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KL double core hole pre-edge states of HCl

D. Koulentianos,ab R. Püttner, c G. Goldsztejn,bd T. Marchenko,be O. Travnikova,be

L. Journel,be R. Guillemin,be D. Céolin,e M. N. Piancastelli, bf M. Simon be and
R. Feifel *a

The formation of double core hole pre-edge states of the form 1s�12p�1(1,3P)s*,nc for HCl, located on

the binding energy scale as deep as 3 keV, has been investigated by means of a high resolution single

channel electron spectroscopy technique recently developed for the hard X-ray region. A detailed

spectroscopic assignment is performed based on ab initio quantum chemical calculations and by using a

sophisticated fit model comprising regular Rydberg series. Quantum defects for the different Rydberg series

are extracted and the energies for the associated double core hole ionization continua are extrapolated.

Dynamical information such as the lifetime width of these double-core-hole pre-edge states and the slope

of the related dissociative potential energy curves are also obtained. In addition, 1s�12p�1V�1ncln0c0l0 double

shake-up transitions and double core hole states of the form 1s�12s�1(1,3S)s*,4s are observed.

I. Introduction

Electronic states in atoms and molecules where two inner shell
electrons are simultaneously removed, resulting in the creation
of double core holes (DCH), were discussed in a seminal paper
by Cederbaum et al.1 more than 30 years ago. As it was shown in
this work, in the case of molecules, DCH created on the same
atomic site, referred to as single site (ss) DCH are expected to
exhibit greater orbital relaxation effects than the single core
holes (SCH). Furthermore, DCH where the two vacancies have
been created on different atomic sites, referred to as two site
(ts) DCH, were predicted to exhibit more sensitive chemical
shifts than the SCH, having the potential to substantially
improve the well known technique of Electron Spectroscopy
for Chemical Analysis (ESCA).2

DCH states can be formed either by simultaneously removing
the two core electrons of the molecule which are, in what follows,
referred to as DCH continuum states, or by a simultaneous core-
ionization core-excitation mechanism,3–10 which are, for brevity,
referred to as DCH pre-edge states. In a simplified picture with

just two active electrons the latter type of states can be thought of
being formed in two different ways upon absorption of a single
photon.10 Either one of the two core electrons is ejected into the
continuum by the interaction with a photon while the second
electron is ‘‘shaken up’’ into an unoccupied valence orbital by
a monopole transition (direct shake), or one of the two core
electrons is excited into an unoccupied valence orbital in a
dipole transition while the second core electron is ‘‘shaken off’’
(conjugate shake). A proper theoretical description of these
processes has recently been given by Carniato et al.11

From an experimental point of view, DCH states have
recently been observed using both synchrotron radiation (SR)
and X-ray free electron lasers (XFEL).12,13 Specifically Eland
et al.3 observed the formation of DCH states of NH3 and CH4,
using a time of flight (TOF) magnetic bottle spectrometer
allowing for multiple electron detection in coincidence. In this
work both 1s electrons were ejected and the lowest double core
ionization potential (DIP) could be determined from the mea-
sured kinetic energies of the two photoelectrons. Furthermore,
the main decay path of such states, which is the ejection of two
Auger electrons, was determined. Also, a first glimpse on
DCH pre-edge states was obtained. Around the same time,
Lablanquie and coworkers6 presented similar studies on N2,
CO, CO2 and O2. Building on the works of Eland et al.3 and
Lablanquie et al.,6 Püttner et al.8 and Goldsztejn et al.9 showed
more recently that DCH states of the pre-edge type can also be
observed using a high resolution single-channel electron
spectroscopy technique for detecting the one core electron
which gets ejected into the continuum at a very well defined
kinetic energy. With this technique they were able to detect
DCH states with binding energies up to 3.5 keV. In particular,
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in the work of Püttner et al.,8 the formation of DCH states of the
form 1s�12p�1nc in Argon has been studied, and by applying a
fit model and the Rydberg formula, the lowest ionization
potential required for promoting the two core electrons into
the continuum could be extrapolated. Similarly, Goldsztejn
et al.9 recorded the 1s�2V DCH states in Ne and Feifel et al.14

in CS2 and SF6, where V refers to the valence orbital of the
excited electron.

Generally speaking, the coincidence method results in a
more complete picture of the different types of DCH processes
including, in a highly selective way, information on the asso-
ciated decay pathways. In contrast, the single-channel electron
spectroscopy technique applied in the present work has advan-
tages for the study of cationic DCH pre-edge states for which
only one of the two core electrons can be detected, because it is,
from a technical point of view, more straight forward and
because it offers a potentially higher kinetic energy resolution
especially for high electron kinetic energies. The latter also
implies in practice the possibility to extract information on the
lifetime broadening of this type of DCH states,8,9 provided that
a sufficiently narrow photon energy bandwidth can be used for
the investigation.

In the present work the formation of DCH pre-edge states of
the forms 1s�12p�1s*,nc and 1s�12s�1s*,4s are studied for the
HCl molecule, which is isoelectronic to the Ar atom, by using
the same technique as in ref. 8 and 9. The atomic orbital
notation used here relates to the fact that the core orbitals
can be regarded as localized mainly on the Cl atom. The
identification of the peaks observed is based both on a fit
model used to reproduce the experimental electron spectrum,
as well as on ab initio quantum chemical calculations.

II. Experimental details

The measurements were carried out at the French national
synchrotron radiation facility SOLEIL in Paris, at the GALAXIES
beam line,15 where a dedicated hard X-ray photoelectron
spectroscopy (HAXPES) end station is routinely available.16

Briefly, in this set-up electrons are removed from the sample
enclosed in a gas cell upon the impact of linearly polarized
X-rays, provided by the U20 undulator of this storage ring.
In order to select different photon energies, a Si(111) double
crystal monochromator is used, along with a collimating mirror,
which either has palladium or carbon coating, depending on the
photon energy chosen. The ejected electrons are collected and
analyzed by an EW4000 VG Scienta hemispherical analyzer, the
lens of which is set parallel to the polarization direction of the
X-rays. This spectrometer has a 601 acceptance angle.

In order to obtain reliable electron energies, calibration of
the spectrometer was performed using known Ar LMM Auger
lines. The binding energies used for calculating the kinetic
energies of the Auger electrons were 248.63 eV17 for Ar 2p3/2

�1

and 47.51 eV for Ar 3p�2(1D2).18 Subsequently, the known Ar 1s
photoelectron line19 was used for calibrating the selected
photon energies, resulting in an accuracy of 0.4 eV for the

binding energies due to the error of 0.3 eV for the Ar 1s binding
energy.

HCl gas was commercially obtained with a stated purity of
better than 99.5%. The purity of the sample was verified on-line
by conventional core level spectroscopy.

III. Theoretical details

Ab initio quantum chemical calculations have been performed
to support the assignment of the experimentally observed
spectral features. Excitations of electrons to unoccupied valence
and Rydberg orbitals were calculated using the Multi-
Configuration Self Consistent Field (MCSCF) method, together
with Dunning’s augmented correlation consistent polarized
core valence triple zeta (aug-cc-pCVTZ) basis set. The equili-
brium internuclear distance for the neutral ground state of the
HCl molecule was set to 1.274 Å.20 The calculations were
performed with the MOLPRO2015 quantum chemistry
software.21 For the 1s�12p�1 and 1s�12s�1 DCH states excita-
tion energies to LUMO as well as to the Cl 4s Rydberg orbital
have been calculated. By default, MOLPRO does not handle the
molecule as belonging to the CNv point group. Therefore HCl
was considered as belonging to C2v point group. The active
space consisted of 7 a1, 3 b1, 3 b2 and 1 a2 orbitals. Further
expansion of the active space, which was practically not possible
within the framework of the present work, is expected to reduce
the apparent systematic deviation between the theoretical and
experimental values.

IV. Results and discussion
A. Formation of 1s�12p�1 DCH states

Fig. 1 shows an experimental electron spectrum of HCl in the
region of the Cl 1s�12(s,p)�1 shake-up satellites recorded at the
photon energy of 3900 eV. The spectrum shows several intense

Fig. 1 Overview photoelectron spectrum of HCl, recorded at the photon
energy of 3900 eV. Given are relative intensities in units of 10�4 times the
intensity of the Cl 1s�1 main line. In the energy region below 3100 eV the
1s�12p�1(1,3P)s*,nc shake-up satellites are observed. From about 3130 eV
on 1s�12s�1(1,3S)s*,4s states are visible. In addition, double shake-up states
of the form 1s�12p�1V�1ncln0c0l0, where V refers to the 4s, 5s and 2p
molecular orbitals, are present in the region between 3095–3130 eV.
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structures in the lower binding energy region, accompanied by
weaker structures in the higher binding energy region. To get a first
idea on the possible assignment of the observed features, we make
use of the MCSCF calculations, yielding the results collated in
Table 1. We note, that more precise calculations taking into account
spin–orbit interaction might be worth carrying out in the future.

The features up to about 3100 eV binding energy are related
to 1s�12p�1(1,3P)s*,nc transitions, whilst the features higher
than 3130 eV binding energy are related to 1s�12s�1(1,3S)s*,4s
transitions. Generally speaking, according to Hund’s rules, the
1s�12p�1(3P) states are expected to appear at lower binding
energies than the associated 1s�12p�1(1P) states, as it was
found in the isoelectronic Ar case study of Püttner et al.8

In what follows we will give a more detailed assignment of
the lower binding energy part of the spectrum by using a fit
model based on physical arguments, which allows us to acquire
information on the nature of the observed peaks.

The results of our fit model, which covers the lower binding
energy part up to 3100 eV, are displayed in Fig. 2. Akin to the
work of Püttner et al.,8 where the 1s�12p�1nc photoelectron
spectrum of Ar was found to resemble a 1s�1 photoabsorption
spectrum, we expect for the case of HCl22 Rydberg states close
to threshold and states connected with excitations into the s*
valence orbital in the lower energy region, where the latter is
also cooperated by our MCSCF calculations.

Since exchange and spin–orbit splitting results for the
1s�12p�1 configuration in four different ionization thresholds
(3P2,1,0,1P1), 16 strongly overlapping transitions are expected to be
present in the energy region between 3076 and 3088 eV. In order to
account for all these possible resonances we used a complex fit
model in which the following aspects were included:

(1) We assume a fixed splitting between the different parent
states for all excitations, in order to reduce the number of free
parameters in the strongly overlapping region. A justification
for this assumption has been given in the supplemental material
provided in the work of Püttner et al.8 The main drawback of this

assumption is that any small variation in the term values of an
excited state orbital relative to the corresponding ionization
thresholds results in a loss of accuracy for the intensities;
however, without this assumption there would have been too
many free parameters for a meaningful fit.

(2) Regarding the line shapes describing the observed
peaks, a Gaussian line shape, with a full width at half maxi-
mum (FWHM) of s D 4.13 eV, has been used to model the
excitations to s* since these states are strongly dissociative
and are expected to be quite broad, in agreement with our

Table 1 Theoretical and experimental energy values for the 1s�12p�1(1,3P)s*,nc and 1s�12s�1(1,3S)s*,4s DCH states. The calculations were performed
with the MCSCF method and by using the aug-cc-pCVTZ basis set. The double ionization potentials, DIP, are also given. The relative energy positions are
expected to be correct within 50 meV while the entire binding energy scale is subject to an error of 0.4 eV due to the calibration procedure

Theory (eV) Exp. (eV) Theory (eV) Exp. (eV)

1s�12p�1 3P 3P2
3P1

3P0
1P1

s* 3076.50 3071.07 3072.37 3073.42 3084.63 3081.72
4s 3083.00 3077.43 3078.73 3079.78 3091.23 3088.08
4p — 3080.08 3081.38 3082.43 — 3090.73
5s — 3083.11 3084.41 3085.46 — 3093.76
5p — 3083.81 3085.11 3086.16 — 3094.46
6p — 3085.26 3086.56 3087.61 — 3095.91

DIP — 3087.99 � 0.25 3089.29 � 0.25 3090.34 � 0.25 — 3098.64 � 0.25

3S1
1S0

1s�12s�1 Theory (eV) Exp. (eV) Theory (eV) Exp. (eV)

s* 3138.70 3134.66 3152.06 3148.83
4s 3145.58 3141.66 3159.07 3156.54

DIP — 3151.91 � 0.35 — 3166.43 � 0.70

Fig. 2 The photoelectron spectrum of HCl in the region of the 1s�12p�1

excitations. Given are relative intensities in units of 10�4 times the intensity
of the Cl 1s�1 main line. The blue solid line through the data points
represents the fit results. The dashed line indicates the background
comprising four arctan-functions and contributions of double shake-up
states, while the solid line at 3081.5 eV and 3090.5 eV mimics the line
shapes used in the fit analysis for the 1s�12p�1s* and 1s�12p�1nc excita-
tions, respectively. The vertical-bar diagrams in the lower part indicate the
energy positions and intensities obtained from this fit analysis.
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experimental observation. In contrast, the Rydberg states are
described well using a Lorentzian profile with a width of
D630 meV (FWHM). This value is close to the calculated Cl
1s�1 lifetime width of 0.64 eV23 which is expected to be also
a good approximation for the Cl 1s�12p�1 DCH states as
discussed in Püttner et al.8 Obviously, the lifetime broadening
is the dominant factor for the lineshape of these peaks,
i.e. possible modifications caused by the nuclear motion are
weak. From this we conclude that these Rydberg states are
either bound or only weakly dissociative.

(3) The background is described by a linear function as well
as an arctan function for each of the four Cl 1s�12p�1 ioniza-
tion thresholds.24 These arctan functions are located approxi-
mately 2 eV below the corresponding ionization threshold and
are used to describe the unresolved higher-n Rydberg states as
well as the continuum states. The mathematical form of the
arctan function is due to the convolution of a step function
describing the intensity with a Lorentzian function of 630 meV
taking the lifetime broadening into account. In Fig. 2 only two
distinct steps can be seen. As the three thresholds of triplet
multiplicity are very close in energy, the energy positions of
the steps are also very close in energy and the three arctan
functions cannot be observed individually due to the lifetime
broadening.

(4) Finally, the entire spectrum has been convoluted with a
Gaussian of 585 meV (FWHM) to simulate the experimental
resolution including photon bandwidth, detector resolution
and Doppler broadening.

Based on this fit model, the very first peak around 3071 eV is
associated with 1s�12p�1(3P2,1,0)s* transitions, which strongly
overlap. This assignment is in good agreement with the present
calculations that predict the 1s�12p�1(3P2,1,0)s* transitions as
those with the lowest excitation energies, namely at D3076 eV.
It is also fully in line with the observed Gaussian lineshape, see
above, due to the strongly dissociative character of these states.
In more detail, the slope of the potential energy curve of the
corresponding DCH state Xslope can be derived on the basis of
the Condon reflection approximation.25 For this, the relation
Xslope = as can be employed. Here, s is the width of the

Gaussian function and a2 ¼ mo
�h

, with m being the reduced mass

of the HCl molecule and o the vibrational frequency.26 In this
way we obtained for the dissociative potential energy curve of
the 1s�12p�1s* DCH state at the equilibrium distance of the
ground state a slope of Xslope = �16.3(1.0) eV Å�1. Here the 1.0 eV
stands for the statistical errors of the fit analysis. In addition to
this statistical error there is a systematic error based on the fact
that the LUMO is described with a Gaussian function alone.
As described above, the Gaussian function accounts for the over-
lap of the vibrational wavefunctions in the ground and the excited
state. However, to account for the lifetime broadening this
Gaussian function has to be convoluted with a Lorentzian func-
tion of a width of 630 meV. This has been omitted in the fit
analysis due to technical reasons. From simulations we estimated
this error to 1.2(0.3) eV Å�1 so that we finally result in a slope of
Xslope = �15.1(1.3) eV Å�1. This value agrees quite well with the

theoretical slope of Xslope = �12.9 eV Å�1 obtained in the present
calculations, as well as with the value of Xslope = �14.5 eV Å�1

calculated in Travnikova et al.27 for the case of 2p�2s* DCH states
in HCl. Here we want to point out that the slopes of the DCH
states 1s�12p�1s* and 2p�2s* are expected to be similar. This is
due to the fact that in both cases the excited electron experiences
two strongly localized core holes, which have on the scale of
the spatially extended excited state orbital a similar spatial
distribution.

The 1s�12p�1(1P1)s* contributes substantially at D3082 eV
where it strongly overlaps with allowed Rydberg states within
the triplet term. Also many of the triplet states associated with
the different fine structure terms strongly overlap with each
other. These states have been disentangled after reproducing
the spectrum with the fit model. Regarding the assignment of
the structures proposed so far, beyond the fit values given in
Table 1, intensity arguments can be used in order to identify
and separate the ns from the np excitations.

Akin to the work of Püttner et al.,8 after 1s ionization the 2p
electron can only be excited to an np unoccupied Rydberg
orbital on the grounds of monopole selection rules for shake
transitions, and for the same reason 2p ionization will be
accompanied by ns excitation only. Furthermore the former
process, where the 1s electron has been ionized and the 2p
electron has been excited is expected to appear as a more
intense process in the experimental electron spectrum. This
can be understood by considering the nuclear charge felt by the
core electron excited by the shake process. In the case of 1s
ionization, the nuclear charge felt by the 2p electron changes
significantly, as the screening of the 2p electron by the 1s is
much stronger than the screening of the 1s electron by the 2p.
As a result, the radial distribution of the 2p electron in the
core-ionized state will differ significantly from the one in the
ground state, giving rise to a strong shake-up effect. In contrast,
ionization of a 2p electron will have a limited impact on the
nuclear charge felt by a 1s electron, resulting in a small shake-
up effect. Thus, excitations to ns Rydberg orbitals will appear as
lower intensity peaks. In addition, the observed intensities can
be understood in terms of the cross section of the 1s ionization,
which at the used photon energy is much higher than the one
corresponding to 2p ionization. The complete peak assignment
is graphically included in Fig. 2.

We want to note that Yarzhemsky and Amusia28 suggested
for Argon in the region of the 1s�12p�14s excitations also
contributions of the form 1s�12p�13d caused by knock-up.
Although the data analysis of the Argon spectrum in ref. 8
shows no clear evidence of such contributions, they cannot be
excluded and may also contribute in the present case of HCl.
Clarifying the possible presence of these knock-up processes in
1s�12p�1 spectra can be an aim of future investigations.

With this peak assignment at hand, the DIPs as well as the
quantum defects can be estimated from the well-known energy
expression of Rydberg states, namely

En ¼ DIP� Z2 � R
n� d‘ð Þ2

; (1)
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where R is the Rydberg constant, En is the energy of the state
observed and dc is the quantum defect.

In the present case of DCH states the excited Rydberg
electron experiences a nuclear charge of Z = +2e so that the
Rydberg constant has to be multiplied by 4. For determining
the quantum defects and the DIP values from eqn (1) we make
use of the common assumption that the quantum defect is
approximately the same for states involving orbitals of the same
orbital angular momentum (nc,n0c, etc.). Thus by fitting the
energies of the 1s�12p�1(1,3P)ns states and the energies of
1s�12p�1(1,3P)np states to eqn (1) the quantum defects of the
ns and np Rydberg series as well as the corresponding DIP
values could be determined. The DIP value for each term is
given in Table 1. We also note that for all terms considered we
found that ns Rydberg electrons had a quantum defect ds = 1.76
and np Rydberg electrons had a quantum defect dp = 1.35. The
error in the estimation of the quantum defects is �0.02 for
both cases.

B. Formation of 1s�12s�1 DCH states

What concerns the high binding energy part of the spectrum
above 3130 eV, the features observed are related to the for-
mation of DCH states of the form 1s�12s�1s*,4s as suggested
by our calculations. In particular four distinct peaks are seen
in Fig. 3 which correspond to excitations to the LUMO and to
the 4s Rydberg orbital, respectively. The equal energy spacing
assumption used before applies in this energy region, as the
energy spacing between the peaks corresponding to s* excita-
tions in the triplet and singlet term is almost the same as
the spacing between the peaks corresponding to 4s Rydberg
excitations of the same multiplicity. Beyond the results of the
calculations, the assignment of these peaks can be supported
based on term values. In case of the 1s�12p�1V DCH states the
term value of the orbital V = s* and V = 4s amounts 16.92 eV
and 10.56 eV, respectively (see above). From the resonant KLL
Auger spectra of HCl leading to the final states 2p�2V, the term
values are derived to be 16.85 eV and 10.31 eV for the s* and 4s
Rydberg orbital, respectively.29 These term values are similar
because of the same argument used before for the slopes of the
states 1s�12p�1s* and 2p�2s*. By assuming a similar behavior
for the 1s�12s�1V states we expect a splitting of 6.5 eV between
the 1s�12s�1s* and the 1s�12s�14s, in reasonable agreement
with the fit result. Moreover, from these term values and the
energy positions of the 1s�12s�1s*,4s resonances the
1s�12s�1(1,3S) DIP can be extrapolated. Our results are given
in Table 1.

C. Formation of double shake-up states

In the following we shall discuss the double-shake structures
between 3095 eV and 3130 eV. Fig. 3 shows three intense and
one weak pair of broad peaks split by D9 eV which corresponds
to the splitting of the 1s�12p�1(1,3P) DIPs. These double shake-up
states were not covered by the present calculations. To approach
an assignment of these peaks in a first step we shall try to
estimate the binding energies of the 1s�12p�1(1,3P)2p�1,
1s�12p�1(1,3P)5s�1, and 1s�12p�1(1,3P)4s�1 triple ionization

thresholds. From calculations performed in the present work
we found the 1s�12p�12p�1, 1s�12p�15s�1, and 1s�12p�14s�1

triple ionization potentials 38.82 eV, 41.03 eV, and 56.45 eV
above the corresponding DIP. These values are in reasonable
agreement with those of the isoelectronic H2S and Argon. For
H2S, the 2p�2V�1 higher-n Ryd1 states are found to be 31.5 eV
above the corresponding 2p�2 states.30 From this we conclude
that the ionization potential of the valence orbitals in the
presence of two core holes amounts at least 35 eV. An upper
limit can be given using Argon and the Z+2 approximation. For
the Z+2 atom for Ar, Ca2+, an ionization energy of 50.91 eV for
the 3p electron and 69.00 eV for the 3s electron can be found,18

so that the present calculated values are well in between these
two estimations representing lower and upper limits.

Based on the calculated ionization energies for the 2p,
5s and 4s valence electron as well as the experimental
1s�12p�1(1,3P) ionization energies the triple ionization poten-
tials are estimated and indicated in Fig. 3. For this step, the
spin–orbit splitting of the (3P) states as well as any coupling
between the DCH states and the vacancy in the valence shell is
neglected.

In the following we shall discuss which double shake-up
states are expected to be present in the spectrum. As mentioned
above, in case of single shake up excitations the most intense
states are 1s�12p�1s* followed by 1s�12p�14p while all other
states are of significantly less intensity. The valence shake-up
accompanying the Cl 2p ionization in HCl is discussed by

Fig. 3 Photoelectron spectrum in the energy region between 3088 eV
and 3173 eV with the double shake-up region from 3088–3148 eV over-
lapping with the 1s�12s�1 shake regions in the range from 3137–3173 eV.
Given are relative intensities in units of 10�4 times the intensity of the Cl
1s�1 main line. For the red data points the intensity is multiplied by a factor
of five relative to the black data points. Moreover, for reasons of presenta-
tion the data represented by the red points are smoothed by averaging
over neighbouring data points. For the assignment of the double shake-up
states the estimated energy positions for the 1s�12p�1(1,3P)2p�1,
1s�12p�1(1,3P)5s�1 and 1s�12p�1(1,3P)4s�1 triple ionization thresholds are
indicated below the spectrum, together with vertical bar diagrams for the
observed peaks. The 1s�12s�1s*,4s resonances and the corresponding
ionization thresholds 1s�12s�1(1,3S) are indicated by the vertical bar
diagrams above the spectrum. For more details, see text.
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Caravetta et al.31 These authors found that the 2p�1 shake
transitions are approximately 2 times more intense than the
5s�1 shake transitions, i.e. it matches the atomic degeneracy
ratio of the Cl 3p orbitals contributing to this molecular orbital.
Moreover, it is found that the 4s�1 shake transitions are
considerably less intense.

In addition, Caravetta et al.31 found that the 4s and 5s
shake-up transitions start D14 eV below the shake-off
threshold, while the 2p shake-up transitions start only D7 eV
below the corresponding shake-off threshold. This finding can
readily be explained by the fact that the monopole selection
rules for shake processes allow 4s - s* and 5s - s*, i.e. to
the LUMO, while 2p shake-up processes all require a popula-
tion of np Rydberg states, which are higher in energy than the
LUMO. The calculations of Caravetta et al.31 also show that the
shake probability is the highest for the lowest unoccupied
orbitals, i.e. the LUMO as well as the low-n Rydberg orbitals.

By taking the above given arguments into account we expect
that the most intense double shake-up states are 1s�12p�15s�1s*2,
1s�12p�15s�1s*14ps1, 1s�12p�15s�14p2, 1s�12p�12p�1s*14pp1,
and 1s�12p�12p�14p2. From these the 1s�12p�15s�1s*2 is
expected to be the lowest in energy. By assigning the pair of peaks
at D3098 eV and D3107 eV to the 1s�12p�1(1,3P)5s�1s*2 states we
result in a term value of D33 eV for the s*2 orbitals, which is in
good agreement with two times the term value of D16.9 eV for the
s* excited state orbital in the presence of a DCH, supporting the
assignment. Interestingly, 15 eV higher a pair of weak peaks can be
found. These two peaks possess a term value of D33 eV relative
to the 1s�12p�14s�1 triple ionization threshold, suggesting an
assignment to 1s�12p�14s�1s*2 based on the term value.

The pair of peaks at D3108 eV and D3118 eV is about
5 eV broad and has a term value of D20 eV relative to the
1s�12p�12p�1 triple ionization threshold and D22 eV relative
to the 1s�12p�15s�1 triple ionization threshold. Finally, one
single peak can be found at D3128 eV, resulting in a term value
of D10 eV and D12 eV relative to the 1s�12p�1(1P)2p�1 and
1s�12p�1(1P)5s�1 triple ionization thresholds, respectively. An
attribution to these two thresholds is supported by the fact that
an attribution to the 1s�12p�1(3P)2p�1 and 1s�12p�1(3P)5s�1

thresholds results in too low term values. Moreover, an attribu-
tion to the 1s�12p�1(1,3P)4s�1 thresholds is in contradiction to
the expected low intensity. The given assignment results in
the 1s�12p�1(3P)2p�1 and 1s�12p�1(3P)5s�1 components at
3118 eV and explains the relative high intensity of the peak at
this energy position. With the term values for the 1s�12p�1

single shake-up states of D16.9 eV for the s* orbital, D10.4 eV
for the 4s orbital and D7.9 eV for the 4p, orbital and the
assumption that the term values for the states with two
electrons in exited state orbitals are approximately given by
the sum of the individual term values the energy positions of
the remaining double shake-up states of relevance can be
calculated. In this way we obtain term values of D27 eV
for the 1s�12p�15s�1s*14ss1 states, D24 eV for the
1s�12p�15s�1s*14p1 and 1s�12p�12p�1s*14p1 states, as well
as D16 eV for the 1s�12p�15s�14p2 and 1s�12p�12p�14p2

states. Based on these term values the pair of peaks at

3108 eV and 3118 eV can be assigned to 1s�12p�15s�1s*14ss1

as well as the 1s�12p�15s�1s*14p1 and 1s�12p�12p�1s*14p1

states. Finally, the peaks at 3118 eV and 3128 eV can be
assigned to the 1s�12p�15s�14p2 and 1s�12p�12p�14p2 states.
The resulting term values are some eV lower than the above
estimated values and may indicate that the calculated triple
ionization thresholds are too low by the same value. However,
all given assignments are only tentative and require confirma-
tion by other methods and in particular by calculations.

V. Conclusions

By using a high resolution single channel electron spectroscopy
technique recently developed for the hard X-ray region,
DCH pre-edge states of the form 1s�12p�1(1,3P)s*,nc and
1s�12s�1(1,3S)s*,4s were investigated for the HCl molecule.
Essential parts of the spectrum were interpreted by aid of
ab initio quantum chemical calculations and by using a fit
model which assumes regular Rydberg series. Quantum defects
for the different Rydberg series have been extracted and the
energies for the associated double core hole ionization con-
tinua were extrapolated. Dynamical information such as the
lifetime width of these double-core-hole pre-edge states and the
slope of the related dissociative potential energy curves were
extracted. While the different fine structure terms within the
triplet multiplicity (i.e. 3P2,1,0) could not be fully resolved,
a disentanglement of the different states within each fine
structure term was still achieved with our fit model. In addition,
double shake-up transitions have been observed in the medium
binding energy part of the spectrum; these features are tentatively
assigned.
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