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Simultaneous core ionization and core excitation have been observed in the C,H,, (n =1, 2, 3)
molecular series using synchrotron radiation and a magnetic bottle time-of-flight electron spectrometer.
Rich satellite patterns corresponding to (K ~2V) core excited states of the K~! molecular ions have been
identified by detecting in coincidence the photoelectron with the two Auger electrons resulting from the
double core hole relaxation. A theoretical model is proposed providing absolute photoionization cross
sections and revealing clear signatures of direct (monopolar) and conjugate (dipolar near-edge x-ray
absorption fine structure) shakeup lines of comparable magnitude.
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X-ray photoelectron spectroscopy (XPS) and near-edge
x-ray absorption fine structure spectroscopy (NEXAFS)
are nowadays two routine techniques to determine the
composition, chemical state, and electronic structures of
atoms, molecules, and solids (see Refs. [1,2]). In XPS,
the photoelectron spectra exhibit characteristic peaks at
kinetic energies given by the difference between the (fixed)
photon energy and the energies of the final ionic states. In
NEXAFS spectroscopy, the absorption signal is recorded
by varying the photon energy close to an inner-shell thresh-
old. It is dominated by narrow resonances corresponding
to the excitation of inner-shell electrons to unoccupied
molecular orbitals. Although main features in XPS and
NEXAFS correspond to the ionization or excitation of a
single electron, the possibility that absorption of a single
photon leads to the simultaneous ionization of a core
electron and excitation of a valence electron has, however,
attracted much interest since the first gas phase electron
spectroscopy for chemical analysis studies by Siegbahn
and co-workers [1]. The so-called K~ ! photoelectron
shakeup satellite spectra generated by this mechanism
have long been interpreted using the sudden approximation
[3], in connection with the relaxation of the system after
the formation of an inner-shell hole. Evidence for the fail-
ure of this model close to the ionization threshold emerged
with the observation of photoelectron states forbidden by
the sudden approximation monopole selection rules [4].
A mechanism named ‘“‘conjugate shakeup’ was then pro-
posed [5] to describe the formation of such states. In this
mechanism, it is the valence electron which is photoexcited
while the core electron is ionized in a shake-off process.
Since that time, K~! XPS studies have been dedicated to
assigning the nature of the shakeup processes (direct or
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conjugate) [6—13] through examination of the energy
dependence of satellite cross sections and, later on, of
electron angular distributions.

On the theoretical side, calculation of K~! satellite
states is still a challenging subject, as it demands to take
into account accurately orbital reorganization effects and
electron-electron correlations [14,15]. Sophisticated mod-
els have been developed for atoms [16] and molecules
[17-22]. Among all these models, only the oldest one
[17] studied the formation of conjugate satellites, while
the other ones calculated only direct shakeup satellite
intensities within the sudden approximation as overlap
integrals between initial frozen and final relaxed (N — 1)
electron states.

In this Letter, we address K ~2V processes corresponding
to single photon simultaneous core ionization and core
excitation in C,H,,, (n = 1, 2, 3). These processes can be
considered as generating ‘“‘exotic” highly excited K~!
satellites where the electron excited to a valence orbital
originates from the same core K orbital. A great effort has
been recently devoted to observe K-shell double core hole
(DCH) states using either x-ray free electron lasers or
synchrotron sources [23-28]. The signature of K2V states
was observed in NH; and H,O [28,29]. Although elec-
tronic configurations were computed in the latter case, the
intensities have not been calculated yet.

Our experimental XPS satellite patterns recorded for the
C,H,, series are accurate enough to reveal direct and
conjugate shakeup satellites of comparable magnitude.
Moreover, evolution of these satellites within the molecu-
lar series shows surprisingly clear signatures of NEXAFS
spectroscopy [2]. In a simplified two active electron model,
as that suggested in Fig. 1, K2V states can be reached by
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FIG. 1 (color online). Schematic picture of the single photon
K2V direct (left panel) and conjugate (right panel) channels in
C,H,. In the direct channel, dipolar ionization is accompanied
by core to valence monopolar shakeup. In the conjugate channel,
core to valence dipolar excitation (NEXAFS-transition) is ac-
companied by monopolar shake-off.

two alternative paths: either the photon ionizes one K-shell
electron (the remaining K-shell electron being shaken up to
a vacant orbital V) or the photon excites one K-shell
electron to a vacant orbital V (the remaining K-shell elec-
tron being shaken off). The first path corresponds to the
direct channel where valence states are reached by monop-
olar transitions, while the second path corresponds to the
conjugate channel where valence states are reached by
dipolar transitions, as they do in NEXAFS spectroscopy.
In both channels, the photon energy is shared between the
two electrons, so that NEXAFS transitions can be observed
for a fixed photon energy, contrary to regular NEXAFS
transitions where a resonant condition is required for pho-
ton energy.

A comprehensive theoretical model, developed beyond
the sudden approximation routinely implemented in K !
satellite studies, has been built. This model, based on
configuration interaction, is likely to reproduce not only
the origin of both the main (K~?) and satellite (K~2V or
K2V ~1V') lines obtained in ionization by a single photon
but also their intensities. Cross sections were evaluated in
the dipole approximation from the transition amplitudes
calculated in the length gauge. Their expression in atomic
units is given by

2
o0 =3 X 4mawd ple) YITH' P, ()
f M
(w) < (w)
T = (WY R 1wy, )
k=1

W) and \I”f\-’ are the wave functions for the N-electron initial

and final states, respectively, and rﬁf‘ ) are the coordinates
of the individual electrons. The factor 2/3 takes into
account the degeneracy due to the possible localization

of the double core hole on an A or B carbon atom and
the average over molecular orientations. The energy density
of final states p(ey) depends on the photoelectron energy
€; = o — BE;, BE, being the binding energy of the K~V
final ionic state. Each final state was approximated by an
antisymmetrized superposition where channel couplings
in the continuum are neglected. Following the creation
and annihilation operator formalism as described in
Refs. [30,31], each final state can be written as

[wY) = al|wi="), 3)

where \I’?’ ~1isabound eigenstate of the residual ion, and a1
is the operator for the creation of a continuum state |6f>.

Introducing the product state (3) in the transition amplitude
(2), a separation into bound and continuum states appears,

Tjy = [df'Se + D) “)
¢
with the following dipole matrix elements and overlaps:

d(elg) = (e7|r™]@y), Se = (UY a,vg), (5

()
2

The operator d, annihilates the molecular orbital |¢,). The
first product in Eq. (4) corresponds to the so-called direct
shakeup contribution while the second one corresponds to
the conjugate shakeup contribution.

(m) — -
D =(wy

amv), see={e/le0.  (©

Computations of DE,“ ) and S¢ elements were carried out
using an original post-Hartree-Fock configuration interac-
tion package, where a common set of Hartree-Fock-self
consistent field orthogonal molecular orbitals optimized
for the C K~! singly ionized molecule was used. As an
example, the initial C,H, ground state was built from the
closed-shell configuration [030%30°40?17*50?] and
included single- and double-valence excitations, as well as
minor contributions from core excited configurations and
double core-valence excited configurations. The K2V final
states were generated by core ionization of these core ex-
cited configurations.

Moreover, in order to take into account accurately re-
laxation of the valence orbitals in the presence of the
double core hole, the basis usually designed to describe
the carbon atom [32] was augmented by (3s, 3p, 3d)
diffuse wave functions while the unperturbed carbon
atom and the hydrogen atoms were described by a
6-311G™ basis set. To reduce the computational cost of
the calculations, all the continuum wave functions were
taken to be those associated with the final K~2V state,
where V is the lowest unoccupied molecular orbital
(LUMO). They were generated from a one-electron static
exchange Hamiltonian [33-35] associated with a Stieljes
imaging procedure [36-38]. This method also provided a
representation of the double K2 continuum. Calculations
were performed using a large augmented correlation-
consistent polarized valence quintuple zeta basis set cen-
tered on C and H atoms [39]. The same large augmented

123001-2



PRL 111, 123001 (2013)

PHYSICAL REVIEW LETTERS

week ending
20 SEPTEMBER 2013

basis was used to optimize the initial molecular orbitals
taking part in the d(f’g) and s, elements.

Experiments were performed at the undulator beam line
BL-16A [40] of the Photon Factory, operated in the single-
bunch mode. The monochromator entrance and exit slits
were adjusted at 50 pm to give a resolving power hv/Ahv
of ~5000. A magnetic bottle time-of-flight electron spec-
trometer [41] was used to collect multicoincidence data
sets. The detailed description of the spectrometer and of
the data acquisition scheme has been given elsewhere [42].
Electron detection efficiencies were calibrated by measur-
ing Ar 2p or Kr 3d Auger spectra, alone or in coincidence
with photoelectrons, and were found to be about 70%
below 200 eV and decrease slowly with increasing electron
energy to a value of 50% around 500 eV.

Figure 2 shows experimental evidence for K2V states
in C,H,. Their formation and decay are described by

C2H2 + hy — CzH;(KﬁZV) + ep
— CH3Y (K 'w72V) + ¢y,
— CHY(v™4V) + ey, @)

where v is a valence shell. The K2V states are expected to
decay sequentially in a similar way as the K~2 DCHs do.
Thus, the energies of the two released Auger electrons ey,
are predicted to be similar to those (~ 300 eV, ~240 eV)
characteristics of the decay of K2 DCHs [43], but slightly
higher (a few eV) due to the screening of the spectator V
electron. The signal displayed in Fig. 2 shows the energy
correlation between two of the electrons when the third one
lies in the 200-260 eV energy range (which corresponds to
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FIG. 2 (color online). Energy correlation in C,H, between
two electrons detected in coincidence with a third one of
(200-260) eV at a photon energy of 770 eV, ~118 eV above
the double core hole threshold [27]. Only three electron coinci-
dences are considered here. Evidence for K2V state formation
appears in the islands at (x, y) = (300 eV, 130 eV). See the text
for further details.

the expected energy range of the Auger electron ey,
released in the last step). The islands around (x,y) =
(300 eV, 130 eV) correspond to the (e4,, e,) pair and
reveal the K2V states. Two main spots are clearly visible.
The vertical strip at (x = 300 eV, y <118 eV) corre-
sponds to the core double-photoionization process:

C2H2 + hy — C2H%+(K72) + €p
— CQH%+(K_1U_2) + eAl
— CHI () + ey, (8)

1+€P2

Four electrons are emitted, but the signal also appears in
the three electron coincidence events of Fig. 2, when one of
the photoelectrons fails to be counted due to the 70%
detection efficiency. This double-photoionization process
is observed in Fig. 2 in continuity with K~2V processes
because K2 DCH states can effectively be viewed as
limits of K 2V states when the promoted K electron
reaches higher and higher valence V orbitals. Finally, one
also observes events located on dotted diagonal lines in
Fig. 2. They reveal core-valence double-ionization paths:

CH, + hv = CHY (K v ) +e, +e,
= G (v7) + ey, ©)

where the available energy above the K2V threshold is
shared between the two photoelectrons.

Figure 3 compares experimental and calculated K2V
spectra for the molecular series C,H,,,, presented as a func-
tion of the binding energy of the final ionic state.
Experimental spectra on the left panels are obtained from
threefold electron coincidences, as described above. For
instance, the C,H, spectrum is obtained by projecting the
coincidence counts in the x = (270-320 eV) band of Fig. 2
onto the y axis, which corresponds to the kinetic energy
range of the first released Auger electron e, in Eq. (7). The
contribution of the core-valence double-ionization path (9)
has been subtracted; it was estimated outside of this selected
band for each C,H,** (K~ 'v~!) state. Contribution from
core double photoionization (8) was not subtracted.
Experimental branching ratios for populating the different
K2V states, compared to the K~ ! main line, were deduced
from the number of recorded events, taking into account the
electron detection efficiencies. Values of 0.34 X 1073,
0.17 X 1073, and 1.1 X 1073 were obtained for peaks A in
C,H,, A in C,Hy, and B in C,Hg, respectively.

Theoretical K2V energy differential cross sections are
reported in the right panels of Fig. 3 in absolute units
(b/eV). Integrated cross sections in region A for C,H,
and C,Hy, and in region B for C,Hg, were found equal to
50, 20, and 120 b, respectively. They are in excellent
agreement with values of 54, 27, and 175 b, deduced
from the above-mentioned experimental branching ratios
when assuming that the K~ ! photoionization cross section
in these molecules is twice that obtained for the carbon
atom at a similar photon energy (2 X 80 kb [44]). For each
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FIG. 3 (color online).
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Left: Experimental K2V spectra recorded at a photon energy of 770 eV. The position of the core double-

ionization potential (DIP) [27] is indicated. Right: Absolute theoretical K2V cross sections. A convolution with a FWHM 1.8 eV
Gaussian was used to simulate experimental resolution. Dashed green, solid red, and thick black lines represent, respectively, the
conjugate and the direct components and their incoherent sum. Assignments are given for the main contributions.

molecule, solid (red) and dashed (green) lines designate,
respectively, direct and conjugated shakeup contributions.
Within the core hole localized model, group symmetries of
CH,*, C,H, ", and C,H, " are Co,,, Cy,, and C3,, respec-
tively. The selection rules imply that direct shakeup lines
have all 3 or A; symmetry. The selection rules for con-
jugate shakeup lines are more complex: states in the A
region are purely of IT or B; symmetry, while region B
contains several conjugate shakeup components of 3, or A,
and II-(E, B,) symmetry. Region A has a pure conjugate
origin and vanishes for the C,Hg molecule. The B region
has a mixed origin, with a major contribution from direct
shakeup lines and a conjugate contribution increasing from
C,H, to C,Hg. Assignments are given in the figure for
the most important peaks. The thick black lines correspond
to the incoherent superposition of direct and conjugate
contributions.

The agreement between experiment and theory, both for
peak positions and intensities, is excellent. It demonstrates
important results of the present investigation. First, direct
and conjugate shakeup contributions are of comparable
magnitudes. The theoretical model revealed that relative
intensities of direct and conjugate shakeup lines are gov-

erned by two antagonist factors. The matrix element di’;) in

the direct contribution is much higher (by 2 orders of
magnitude) than the overlap s., in the conjugate contribu-
tion. On the contrary, the overlap S, in the direct contri-
bution is only nonzero thanks to minor core excited
configurations of the initial ground state, as the matrix
element Di,“ ) in the conjugate part is built essentially
from the dominant closed-shell configuration of the ground
state. The overlap S, is then weaker (by 2 orders of

magnitude) than the matrix element ng“ ). Second, evolu-
tion of the intensity and position of the peak observed and
calculated in region A (around 635 eV) when going
from acetylene (HC = HC) to ethylene (H,C = CH,)
exhibits the same features as the main peak in conven-
tional NEXAFS spectra observed around a photon excita-
tion energy of 286 eV. It is slightly shifted towards lower
binding energies, and its intensity decreases from acety-
lene to ethylene. It is attributed to a dipolar excitation
to the 77* LUMO and disappears for ethane, the LUMO
of which is of o symmetry and located much higher in
energy. These structures mimicking NEXAFS transitions
and embedded in x-ray photoelectron double K-shell spec-
tra offer the opportunity to detect specific bonds in
molecules.
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Third, even if Eq. (4) indicates that interference effects
between direct and conjugate contributions can occur for a
same symmetry of the final N state, the excellent agree-
ment between our experimental results and the incoherent
superposition confirms their weakness. This latter is dic-
tated by propensity rules. Because the o molecular orbital
from which the electron is ejected is dominantly made of
atomic s symmetry, the photoelectron coming from the
direct (conjugate) process is dominantly a p (s) wave.

In summary, here is reported a combined experimental
and theoretical analysis of simultaneous core hole ioniza-
tion or core hole excitation (K~2V) events in the C,H,,
molecular series. It demonstrates that direct and conjugate
shakeup lines are of comparable magnitude, which conveys
a unique opportunity to observe a large pattern of K2V
states of different symmetries. In addition, computations
provide absolute cross sections for weak K2V events, in
excellent agreement with experimental estimations.
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