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1Laboratoire de Chimie Physique Matière et Rayonnement (LCPMR),
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Abstract

Double core hole spectroscopy is an ideal framework for investigating photoionization shake-up
satellites. Their important intensity in a single site double core hole (ssDCH) spectrum allows
the exploration of the subtle mix of relaxation and correlation effects associated with the inherent
multielectronic character of the shake-up process. We present a high accuracy computation method
for single photon double core shell photoelectron spectra that combines a selected configuration
interaction procedure with the use of non orthogonal molecular orbitals to obtain unbiased binding
energy and intensity. This strategy leads to oxygen ssDCH spectrum of the CO molecule that is in
excellent agreement with the experimental result. Through a combined wave function and density
analysis, we highlight that the most intense shake-up satellites are characterized by an electronic
reorganization that opposes the core hole induced relaxation.
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Shake-up satellite peaks are among the most inter-
esting features in a photoelectron spectrum. Stem-
ming from the conjunction of two processes, the
photoionization and the excitation of the remain-
ing bound electrons, they have an intrinsic multi-
electronic character and thus are associated with
an intricate and subtle mix of relaxation and cor-
relation effects.

Such satellites appear in many core electron pho-
toionization processes that are the root of useful
analysis methods. For instance, single core hole
(SCH) X-ray Photoelectron Spectroscopy (XPS)
[1–3] is one of the most applied techniques for
chemical analysis as it is chemical specific and sen-
sitive to the chemical environment.

Because of the peculiar nature of the satellites, in-
terpretation of such peaks is a theoretical challenge
and requires elaborated computational methods
that goes beyond the mean field model of Hartree-
Fock (HF) theory to reproduce both their energy
and intensity. The sudden approximation, sug-
gested by Bloch [4], was the first theoretical frame-
work adopted to investigate XPS satellites [5–8],
later extended by the dipole approximation [9] that
allowed Martin and Shirley to develop a complete
quantum model of SCH shake-up lines [10].

Thanks to experimental and theoretical develop-
ment, double core shell photoionization had a con-
tinuously growing attractivity for the past decade.
The current generation of X-ray sources finally al-
lowed to observe the formation of doubly core ion-
ized molecular system consecutive to either the in-
teraction with a single X-ray photon, using syn-

chrotron radiation [11], or to a sequential absorp-
tion of two X-ray photons, by mean of X-FEL ra-
diation [12].

The early theoretical work of Cederbaum
et. al. [13–15] showed that spectroscopies based on
double core hole states display, in many cases, an
enhanced sensitivity compared to SCH-XPS. In
particular, for doubly core ionized system in which
the two holes are located on the same atom, i.e.
single site double core hole (ssDCH or K−2) states,
the satellite peaks are spread over a large energy
range and it is not uncommon for the shake-up
region to be responsible for more than half of the
complete signal, while it amounts to only a few
percent in SCH-XPS. This means that ssDCH
spectra are drastically affected by the quality
of the description of its satellite lines. Thus,
one needs to take into account a large number
(∼ 50 − 100) of excited states and to provide
a balanced description of transition moments
to compute accurate ssDCH spectra. For these
reasons, ssDCH spectroscopy is a stringent test
subject for new theoretical developments.

In the context of SCH-XPS, many computation
strategies were considered to investigate shake-up
satellites [16–22, 24? –28]. However, since dou-
ble core hole spectroscopy is a relatively new field,
fewer methods have been proposed to reproduce
ssDCH shake-up satellites [29–33].

We present a robust and unbiased method to com-
pute accurate single photon K−2 satellite spec-
tra. This approach relies on the combined use
of a selected configuration interaction (CI) proce-
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dure, with the use of non orthogonal Molecular Or-
bital (MO) basis sets to describe the neutral and
the ionized system and compute transition prop-
erties. We assess this method by computing the
full oxygen ssDCH spectrum of the CO molecule
and compare it with a new experimental spectrum
with improved statistics in regard to the one pre-
viously published by some of the present authors
and their co-workers [34]. Previous studies already
investigated the O K−2 spectrum of CO [32, 34–36]
but focused only on the double core ionization en-
ergy or yielded mitigated results on the satellites.
Instead, our results display an excellent adequacy
with experiment for both the position and the in-
tensity of the main and shake-up lines. We also
present a wave function and density analysis pro-
viding insight into the nature of the intense shake-
up satellites.

Atomic units are used throughout this Letter if no
specification is given.

In the dipole approximation, the amplitude of a
peak associated with the formation of a ssDCH
state through the absorption of a single X-ray pho-
ton is proportional to the squared transition mo-
ment between the initial N electron neutral state
wave function Ψi(N) and the final state wave func-

tion Ψf(N) = Â(N)Xk1,k2(1, 2)Ψk-2
f (N − 2) where

Â(N) is the N electron antisymetrizer, Ψk-2
f (N−2)

is the (N − 2) electron wave function describing
the remaining bound electrons in the final ion and
Xk1,k2

(1, 2) is a continuum wave function of two
electrons of asymptotic momenta k1 and k2 respec-
tively. Thus, in the length gauge, the differential
cross section is given by

d6σi→f

dk1dk2
= 4παω ×

∣∣∣∣∣
〈

Ψf(N)

∣∣∣∣∣
N∑
i=1

ri

∣∣∣∣∣Ψi(N)

〉∣∣∣∣∣
2

× L(ω − (Ef + ε); Γf) (1)

where ω is the incident photon energy, Ef is the
binding energy of the final K−2 state, ε is the to-
tal kinetic energy of the two photoelectrons and
finally L(ω − (Ef + ε); Γf) is the Lorentzian func-
tion accounting for the lifetime of the final ssDCH
state. One can show that the transition moment
associated with a peak in the ssDCH spectrum is
approximately [68]

Ti→f ∝
〈

Ψk-2
f (N − 2)

∣∣∣ âα1sâβ1s ∣∣∣Ψi(N)
〉

(2)

where â
α/β
1s is the annihilation operator that re-

moves an electron from the targeted core spin or-
bital.

The initial neutral and final dication wave func-
tions are obtained by CI calculations. To limit
the number of determinants without favoring any
state of the ion, we did not arbitrarily truncate

the CI space. Instead, we used a selected CI proce-
dure [37–42] called Configuration Interaction using
a Perturbative Selection made Iteratively (CIPSI)
that allows to iteratively build the wave function
by only adding the most important Slater determi-
nants. The variant used in this work is based on an
iterative selection procedure using a second-order
Epstein-Nesbet perturbation theory [43, 44] crite-
rion and a semi-stochastic approach [45] to com-
pute the perturbative second-order (PT2) energy
(see Technical Details bellow and Ref. 46). We note
that this CIPSI algorithm is tuned to balance the
selection over all of the states considered.
The ssDCH wave functions are expanded as linear
combination of Slater determinants constructed on
the basis of relaxed MO, {v}, adapted to describe
the core dication. These orbitals are obtained
by reoptimization of the neutral HF orbitals [47–
50]. In this work, we used a partial reoptimization
method, akin to Wood’s suggestion [19], in which
the double core hole orbital is kept frozen. Thus,
the wave function of the nth ion state is∣∣Ψk-2,n

f

〉
=
∑
ν

Cnν
∣∣ϕk-2
ν

〉
(3)

where
∣∣ϕk-2

〉
= |v3, v4, · · · , vN 〉 are relaxed N − 2

electron Slater determinants with an empty core
orbital.
The most common choice is to use the same re-
laxed MOs to build the neutral wave function as
it leads to easy computation of transition prop-
erties. However, these MOs are not adapted to
describe the initial neutral system, so this leads
to a slow convergence of the transition amplitude
and energy. Instead, we used the standard neutral
HF orbitals, {u}, to build the Slater determinants
used in the expansion of the neutral system wave
function:

|Ψi〉 =
∑
µ

Cµ |φµ〉 (4)

where |φ〉 =
∣∣1sα, 1sβ , u3, · · · , uN

〉
are N electron

Slater determinants with a filled 1s orbital.
Introducing these expressions in (2) gives

Ti→f,n =
∑
µ

∑
ν

CµC
n
ν

〈
ϕk-2
ν

∣∣∣φk-2µ 〉
(5)

where |φk-2µ 〉 = âα1sâ
β
1s |φµ〉.

We used Löwdin’s rules [51] to compute the over-
lap in equation (5). According to said rules, the
overlap between two (N − 2) electron Slater deter-
minants is

〈
ϕk-2

∣∣φk-2〉 =

∣∣∣∣∣∣∣∣∣∣
〈v3 |u3〉 〈v3 |u4〉 · · · 〈v3 |uN 〉

〈v4 |u3〉 〈v4 |u4〉 · · ·
...

...
...

. . .
...

〈vN |u3〉 · · · · · · 〈vN |uN 〉

∣∣∣∣∣∣∣∣∣∣
(6)
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FIG. 1: a) Experimental (black) and computed NOTA+CIPSI (blue) O K−2 spectra of CO. Vertical red lines are of
size 1

5
×|Ti→f|2. Experimental measurement uses three-electron coincidence events between the two photoelectrons

and the Auger hypersatellite in the 505–605 eV energy range. The spectrum is obtained from the sum of the
kinetic energies of the photoelectrons. Slow electrons (kinetic energy < 10 eV) have been excluded and the bining
step of the histogram was set to 500 meV. Computation was done with the aug-cc-pVTZ basis set. The CIPSI
calculations were iterated until convergence of transition amplitudes and relative binding energies. The final
numbers of configurations in the neutral and ion wave functions were respectively around 4.5× 106 and 3.4× 106.
The PT2 correction was used and the energy was shifted to set the DCIP to 0 eV. Only states with a transition
amplitude superior to 0.01 were labeled. b) Comparison with, 1DO+CIPSI (orange), 1DO+NOTA+CIPSI (red)
and Tashiro et. al. 1DO+RASCI [32] (dashed green). inset: Zoom on the 10 to 30 eV shake-up region.

with 〈vj |ui〉 the overlap integrals between the two
sets of occupied spin-orbitals.

We present in Fig. 1 our theoretical and experi-
mental O K−2 spectra of the CO molecule and
we report in table I the binding energy and inten-
sity, |Ti→f|2 (also called pole strength and spec-
troscopic factor [52, 53]), of the most important
peaks as well as the dominant configurations in
the wave function of the associated final ssDCH
state. The present experimental spectrum uses
three-electron coincidence events between the two
photoelectrons and an Auger hypersatellite de-
tected via a magnetic bottle time-of-flight (MB-
TOF) electron spectrometer that was used in pre-
vious studies [34, 54–58]. A coincidence data set
was accumulated with CO molecules at a photon
energy of 1341 eV for 14 hours, with an electron
count rate reduced to 1500 electrons per second in
order to minimize false coincidences. Electrons of
less than 10 eV have been excluded from the analy-
sis to reduce background. More details about com-
putation and experimental measurement are given
in the Technical Details bellow.

The computation method proposed in this work
involves a Non Orthogonal computation of Tran-
sition Amplitudes so we will refer to these re-
sults as (NOTA+WF), where WF stands for the
wave function ansatz considered (CIPSI in this
work). The absolute Double Core Ionization Po-
tential (DCIP) was estimated to be 1177.51 eV by
an independent ∆CIPSI calculation corrected for
relativistic effect by a third order Douglas-Kroll
(DK(3)) contribution (see Technical Details). This

value is in good agreement with the experimental
measurement of 1178.0 ± 0.8 eV [34]. The follow-
ing discussion will focus on the general shape of
the spectrum, thus, all spectra are shifted to set
the DCIP at 0 eV.

Figure 1 displays a very good agreement between
the NOTA+CIPSI and experimental spectra for
both peak position and intensity. The CO O K−2

spectrum is characterized by three features. The
principal peak corresponds, as intended, to the
double photoionization of the two O 1s electrons
followed by the complete relaxation of the outer
shell electrons to the most stable K−2 state labeled
a. The second feature is a satellite region of inten-
sity comparable to that of the main line around 20
to 25 eV with respect to the DCIP. We assigned
this satellite region to one specific shake-up state
labeled c. Finally, a less intense satellite region
around 35 to 45 eV is shown to stem from the
transition to two shake-up states, d and e.

In an early work, Tashiro et. al. [32] attempted to
compute the O K−2 spectrum of CO by means
of a Restricted Active Space (RAS) CI method.
Nevertheless, they did not reproduce the spectrum
correctly mainly because of a very crude approxi-
mation on the transition amplitude. Indeed, they
considered a single determinant ansatz for the neu-
tral wave function in the expression of the transi-
tion moment. In the following, we will refer to
this approximation as the one determinant overlap
(1DO) approximation. This approximation can be
considered reasonable provided that one uses the
correct MO basis set for the neutral system. How-
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TABLE I: NOTA+CIPSI transition amplitudes and relative binding energies associated with the intense peaks of

the O K−2 spectrum of CO, and their corresponding final ssDCH state.

Label(a) (BE−DCIP) |Ti→f|2 Main configurations(b,c)

a 0 0.20527 + 0.94
{

(1so)0
}

b 15.214 0.01044 − 0.63
{

(1so)0 (3σ)0 (3π∗)2
}
− 0.63

{
(1so)0 (3σ)0 (4π∗)2

}
− 0.22

{
(1so)0

}
c 22.631(d) 0.13164 − 0.35

{
(1so)0 (1π)1 (3π∗)1

}
− 0.35

{
(1so)0 (2π)1 (4π∗)1

}
+ 0.29

{
(1so)0 (3σ)1 (5σ∗)1

}
− 0.14

{
(1so)0 (1π)1 (4π∗)1

}
+ 0.14

{
(1so)0 (2π)1 (3π∗)1

}
d 37.582 0.02459 − 0.34

{
(1so)0 (1π)1 (6π)1

}
+ 0.34

{
(1so)0 (2π)1 (5π)1

}
− 0.19

{
(1so)0 (2σ)1 (5σ∗)1

}
− 0.14

{
(1so)0 (1π)1 (5π)1

}
− 0.14

{
(1so)0 (2π)1 (6π)1

}
+ 0.11

{
(1so)0 (2σ)1 (7σ∗)1

}
e 40.579 0.01162 − 0.55

{
(1so)0 (2σ)1 (6σ∗)1

}
− 0.19

{
(1so)0 (2σ)1 (5σ∗)1

}
a Only states with |Ti→f|2 > 0.01
b Only configurations with CI coefficients in intermediate normalization Cn

j /max{Cn
j } > 0.3

c Single excitations are only reported once but appear twice in the expansion because of the α β symmetry.
d Experimental value = 22.6± 0.4 eV

ever, they used the MO optimized for the DCH
cation (equivalent to the {v} MO in this work) to
describe the neutral system. In this context, the
transition amplitude becomes

Ti→f,n =
〈

Ψk-2,n
f

∣∣∣ϕk-2
hf

〉
= Ck-2,n

hf (7)

where Ck-2,n
hf is the coefficient associated with the

”HF K−2 determinant”, |ϕk-2
hf 〉 = âα1sâ

β
1s |ϕhf〉, in

the expansion of the K−2 ion nth excited state wave
function [Eq. (3)], with |ϕhf〉 the N electron HF
Slater determinant in the relaxed {v} basis.
Figure 1 (b) shows the comparison between our
NOTA+CIPSI spectrum, 1DO+CIPSI spectrum
and Tashiro et. al.’s 1DO+RASCI spectrum. We
also report the spectrum obtained within the 1DO
approximation but with the use of the adequate
MO basis {u} for the neutral wave function and
refer to this result as 1DO+NOTA+CIPSI.
As suggested before, the 1DO approximation com-
pletely fails to provide a good description of
the transition amplitude if the correct MOs are
not used for the neutral wave function. Both
1DO+RASCI and 1DO+CIPSI results display an
overly exaggerated first peak while the transition
amplitude to the state labeled c, is dramatically
minimized. One can also notice an overestima-
tion of the smaller peak (see zoom) associated with
the transition to the final state labeled b. These
discrepancies can be easily understood as conse-
quences of the 1DO approximation. Since only
the Ck-2,n

hf coefficient intervenes in the 1DO ap-
proximated amplitude [Eq. (7)], only K−2 states
strongly weighted by the |ϕk-2

hf 〉 determinant ap-
pear as bright states. From table I, one can see

that it is the case for states a and b. On the con-
trary, K−2 states associated with a smaller Ck-2,n

hf ,
such as state c, appear weaker on the computed
spectrum.
By contrast, the NOTA+CIPSI calculation is
much more accurate, even within the 1DO approxi-
mation. This is due to the better description of the
neutral wave function provided by the one deter-
minant ansatz, if the correct MOs are used, and to
the reduced constraint on the transition moments
thanks to the non orthogonality between the {u}
and {v} basis. Indeed, one can easily see that the
1DO+NOTA amplitude is

Ti→f,n =
∑
j

Cnj

〈
ϕk-2
j

∣∣∣φk-2hf

〉
. (8)

This clearly shows that the NOTA strategy pro-
vides a better description of the transition ampli-
tude compared to a method based on the use of a
single MO basis for the neutral and the ion.
Finally, one can also notice differences in satel-
lites positions between CIPSI and RASCI results.
Tashiro et. al. found that the binding energies of
states b and c are respectively 16.2 eV and 23.5 eV
with respect to the DCIP. On the other hand, the
CIPSI calculation gave 15.2 eV and 22.6 eV. Ex-
perimentally, the intense satellite line associated
with c is measured at 22.6 ± 0.4 eV with respect
to the main line, which is in excellent agreement
with our CIPSI result. Even if the binding en-
ergy with respect to the DCIP is not a variational
quantity, it is still expected that an unbalanced
or unfully converged calculation would result in
an overestimation of this relative binding energy.
That is because the K−2 ground state is generally
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FIG. 2: Cylindrically integrated difference in density between top left panel ) the unrelaxed K−2 state (the
initial neutral system without the two O 1s electrons) and the K−2 ground state a. top right panel ) the K−2

ground state a and shake-up state c. bottom left panel ) the K−2 ground state a and shake-up state d. bottom
right panel ) the K−2 ground state a and shake-up state e.

less affected by correlation effects than the shake-
up states and so converges faster. This illustrates
the robustness of the unbiased CIPSI method over
an a priori truncated CI approach.

Due to the approximated monopolar nature of the
transition moment [Eq. (2)], understanding why a
ssDCH state leads to a bright transition is a quite
straightforward task. It means that the more the
K−2 state will be comparable to the neutral sys-
tem, the more intense the transition will be.

The principal difference between the neutral sys-
tem and the K−2 cation is the strong relaxation
undergone by the outer shell electrons due to the
increase in the effective nuclear charge. We report,
in the top left panel of Fig. 2, the difference in elec-
tron density ρ between the unrelaxed ssDCH (the
neutral system from which we removed the two
O 1s electrons) and the fully relaxed K−2 ground
state a. The large positive (red) area around
the O clearly illustrates the important shrinking
of the electron density around the ionized atom.
To quantify this relaxation, we integrate the com-
plete positive (identically negative) component of
the previous density difference. We obtained that
the complete relaxation of the electron density in

response to the ssDCH corresponds to a displace-
ment of ≈ 2.07 electrons. Analogous illustrations
of the relaxation consecutive to double core ioniza-
tion can be found in Refs. 35, 59–61 and to single
core hole shake-up in Ref. 62.

The main K−2 state a is strongly dominated by
the |ϕk-2

hf 〉 determinant. Thus, it still holds some
important similarities with the neutral system de-
spite the relaxation. A good indicator is the com-
parison between the relaxed |ϕk-2

hf 〉 and unrelaxed
|φk-2hf 〉 determinants. We found that the overlap
between these two is close to 0.59, meaning that a
state dominated by |ϕk-2

hf 〉 remains fairly similar to
the neutral system and so gives rise to a bright line
in the spectrum. The same argument explains the
relative intensity of the transition to b. Indeed,
one can see that |ϕk-2

hf 〉 also plays a significant role
in the wave function expansion of state b, which
differs from state a mainly by correlation effects,
as shown by the important coefficient associated
with double excitations.

Even though state c does not have the |ϕk-2
hf 〉 de-

terminant as a principal contribution to its wave
function, it is still very bright suggesting that an-
other effect should be responsible for its intensity.
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The wave function characterizing state c is heavily
marked by important single excitations from bond-
ing to antibonding orbitals and, more specifically,
by excitation from π to π∗ orbitals (see Table I).
These single excitations are the signature of elec-
tronic relaxation. Since the bonding orbitals tend
to be more localized on the O, while the antibond-
ing orbitals tend to have a significant C character,
state c mainly differs from state a by relaxation of
the electron density from the oxygen atom toward
the carbon atom. The top right panel of Fig. 2
shows, the difference in electron density between
state a and state c. This figure displays an impor-
tant positive region around the C atom and a neg-
ative region around the O illustrating the transfer
of electron density from the oxygen to the carbon
characteristic of this shake-up state. The relax-
ation of the electron density toward the C atom, re-
lated to the displacement of ≈ 0.49 electron, coun-
terbalances the localization of the electron density
around the O atom, resulting in the high intensity
transition associated with this state.

Relaxation effects are also the main reason for the
brightness of states d and e. Both wave func-
tions describing these states are dominated by sin-
gle excitations from tight bonding to more diffuse
orbitals. The differences in electron density be-
tween state a and states d and e are reported in
the bottom panels of Fig. 2. Both figures show
that these two states are characterized by an over-
all expansion of the electron density illustrated by
the negative region in the vicinity of the molecule
counterbalanced by the vast positive region farther
away. It corresponds to displacements of ≈ 0.80
and ≈ 0.90 electron for states d and e, respectively.
This inflation once again mitigates the contraction
of the electron density resulting in the brightness
of these states.

The effect of electronic relaxation on the relative
intensity of core photoelectron shake-up satellites
has already been reported [29, 31] and can be con-
sidered as very general. In particular, it explains
why the shake-up intensity compared to the main
line is much more important in ssDCH spectra
than in SCH-XPS spectra. That is because the
electronic relaxation effects are much stronger in a
ssDCH than in a SCH system (see e.g. ref. 63). A
similar reasoning based on the electronic reorgani-
zation associated with a given excited configura-
tion already proved to be useful in understanding
the modification of the CO SCH shake-up satellite
spectrum depending on the atom bearing the core
vacancy [64]. With our analysis, we give a clear
illustration of the relation between relaxation and
shake-up intensity, we quantify the magnitude of
the electron density reorganization and we high-
light a characteristic electronic effect associated
with the high intensity shake-up satellites.

To summarize, we presented a high accuracy com-

putation method for single photon double core-
shell photoelectron satellites called NOTA+CIPSI.
This strategy combines a selected CI wave function
calculation with the use of two non orthogonal MO
basis sets respectively optimized for the initial neu-
tral and the final core ionized system.
This method was used to compute the O ssDCH
spectrum of the CO molecule with near perfect ad-
equacy to the experimental result. We give the
credit for the NOTA+CIPSI accuracy to the com-
bined usage of the CIPSI method, which provides
a good and balanced description of all of the final
ssDCH states, with our NOTA approach involving
non orthogonal molecular orbital basis sets, which
allows the use of the adequate MOs for both initial
and final states and thus provides a good descrip-
tion of transition amplitudes. Being robust and ac-
curate, the NOTA+CIPSI approach can be used as
a direct mean of studying inner-shell photoelectron
satellites as well as a reference material to discuss
the results obtained by other methods.
We also combined wave function and density anal-
ysis to extract general information about the na-
ture of intense satellites lines. In particular, we
showed that bright shake-up states are marked by
excited configurations inducing an electronic re-
organization that opposes the contraction of the
electron density due to the core hole. In summary,
we highlight that bright shake-up states are the
ones characterized by electronic effects that com-
pensates the core hole induced relaxation.

Technical details

The NOTA+CIPSI calculations were done with
the software quantum package 2.0 [46]. We im-
plemented in this software all tools necessary to
compute core hole spectra including the routines
to use non-orthogonal MO basis sets.
We computed the O K−2 spectrum of the CO
molecule using Dunning aug-cc-pVTZ basis set
[65, 66]. The neutral wave function was computed
within the frozen core approximation while the
double core hole was restricted to the O 1s or-
bital in the ion wave functions by virtue of the
core valence separation approximation [15]. The
CIPSI procedures were iterated until stabilization
of both transition amplitudes and relative ioniza-
tion energies. The final numbers of configuration
were roughly 4.5×106 and 3.4×106 in the neutral
and ion wave functions respectively.
The final spectrum was built using Lorentzian
functions of area |Ti→f|2 and width Γf = 0.5 eV
centered at the PT2 corrected ionization energy
corresponding to the final state considered. Con-
volution with Gaussian functions of full width at
half maximum equal to 3.5 eV was used according
to the resolution of the spectrometer.
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We did not try to include vibronic effects and rela-
tivistic correction was neglected on the computed
spectrum as it is admitted that it would only have
a small differential effect between the lines. How-
ever, relativistic correction is not negligible on the
absolute DCIP. We estimated it to be 0.84 eV
from a ∆CISD (CI of single and double excita-
tion) corrected by the third order Douglas-Kroll
(DK(3)) transformation method performed via the
gamess(us) software [67].
The difference of density maps were obtained by
angular integration on a cylindrical basis {r,θ,z}.
The z axis was chosen to coincide with the CO
bond and the r and z coordinates were discretized
on a (401× 401) point grid.
We now present the CIPSI algorithm used in this
work [46]. We start with a guess wave func-
tion |Ψ0〉 =

∑
A∈R CA |A〉 where |A〉 are Slater

determinants of the initial guess CI space R.
Epstein-Nesbet multireference perturbation theory
is used to predict the importance of a determinant
|B〉 /∈ R. The second-order correction to the guess
wave function energy (E0) stemming from |B〉 is
given by the relation

E(2)B =
| 〈Ψ0|Ĥ|B〉 |2

E0 − 〈B|Ĥ|B〉
. (9)

The determinants associated with the largest cor-
rections are then added to the CI space R and
we iterate. Finally the energy is corrected by the
residual second-order perturbation energy :

E+PT2 = E0 +
∑
B

E(2)B . (10)

In this work, we used, as an initial guess, the CISD
wave function to start the selection with a decent
representation of the K−2 excited states.

The experimental measurements were performed
on the BL-16 undulator beamline at the Photon
Factory operated in top up, single bunch mode. An
asynchronous mechanical chopper [55] was used to
let through the light emitted by the single bunch
only every 12.5 µs. This avoids the piling up of
electrons produced by the raw single bunch emit-
ting light pulses every 624 ns, and makes it possible
to measure absolute electron times of flight. The
2.5 m long MB-TOF spectrometer allows the de-
tection of electrons of kinetic energy ε with very
high efficiency (70 ± 5 % with ε below 200 eV,
50 ± 5 % for ε around 500 eV) [54], and provides
an energy resolution of (∆ε/ε) = 1.6 %. Time of
flight to kinetic energy conversion is determined us-
ing Ar 2p photoelectrons at different kinetic ener-
gies after calibration of the photon energy on well-
known atomic and molecular (Ar, O2, Ne) inner-
shell resonances.
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[17] V. Carravetta, H. Ågren, D. Nordfors, and
S. Svensson, “Static exchange and Stieltjes imag-
ing calculations; Interpretation of a new high-
resolution Cl 2p shake-up/shake-off spectrum of
HCl,” Chem. Phys. Lett., vol. 152, no. 2-3,
pp. 190–195, 1988.

[18] M. F. Guest, I. H. Hillier, V. R. Saunders, and
M. H. Wood, “The theoretical description of ionic
states observed by high energy photoelectron spec-
troscopy,” Proc. R. Soc. A, vol. 333, no. 1593,
pp. 201–215, 1973.

[19] M. H. Wood, “On the calculation of the satellite
peaks observed in the high energy photoelectron
spectra of small molecules,” Chem. Phys., vol. 5,
no. 3, pp. 471–477, 1974.

[20] R. L. Martin and D. A. Shirley, “Theory of the
Neon 1s correlation-peak intensities,” Phys. Rev.
A: At., Mol., Opt. Phys., vol. 13, no. 4, pp. 1475–
1483, 1976.

[21] M. F. Guest, W. R. Rodwell, T. Darko, I. H.
Hillier, and J. Kendrick, “Configuration interac-
tion calculations of the satellite peaks associated
with C 1s ionization of carbon monoxide,” J.
Chem. Phys., vol. 66, no. 12, pp. 5447–5452, 1977.

[22] H. Basch, “Theoretical models for the interpreta-
tion of E.S.C.A. spectra,” J. Electron Spectrosc.
Relat. Phenom., vol. 5, no. 1, pp. 463–500, 1974.

[23] D. Nordfors, A. Nilsson, N. Mårtenson, S. Svens-
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niato, P. Selles, L. Andric, J. Palaudoux, F. Pe-
nent, H. Iwayama, E. Shigemasa, Y. Hikosaka,
K. Soejima, M. Nakano, I. H. Suzuki, and K. Ito,
“Evidence of single-photon two-site core double
ionization of C2H2 molecules,” Phys. Rev. Lett.,
vol. 107, no. 19, p. 193004, 2011.

[55] M. Nakano, F. Penent, M. Tashiro, T. P. Groz-
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