuclear wave packet moves toward shorter distances due to
the attractive potential of the decaying electronic state. After
50 fs, a peak in the KER spectrum around 8 eV appears,
corresponding to interatomic distances around 2 Å. It is clear
here that time-resolved KER spectrum allows us to follow in
time the nuclear wave packet. After 100 fs, the signal around
8 eV becomes the most intense peak. This shows that ICD
is much faster at shorter distances as we have seen in Fig. 2
and discussed above. As time proceeds, structures in the KER
spectrum become visible. The top panel of Fig. 4 shows the
KER spectrum at 200 fs, 1 ps, 2 ps, 10 ps, and 100 ps after
the photoionization process. The KER spectrum grows with
time and nodal structures in the spectrum become more and
more visible. The KER spectra at 10 and 100 ps are almost
identical. This shows that the system has completely relaxed
after 10 ps. It should be noted that this corresponds to the
lifetime of the highest excited vibrational levels as shown in
Table I.

The measured total KER spectrum reported in Ref. [11]
and in Fig. 5 corresponds to the spectrum after the complete
decay of the system. As shown later, the total KER spectrum
is the sum of all partial KER spectra computed at time equal
infinity. Although not yet achieved for ICD, it is in principle
possible to measure time-resolved KER spectra, for instance,
by pump-probe experiments as already done for Auger decay
[24]. Time-resolved measurements would allow to follow in
time the nuclear dynamics on the PEC of the decaying state
and would give more insights into the underlying electronic
processes.

We show in Fig. 5 the KER spectrum for each ICD channel
(i.e., for each pair of decaying electronic states and final states)
obtained after that the system has completely decayed. They
exhibit structures that, as we showed earlier, are the signature
of the nodal structures of the vibrational wave functions
involved in the ICD process. In the top panel of Fig. 5, we
show the total KER spectrum obtained by summing all partial
KER spectra computed at time equal infinity, as well as the
total KER spectrum measured by Havermier et al. [11]. A good
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FIG. 5. (Color online) Lower panels: KER distribution of the
two He+ ions after ICD for the different He+(n = 2)-He electronic
states decaying into singlet (dashed-line) and triplet (full line)
He+-He+ states. Top panel: Total KER distribution computed (i.e.,
sum of all partial KER spectra) and that measured by T. Havermeier
et al. [11].

agreement between theory and experiment is achieved. The
total KER spectrum is discussed in details in Ref. [12]. Small
disagreements are visible in the KER range of 4 to 7 eV. From
the theoretical side, nonadiabatic effects and the accuracy of
the decay rates and of the PEC of the neutral helium dimer
could be the main reasons of these disagreements. We discuss
them in the following.

B. PEC of the neutral helium dimer

The neutral helium dimer is extremely weakly bound.
Computations of the corresponding PEC is thus a delicate
issue. It was previously computed by Tang et al., who predicted
a mean value of the interatomic distance of around 52 Å. This
value is in good agreement with the available experiments [25].
Recently, another group recomputed the PEC [15], taking
into account relativistic and quantum electrodynamics effects.
From this new PEC, a mean value of the interatomic distance
of around 47 Å is obtained. The results shown above and in
Ref. [12] were obtained using the PEC from Tang et al. We
have now also computed the total KER spectrum employing
the more recent PEC. Both KER spectra are shown for
comparison in Fig. 6. They are very similar over the whole
KER range. In fact, the changes in the initial wave function
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FIG. 6. (Color online) Comparison of the total KER spec-
trum computed using the ground state PEC of He2 obtained by
Refs. [14,15]. The two KER spectra are similar, except that the
intensity of the KER spectrum obtained employing PEC from
Ref. [15] is 10% higher. Since the experiment does not determine the
absolute intensity of the spectrum, it is not possible here to conclude
which PEC is more accurate.

increase the Franck-Condon factors for all vibrational levels by
about 10%. These rather moderate changes do not alter much
the nuclear dynamics after the photoionization process which
is similar in both cases. The absolute values of the total KER
spectrum differ, however, by about 10%. Thus, measuring and
computing the absolute intensity of the total KER spectrum
can be used to identify which PEC of the neutral helium dimer
is more accurate. We would like to add that if it will be possible
in the future to carry out the experiment by populating only one
decaying electronic state or, preferably, one single decaying
vibronic level, it would be easier to conclude which PEC is
more accurate.

C. Nonadiabatic effects

The PECs of the �+
g :2pz and �+

g :2s states as well as
those of �+

u :2pz and �+
u :2s states are very close (less than

1 meV) to each other over a wide range of internuclear
distances. Consequently, the pair of states with the same
symmetry cannot be considered separately and one has to
investigate their nonadiabatic couplings. We discuss here
the impact of the nonadiabatic effects on the ICD process.
Note that the results presented in Fig. 2 and in Ref. [12] were
obtained by taking into account these nonadiabatic effects. The
nonadiabatic coupling between �+

g :2pz and �+
g :2s states on

one hand and �+
u :2pz and �+

u :2s states on the other hand were
computed explicitly from the respective CI wave functions.
Because each electronic state is described by 14 520 Slater
determinants, it is numerically demanding to take into account
so many determinants to compute the coupling. Therefore,
we took the 1000 most contributing determinants (with the
biggest CI coefficients) to compute the coupling. Convergence
of the coupling with respect to the number of determinants
was checked. We used the diabatization method developed
by Heil and Dalgarno [26] to calculate diabatic PECs and
the coupling between the diabatic states. The adiabatic and
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FIG. 7. (Color online) Adiabatic versus diabatic states. Top panel:
Coupling between the diabatic states. Lower panel: Diabatic [red
(dark gray) lines] and adiabatic [green (light gray) lines] potential
energy curves for the �+

g states. The 1000 most significant determi-
nants (i.e., with the biggest CI coefficients) of the CI wave functions
were used to compute the nonadiabatic coupling. The convergence
of the coupling with respect to the number of determinants was
checked.

diabatic PECs as well as the coupling between the diabatic
states are presented in Fig. 7 for the �+

g states. The findings and
conclusions for the �+

u states are similar. At large interatomic
distances, the diabatic and the adiabatic PECs are identical. At
shorter interatomic distances, they have a different behavior:
the diabatic PECs cross each other at R = 12 Å, whereas the
adiabatic PECs, which cannot cross due to the noncrossing
rule, split up. At even shorter distances, around the minima
of the PECs, the diabatic and adiabatic PECs are similar
again. The coupling between the diabatic states is negligible at
interatomic distances larger than 5 Å and increases at shorter
interatomic distances. The KER distributions were calculated
using Eqs. (2) and (4) for the uncoupled adiabatic states and
employing Eq. (5) for the coupled diabatic states. In Fig. 8,
we show the KER spectra obtained in both representations.
The KER spectra for the adiabatic �+

g :2pz state exhibit a
series of peaks between 1 and 10 eV, whereas those for �+

g :2s

adiabatic state present a single small peak centered around
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FIG. 8. (Color online) Comparison between the partial KER
spectra computed using the adiabatic approximation (dashed-dotted
red line and full blue line) and those obtained by taking the
nonadiabatic coupling into account (dashed black line) for the
different He+(n = 2)-He electronic states of � symmetry decaying
into singlet and triplet He+-He+ states.

3.5 eV. The KER spectra for the coupled diabatic states are
similar in appearance to that for the �+

g :2pz adiabatic state but
are about 5 times more intense than the latter over the whole
KER range. It is clear that the main effect of the nonadiabatic
coupling is to enhance the ICD process. Indeed, as seen in
Table I, the �+

g :2s state in the adiabatic representation has a
long lifetime and decays mainly radiatively. But because of the
nonadiabatic coupling, the lifetime of this state is substantially
shortened (e.g., the decay rates of each vibrational states of the
�+

g :2s electronic state are 100–20 000 times larger when the
nonadiabatic coupling is taken into account) and these states
give a larger contribution to the KER spectra.

We show in Fig. 9 the first vibrational state of the
�+

g :2s electronic state in the adiabatic approximation and the
respective vibronic state computed by taking the nonadiabatic
coupling into account. The vibronic wave function is nonzero
at interatomic distances between 2 and 4 Å which is an
internuclear distance range forbidden in the adiabatic repre-
sentation. The oscillatory tail of the vibronic wave function
at short interatomic distances comes from contributions of
vibrational states of the �+

g :2pz electronic state. This is
possible due to the nonadiabatic coupling. The two helium
atoms are allowed to come closer and since ICD is dominant
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FIG. 9. (Color online) Density of probability associated with the
first vibrational state of the �+

g :2s electronic state in the adiabatic
[red (dark gray) line] approximation and the respective vibronic state
[green (light gray) line] computed using the coupled diabatic states,
i.e., by including the non-adiabatic coupling. The adiabatic potential
energy curves of the �+

g states are shown as well (dashed black
lines).

at short interatomic distances, the �+
g :2s electronic state

relaxes via ICD instead of by emitting a photon. Moreover,
the vibronic states emerging from �+

g :2s electronic state are
located at rather long interatomic distances and their overlap
with the large vibrational wave function of helium dimer in its
electronic ground state are significant. Therefore, these states
are strongly populated during the photoionization process.
This explains why the intensities of the KER spectra are much
larger when the nonadiabatic couplings are taken into account.

D. On the impact of the accuracy of the decay rates

The decay rates calculations represent the bottleneck of the
present study. The Fano-Green’s functions Stieltjes imaging
method stands for the currently most complete description
of the interatomic decay rates. It is known for being able to
produce stable and converged results for the ICD rates ranging
over six orders of magnitude or more. Benchmark calculations
of atomic Auger and Coster-Kronig decays indicate that typical
inaccuracy of the method is to be expected around 10%–15%
[16]. Yet, the present problem differs from previously studied
cases in that the decaying electronic states are satellite states
in the spectrum of the singly ionized helium dimer. This may
result in a serious decrease of the quality of their representation
since in the present implementation satellite states are treated
only within the first order of perturbation theory [13]. Owing to
the complexity of the entire method, it is currently impossible
to reliably assess the effects of this issue on the resulting decay
rates. In order to deal with this uncertainty we investigate here
the effects on the total KER spectrum obtained by changing
the magnitude of the decay rates.

In Fig. 10, we show the KER spectrum obtained using the
ab initio data taken from Ref. [13], as presented in Fig. 1,
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FIG. 10. (Color online) Total KER spectra computed with decay
rates of different magnitude. The spectra are compared to experimen-
tal spectrum (blue circles). The small discrepancies between theory
and experiment cannot be attributed solely to a possible inaccuracy
of the decay rates.

and two additional KER spectra obtained using the decay
rates (both total and partial) either divided or multiplied by
3. The factor of 3 was chosen to safely cover any potential
uncertainties in the decay rates calculations. For comparison,
the measured KER spectrum is also shown in Fig. 10. All
KER distributions were scaled so the highest peak has the same
intensity as in the experiment. We observe that with increasing
decay rates the low KER is enhanced, whereas decreasing the
decay rates makes the intensity of the low KER peaks smaller.
This behavior can be explained using the following arguments:
at large interatomic distances, the ICD efficiency is suppressed
by the radiative decay. Increasing the ICD rates reduces
the effect of radiative decay. Hence, the low KER, which
corresponds to ICD at large interatomic distances, is enhanced
relative to high KER. For the same reason, decreasing the
decay rates makes the photon emission a more effective decay
channel.

As can be seen in Fig. 10, the agreement between theory
and experiment is best for the reduced decay rates. However,
the difference from the results obtained using the ab initio data
is rather small. On the other hand, increasing the ICD rates by
the factor of 3 clearly deteriorates the agreement. Still, some
discrepancies for low KER exist in all cases. We conclude
that a possible inaccuracy of the decay rates cannot be the
only reason for the small differences between the theory and
experiment.

IV. CONCLUSIONS

We reported a detailed analysis of the nuclear dynamics
during the interatomic electronic decay in the giant helium
dimer. The effects of the two different potential energy curves
available for the electronic ground state were studied. The total
KER spectrum is rather insensitive to the small disagreements
between the two curves. We also investigated the effects of
the nonadiabatic coupling on the KER spectra. The adiabatic
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approximation fails to describe correctly the ICD process,
because of nonadiabatic effects between the �+

g :2pz and
�+

g :2s states and between the �+
u :2pz and �+

u :2s states.
We showed that the ICD process is significantly enhanced
when the nonadiabatic coupling is taken into account. Finally,
we demonstrated that the rather small differences between
the computed and the measured total KER spectrum cannot
be explained solely by a possible inaccuracy of the ICD rates.
We should mention that recoil effects [27,28] were not taken
into account and might change the KER spectra.
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