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Core-valence double photoionization has been observed in Ne atoms and N2 molecules using a
magnetic-bottle time of flight spectrometer. The multielectron coincidence data sets give complete
information on the energy correlations between all emitted electrons, which supports a detailed
description of the core-valence double photoionization processes including direct spectroscopy of the
core-valence doubly ionized states, the final states populated by their Auger decay and details of the
dynamics of core-valence double photoionization for selected states.
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The double photoionization (DPI) of atoms and mole-
cules has attracted special attention for a long time because
this process is due entirely to electron correlation, and,
consequently, investigations of DPI reveal fundamental
aspects of atomic and molecular physics. The shake theory
[1] provides a basic understanding of DPI: The sudden
change of the nuclear charge during single photoionization
ejects another electron into a continuum state (shakeoff).
While the sudden approximation describes the situation in
the high-energy limit, the description for DPI processes at
finite energies is still the subject of discussion [2].

Until now, most DPI studies have concentrated on the
removal of two valence electrons. Direct experimental
observations of core-valence DPI are limited to a few cases
involving, for example, the 2p core hole in Na [3] or the 4d
hole in Xe [4]. Theoretical calculations have identified pe-
culiar properties of core-valence doubly ionized states [5].
The formation of such states has been known since the
introduction of x-ray photoelectron spectroscopy. In inner-
shell photoelectron spectra [6], they contribute to the back-
ground enhancements lying at the converging limits of
photoionization satellite states. However, investigations u-
sing conventional photoelectron spectroscopy offer neither
direct spectroscopy of the doubly ionized states nor the de-
tailed DPI dynamics. In contrast, coincidence detection be-
tween the two photoelectrons emitted in DPI processes pro-
vides direct spectroscopic information on DPI processes. A
sophisticated coincidence method is required, because the
DPI cross section is unfavorable as compared with the
main inner-shell ionization processes, and, consequently,
the events associated with these DPI processes are easily
hidden behind ordinary inner-shell photoionization events.

In this Letter, we present an investigation of DPI asso-
ciated with the removal of a 1s electron in Ne and in N2

using a very efficient coincidence technique. We have used
a magnetic-bottle time of flight (TOF) electron spectrome-
ter for which the powerful capabilities of electron coinci-
dence observations have recently been described [7,8]. The
coincidence data sets accumulated include and reveal com-

plete information on the energy correlations between all
the electrons emitted, from which novel and exhaustive
knowledge of the DPI process can be deduced.

The experiments were performed on the beam line AR-
NE1B of the PF-AR storage ring specifically dedicated to
single bunch operation. The 377-m circumference of the
storage ring provides a 1:26-�s repetition period for the
100-ps-width light pulses. The light emitted in a helical
undulator is monochromatized by a vertical-dispersion
spherical-grating monochromator, and the photon energy
resolution is set to <1 eV (FWHM). A gas beam effusing
from a 500-�m inner-diameter needle crosses the mono-
chromatized light beam at a right angle. Multicoincidences
between electrons which are analyzed in energy by their
TOF in the magnetic-bottle electron spectrometer are re-
corded and analyzed. The analyzer used in the present ex-
periments is similar to that developed by Eland et al. [7],
except for the shorter 2.5-m flight length in the present
analyzer instead of the original 5-m length. A strong per-
manent magnet (NdBFe: �0:7 T) located close to the in-
teraction region creates, with the inhomogeneous magnetic
field, a magnetic mirror for electrons that are hence guided
by the weak magnetic field (�1 mT) of a long solenoid
toward a position sensitive detector composed of two
microchannel plates in chevron followed by a phosphor
screen. Signals from the detector are fed into a multistart
(common-stop) time-to-digital converter (RoentDek
TDC8). The converter is triggered by the arrival of a first
electron and is stopped, after a 15-�s delay, by the ring
clock signal. All of the electrons arriving in this time
window are detected. Their absolute TOF is then recalcu-
lated with respect to the ring clock. The absolute electron
TOF, the energy resolution, and the detection efficiency
were calibrated by measuring Ne 1s photoelectrons at
different photon energies. For electrons having less than
300 eV kinetic energy, the energy resolving power of the
apparatus E=�E is nearly constant at 30. The detection
efficiency is also constant for electrons of less than 200 eV
but drops gradually above 200 eV.
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A multielectron coincidence data set for Ne was accu-
mulated at an excess energy of 108.7 eV above the Ne 1s
ionization threshold at 870.09 eV [9]. Figure 1(a) shows
the photoelectron spectrum, where the energy range is
adjusted to show the photoelectron peaks for formation
of the Ne�1s�1 state and of the satellite states. The satellite
states Ne�1s�12p�1�1;3P�np [10] are resolved only par-
tially with an instrumental resolution of about 3 eV.
Figure 1(b) displays a two-dimensional (2D) map showing
the coincidences between the photoelectrons and slower
electrons in the 0–30 eV energy range.

On this 2D map, a vertical stripe appears at the fast
electron energy corresponding to the 1s photoelectrons.
These slow electrons are produced through the Auger
decay of the 1s core hole: The coincidences occur between
the 1s photoelectron and slower Auger electrons pro-
duced in the double Auger decay. The yield along this
vertical stripe shows a steep decrease as the energy of the
slow electron increases. This is reasonable, considering
the energy sharing of the two Auger electrons in the
double Auger decay [11]. In contrast, knots of enhance-
ments at given energies are observed along the vertical
stripes corresponding to the satellite photoelectrons. They
are assigned mainly to cascade Auger decays from the
satellite states [12]. In a simple spectator model, the
Ne�1s�12p�1�1;3P�np satellite states undergo an Auger
decay towards excited Ne2� states with configurations
such as 2p�3np and 2s�12p�2np. If these excited states

lie above the Ne3� threshold, they autoionize and produce
the low-energy electrons observed in the 2D spectrum [12].

Two intense diagonal stripes are observed in the fast
electron energy range of 30–60 eV on the 2D map. They
are due to coincidences between two photoelectrons
emitted through the formation by DPI of the
Ne2�1s�12p�1�1;3P� states. The available energy to form
each Ne2� state, given by (photon energy)-(binding energy
of the Ne2� state), is shared by the two photoelectrons
emitted if we neglect the postcollision interaction (PCI)
due to the subsequent Auger decay of the Ne2� states with
a remaining 1s vacancy. This PCI is expected to affect
essentially low-energy photoelectrons and, hence, to cause
distortion from a straight line. Such an effect cannot be
observed in Fig. 1(b), suggesting that PCI effects can be
ignored here within our limited experimental resolution. It
may be possible to observe this distortion at a lower excess
energy close to the threshold.

To reveal the Ne2� states with a 1s core hole more
clearly, the coincidence counts on the 2D map are inte-
grated and projected on the diagonal axis X � Y in order to
present the sum of the energies of fast and slow electrons
for all coincident events. This projection is represented as a
function of the total energy of the two electrons in Fig. 2.
The high statistics arising from the integration enables us
to find, as well as the 1s�12p�1 peaks, two weak peaks
associated with the 1s�12s�1 states that are faintly visible
on the 2D map. Although the background underlying the
peaks must include true coincidences between two slow
Auger electrons in the triple Auger decay of 1s�1, false
coincidences are the main contribution to the background.
Until now, the energy levels of the Ne2� states with a 1s
core hole have been estimated from the extrapolation of the
converging limits of the 1s satellite states [10] or from
x-ray fluorescence energies [13]. The present spectrum
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FIG. 1 (color online). (a) Inner-shell photoelectron spectrum
of Ne obtained at the photon energy of 978.8 eV. (b) Two-
dimensional map of all coincidence pairs, represented as a
function of the kinetic energies of fast and slow electrons.
Coincidence intensities in the two-dimensional map are plotted
on a linear scale. In (a), the positions of the photoionization
satellites converging to the Ne2� 1s�12p�1�1;3P� states are
extracted from Ref. [10].

FIG. 2. Histogram of the kinetic energy sum for two electrons
detected in coincidence, as deduced from Fig. 1(b) by integrating
the yields along the direction for �fast electron energy� �
�slow electron energy� � constant. The top axis gives the bind-
ing energies of the core-valence doubly ionized Ne2� states with
respect to the Ne� 1s�1 state, where it is assumed that the kinetic
energy shifts due to the postcollision interaction are negligible.
Binding energies from Refs. [10,13] are indicated.
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allows us to locate directly the Ne2� states since the
incident photon energy is known. The binding energies
of the Ne2� states with respect to Ne� 1s�1, thus obtained
and shown in Fig. 2, agree within 0.2 eV with the previous
estimations [10,13], except for the 1s�12s�1�1S� state.

The intensity ratio of the 3P, 1P, 3S, and 1S peaks in
Fig. 2 is 1:1:34:0:12:0:05. The ratio of the 3P and 1P peaks
differs significantly from the statistical value 3P=1P � 3.
The 3P=1P intensity ratio has been studied by high-energy
electron impact, and a value 3P=1P � 1:8� 2 was de-
duced [13–15]. The discrepancy between the ratios ob-
tained by electron impact and the statistical value was
explained in terms of the continuum mixing within the
framework of the shake model [16]. The present 3P=1P
ratio 0.74 is much smaller than the values observed by
electron impact. This suggests the breakdown of the sud-
den approximation near the DPI thresholds. The ratio
�3P� 1P�=�3S=1S� � 13:8 is much bigger than both the
corresponding ratios determined by electron impact ion-
ization (4.7 [13]) and deduced from a theoretical calcula-
tion (9.1 [17]). This could also result from the DPI dy-
namics at the threshold region.

In order to study how the two photoelectrons produced
from the DPI processes in Ne share the available energy,
we have extracted the intensity distributions along the two
intense diagonal stripes in Fig. 1(b) and plotted them in
Fig. 3. Resonance structures are discernible on both
distributions corresponding to the 1s�12p�1 DPI con-
tinua. The resonance structures below 5 eV in the 3P
continuum are attributed to autoionization from the
Ne�1s�12p�1�1P�np states. The other resonances in the
two curves can be assigned to the satellite states Ne�

1s�12s�1�1;3S�ns, from their known binding energies
[10]. Some resonances of Ne� 1s�12s�1�1;3S�ns are ap-
parently asymmetric, which results from interactions and
interference with the DPI continua in which they are
embedded.

The photoionization satellite states Ne�

1s�12s�1�1;3S�ns also exhibit asymmetric peak shapes in
conventional photoelectron spectra [10,18,19]. The peak
shape of the Ne� 1s�12s�1�3S�3s resonance isolated in the
photoelectron spectra has been studied theoretically
[20,21] as a prototype of resonances embedded in DPI
continuum associated with core-hole creation. The asym-
metry observed by conventional photoelectron spectros-
copy results from interactions with the two possible
continua for the formation of the Ne2� 1s�12p�1�1;3P�
states. In contrast, each curve in Fig. 3 exhibits the asym-
metry resulting from the interaction with the corresponding
continuum, which enables us to inspect more precisely the
coupling of the discrete state with each continuum. The
asymmetric peaks for the Ne� 1s�12s�1�3S�3s state are
fitted by a convolution of the Fano profile [22] with a
triangular instrumental profile [23]. The Fano q parameters
are thus found to be 4:1� 0:4 and 1:0� 0:1 for the Ne�

1s�12s�1�3S�3s resonance state in the 1P and 3P continua,
respectively. Here the natural width of the state has been

fixed at the reported value of 0.57 eV [18]. The present q
values should be valuable in validating the theoretical
frameworks of the available calculations.

The Ne2� ions formed after core-valence DPI can
undergo nonradiative decay producing fast Auger elec-
trons. In practice, we can also detect these fast Auger
electrons in coincidence with the two photoelectrons (triple
coincidences) even if the detection efficiency and the
energy resolution for such energetic (about 800 eV) elec-
trons is limited. The energy distribution of the fast Auger
electrons in these triple coincidences is compared in Fig. 4
with the Auger spectrum associated with the Ne� 1s�1

state. As the Auger energies correspond to the energy
differences between the initial core-hole states and Auger
final states, the Auger spectra have been scaled to reveal
the binding energies of the final states. The Auger electron
distribution from the Ne� 1s�1 state is interpreted as
forming mainly the Ne2� 2p�2 and 2s�12p�1 states lying
in the ionization energy range of 62–98 eV [24]. Note that
the energy resolution for the fast Auger electrons is only
20–30 eV (FWHM). Meanwhile, the Auger electron dis-
tribution from the Ne2� 1s�12p�1 state shows that the
population of the Auger final states shifts towards higher
binding energy. The onset of the Auger distribution agrees
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FIG. 3 (color online). Kinetic energy distributions of photo-
electrons associated with the formations of Ne2�

1s�12p�1�1;3P�. They have been obtained by plotting intensities
along the corresponding diagonal stripes in the two-dimensional
coincidence map of Fig. 1(b). The integration ranges selected for
the 1s�12p�1�3P� and 1s�12p�1�1P� continua correspond, re-
spectively, to 60.6–63.8 and 54.0–58.1 eV in Fig. 2. The loca-
tions of the Ne� 1s�12s�1�1;3S�ns states are determined from the
reported energy levels [10]. The 1s�12s�1�3S�3s peaks are fitted
by a convolution of the Fano formula [22] with a triangular
instrumental profile [23].
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reasonably with the lowest ionization energy for formation
of the Ne3� state at 125.951 eV [24].

The present coincidence method reveals its spectro-
scopic usefulness even more strikingly when applied to
molecules. This is because spectroscopic information on
molecular doubly charged ionic states with a core hole is
extremely rare. Figure 5 shows the coincidence spectra for
N2 obtained with the same procedure as for Fig. 2. The
structures correspond to core-valence doubly ionized
states. The equivalent core model which assimilates N�2
1s�1 and NO� 2��1 can be used to estimate binding
energies of the N2�

2 1s�1v�1 states from those of the
NO2� 2��1v�1 states, and the binding energies estimated
for N2�

2 1s�1v�1, with v � 3�g, 1�u, and 2�u, corre-
spond roughly to the three broad bands observed. Recent
calculations [5] predict strong state dependent singlet-
triplet splittings which are in remarkable agreement with
our experiment, considering its limited energy resolution.

However, further high resolution experiments are needed
to definitively identify the three structured features on the
central band.

In conclusion, we have studied the core-valence DPI
process in Ne and N2 with a multielectron coincidence
method. The magnetic-bottle TOF spectrometer allows
such studies to be carried out with very high efficiency.
The present work gives exhaustive information on the DPI
processes involving core electrons. Moreover, this work
demonstrates the high performances of the multielectron
coincidence method both for DPI dynamics in the inner-
shell range and for the spectroscopy of the associated
doubly charged ions.

We thank S. Carniato for fruitful discussions and
G. Stark for critical reading. We are grateful to the
Photon Factory staff for the stable operation of the PF-
AR. This work was performed under the approval of the
Photon Factory Advisory Committee (Proposal
No. 2004G210).
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FIG. 5 (color online). Histogram of the kinetic energy sum for
two photoelectrons detected in coincidence, measured in N2 at
the photon energy of 468.5 eV. The spectrum exhibits N2�

2

1s�1v�1 states. The top axis gives their binding energies with
respect to the N�2 1s�1 state which was taken at 409.94 eV [25].
Bars present the configuration interaction calculations from
Ref. [5]. The N2�

2 1s�1v�1 states are split into the singlet and
triplet components, represented with a solid line and dotted lines,
respectively.

FIG. 4 (color online). Auger electron spectra measured in
coincidence with the photoelectrons for the formations of the
1s�1 (dashed black line) and 1s�12p�1 states (solid red line).
The spectra are plotted as a function of the binding energies of
the final states after Auger decay, which are, respectively, Ne2�

or Ne3� states. Binding energies are referenced to the Ne neutral
ground state.
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