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The formation of hollow molecules (with a completely empty K shell in one constituent atom) through

single-photon core double ionization has been demonstrated using a sensitive magnetic bottle experi-

mental technique combined with synchrotron radiation. Detailed properties are presented such as the

spectroscopy, formation, and decay dynamics of the N2
2þ K�2 main and satellite states and the strong

chemical shifts of double K holes on an oxygen atom in CO, CO2, and O2 molecules.
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Hollow atoms are transient species with a completely
emptyK shell. Theywere first observed [1] and investigated
[2] in nuclear reactions where aK-shell electron is captured
by the nucleus and a second one is ejected. Multicharged
ions [3] and electron [4] collisions have also been used to
study them, but substantial progress occurred when the
more selective photons, first from x-ray tubes [5] and then
from synchrotrons [6,7], could be used to probe them.

Hollow species raise important questions on their for-
mation, structure, and decay. The probability for their
formation by core double photoionization (DPI), for in-
stance, is considered as a fine test of electron correlations
[5–7]. Hollow atoms decay by successive filling of the two
K holes leading to the emission of two x-ray photons or
Auger electrons. Coincidences between the two cascade
x rays were detected by Briand et al. [2] who also estab-
lished that the first emitted x ray, the so-called K�

H hyper-
satellite associated to the K�2 ! K�1L�1 þ h� transition,
is a clear signature of a hollow atom. Since then, most
experiments relied on observation of theseK�

H lines [3–7].
Reports of hypersatellite Auger electrons are much more
scarce and limited to neon [8].

If we except the atypical helium [9], lithium [10], and
beryllium [11] atoms where hollow states were observed
in photoabsorption experiments, the situation is that only
heavy hollow atoms have been created by photoionization
so far. No result exists on the most common light (Z ¼
5–9) atoms nor on molecules. Some particular spectro-
scopic properties of hollow molecules were, however, al-
ready noticed 24 years ago [12], as they were found to
show more sensitive chemical shifts than conventional
inner-shell spectra. Recently, hollow molecules regained

interest because it was predicted [13,14], and demonstrated
[15], that they can be formed in two-photon core double
ionization with x-ray free electron lasers (XFELs).
In this Letter we present the first observation of hollow

molecules, as formed through single-photon core DPI. The
weak signal was separated from the dominant core single
ionization thanks to a very sensitive magnetic bottle-type
experiment based at synchrotron sources, by coincidence
detection of the four released electrons (two photoelectrons
and two Auger electrons). This experimental method not
only succeeds in providing core DPI probabilities, but also
reveals detailed properties of hollow molecules, such as
their spectroscopic information, chemical shifts, dynamics
of formation, and decay.
Experiments were performed at the BL-16A undulator

beam line of the Photon Factory (PF), Japan, and at the
TEMPO undulator beam line of SOLEIL, France. The
second one allowed study of O 1s core DPI. In both cases
the storage ring was operated in single bunch and in top up
modes. We used two similar electron time-of-flight spec-
trometers of the magnetic bottle type [16]. Their principle
was described previously [17,18]; briefly, all electrons
(> 95%) from the ionization volume are collected by an
inhomogeneous magnetic configuration and guided along a
2 m solenoid to a detector. Multicoincidences are recorded
between electrons ejected in the same light pulse by multi-
hit time-to-digital converters which record the arrival time
of each electron with respect to the light bunch. The system
achieves an energy resolution �E=E of 1.6% and a
high detection efficiency which decreases slowly with
electron kinetic energy as was estimated from Kr 3d
photoelectron–Auger-electron coincidences.
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Hollow N2
2þ states created by single-photon core DPI

decay by emitting 2 Auger electrons along the sequence:

h�þ N2 ! N2
2þðK�2Þ þ 2e�photoelectron ; (1a)

! N2
3þðK�1v�2Þ þ e�Auger hypersatellite ; (1b)

! N2
4þðv�4Þ þ e�Auger satellite ; (1c)

where v designates a valence shell.
In order to extract hollow molecule formation, we iso-

late reactions (1) by detecting in coincidence the four
released electrons. Figure 1(a) displays the correlation
between the kinetic energies E1 and E2 of the two photo-
electrons. As expected for reaction (1a), one observes a
strong diagonal line at constant E1 þ E2 which demon-
strates the formation of a hollow N2

2þ K�2 state.
Let us consider now the spectroscopy of these new

species. The histogram of the sum of photoelectron ener-
gies in Fig. 2(a) leads to a measure of the N2

2þ K�2

binding energy as the photon energy is precisely known.
A set of similar measurements as in Fig. 2(a) gave a
binding energy BE ¼ 902:55� 0:5 eV, in reasonable
agreement with recent predictions [14] and our calcula-
tions (Table I). Figure 2(a) also reveals weaker lines asso-
ciated with the faint diagonal lines of Fig. 1(a), which
correspond to K�2 satellite states where the double core
hole ionization is accompanied by a simultaneous excita-
tion of a valence electron. The peak at BE ¼ 918:9 eV in
Fig. 2(a) can be assigned to a N2

2þ K�2�u
�1�g configu-

ration by analogy with the well-documented K�1 satellite
states [19]. It is quite intense, of the order of 25% of the
main K�2 line, which is more than twice the value (10%)

for the corresponding satellite in single core hole forma-
tion, N2

þ K�1�u
�1�g, when observed at a comparable

excess energy [Fig. 2(b)]. This reflects nicely the stronger
perturbation imparted to the valence shell when two core
electrons are removed rather than one, and confirms recent
predictions [13].
Chemical shifts associated with hollow molecules are

now addressed by comparing O K�2 states in O2, CO, and
CO2 in Fig. 3. All spectra suggest the presence of satellite
lines, though the limited statistics prevents their detailed
study. Binding energies of the main lines are reported in
Table I. We observe here a stronger chemical shift than for
OK�1 states (3.3 eV compared to 1.94 eV [14] for COwith
respect to CO2). We calculated the hollow states’ binding
energies with the GAMESS(US) package [20] at second-order
Møller-Plesset MP2 level of theory with large cc-pVQZ
basis set for both the initial neutral ground state and the
final double core K�2 ionized state. The addition of static
atomic differential relativistic terms deduced from [21] to
frozen core �MP2 values gives K�2 ionization energies in
excellent agreement with experiments (with an average
deviation energy within the experimental error bars) and
in reasonable agreement with recent estimates [14].

FIG. 1 (color online). (a) Energy correlation between the two
photoelectrons in N2. The signal is filtered by coincidence detec-
tion of the two associated Auger electrons of 375–450 and
300–375 eV. Energy sharing in (b) is deduced from the intensity
along the diagonal line projected on the x axis after subtraction of
false coincidences, mostly attributed to slow secondary electrons
(< 10 eV) emitted from surfaces. We used photons of 1110 eV
with a resolution of 1 eV. Accumulation time was 12 h.

FIG. 2. (a) Histogram of the sum of the energies of the 2
photoelectrons. The same data set as in Fig. 1 has been used,
filtering by detection of the two associated Auger electrons.
Electrons of less than 10 eV have been discarded to reduce
background. The binding energy scale has been checked in
SOLEIL experiments by a simultaneous measurement of
the Au 4f photoelectron peaks in the surface experiment cham-
ber on the second branch of the beam line. (b) Single photo-
electron spectrum with associated satellite lines measured at
h� ¼ 659 eV.

TABLE I. Binding energies of K�2 hollow states relative to
the respective neutral ground states.

Calculations (eV)

Experiment This work Ref. [14]

N2 902:55� 0:5 902.91 901.704

O2 1179:2� 0:8 1180.17

CO 1178:0� 0:8 1178.39 1175.376

CO2 1174:7� 0:8 1174.09 1172.821
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Cross sections for hollow molecule formation by single-
photon core DPI are of high interest as a measure of
correlation between the two ejected K-shell electrons. As
all ionization events are recorded in our experiment and
energy-dependent electron detection efficiencies are mea-
sured, the ratio of double to single core photoionization,
RDS, can be extracted directly from our data. The values,
reported in Table II, are of similar magnitude to what is
observed for heavy atom core DPI [7] and provide stringent
tests for calculations. Study of the RDS excess photon
energy dependence is under way and expected to bring
fuel to the debate on electron correlation at the origin of
core DPI and its current modeling in terms of shakeoff
versus knockout mechanisms [7]. In this respect, the
energy sharing between the two 1s N photoelectrons is
of interest. It is given here at an excess energy of Exc ¼
208 eV by the intensity along the diagonal line in Fig. 1(a),
and is reported in Fig. 1(b) after subtraction of the false
coincidences background. Only the upper half of the dis-
tribution is represented here by projection on the x axis, as
the remaining low energy part obtained by projection of the
same data on the y axis is symmetric with respect to Exc=2.
One deduces from Fig. 1(b) a relatively flat U-shaped
energy sharing between the 2 photoelectrons, characteristic
of the DPI process. If we take into account the scaling
effect due to the N effective charge ZN

� (Slater’s rules), the
energy distribution in N2 [Fig. 1(b)] at an excess energy of
Exc ¼ 208 eV should be comparable to the one obtained in
He at Exc ðZHe=ZN

�Þ2 � 13 eV. Both are quite flat [22],
suggesting an important knockout contribution at this pho-
ton energy. It should be noted, however, that indirect
processes which are absent in He DPI must be present
here and add intensity for unequal energy sharing; they
are linked to the existence of intense K�2 satellites [see
Fig. 2(a)] and the probable indirect core DPI paths
mediated through excited N2

þ Rydberg states built with
such a core.

The possibility exists that the two K electrons ejected in
a core DPI path (1a) originate from the two different N

atoms of the molecule (2-site core DPI). However,
one expects a very weak contribution, as single-photon
DPI relies on electron correlation and the Coulomb inter-
action is orders of magnitude weaker between two K
electrons from different N atoms than between the two K
electrons from the same N atom. Our experiment, however,
allows us to set an upper limit for the cross section of this
process. Binding energy of the 2-site core hole N2

2þ
K�1K�1 is predicted at 839.9 eV [14]. It should not be
revealed in our four electron coincidence data of Fig. 1, as
the two satellite Auger electrons released upon its decay
are expected to have similar kinetic energies and will not
be differentiated by our setup, because of the 10 ns detector
dead time. The 2-site N2

2þ K�1K�1 states should, how-

ever, appear in three electron coincidences (two photo-
electrons plus one Auger). The corresponding spectra,
similar to the one in Fig. 2(a) but with higher background
due to the less stringent coincidence criterion, did not
reveal any signal, but allow us to set here an upper limit
of 1.2% on 2-site versus 1-site core DPI.
We turn now to the decay dynamics of K�2 main and

associated satellite states by successive Auger decay [re-
actions (1b) and (1c)]. Note that, based on the supposed
shorter lifetime of K�2 than K�1v�2 states [23], we use a
two step description that might be questioned. Figure 4(a)
compares the Auger spectrum of a singleK hole (top in red)
with the Auger spectrum of a double K hole (middle in
black) and that of a double K hole satellite (bottom in
green). We resolve two components in the 375–450 eV
range associated with the emission of the first hypersatellite
Auger (1b), and only broad bands in the 300–375 eV range
where contribution of the second satellite Auger electron of
reaction (1c) is expected. Coincidences between these two
groups in Fig. 4(b) effectively confirm this description.
From thesemeasurements one can deduce the spectroscopic
information on theN2

3þ levels involved in the cascade (1b)
and (1c) and of the finalN2

4þ states. The binding energy of

the latter is simply deduced from the histogram of the sum
of the energies of all four electrons emitted in the process
[Fig. 4(c)]. We observe that the decay of theK�2 hole leads
to formation of possibly two N2

4þ resolved states with 149

and 165 eV binding energies. The spectrum of hypersatel-
lite Auger originating from the K�2 main line [middle of
Fig. 4(a)] reveals twoN2

3þK�1v�2 intermediate stateswith
binding energies of 487.5 and 510.9 eV (Auger energies of
415 and 391.6 eV, respectively); these energies suggest that

TABLE II. Branching ratio RDS for the double to single core
photoionization cross sections.

Excess energy above K�2 threshold RDS

N2 208 eV 8:4� 1� 10�4

O2 121 eV 3:6� 0:6� 10�4

CO 123 eV 2:7� 0:5� 10�4

CO2 126 eV 3:5� 0:6� 10�4
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FIG. 3 (color online). Histogram of the sum of the energies of
the two photoelectrons ejected from oxygen K shell in different
molecules. The blue arrows indicate the experimental CO2 K

�2

level. The observed strong chemical shift is reproduced by
calculations (vertical red lines). Experiments were performed
at 1300 eV photon energy.
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at least one valence electron involved in the excited level at
510.9 eV has a N 2s character. Note that the decay of an
atomic hollow N� ð2s; 2pÞ2 3l5 atom has been shown to
produce a 408 eVhypersatelliteAuger electron [24], a value
close to the 415 eV we obtain here in the N2 molecule.
Decay of the K�2 satellite line of presumed N2

2þ
K�2�u

�1�g configuration producesmainly a hypersatellite

Auger line of roughly the same kinetic energy (416 eV)
as for the decay of the main K�2 line. This implies an
excitedN2

3þ intermediate state of 502.9 eV binding energy.
We infer a spectator decay where the �g excited electron

does not take part in the double core hole decay, and a
K�1v�2�u

�11�g configuration for the N2
3þ intermediate.

The participator decay to the lower N2
3þ K�1v�2 states

contributes to the shoulder at high energy in Fig. 4(a)
bottom curve.

Three Letters [25–27] on hollow molecules have been
published after our Letter was submitted. The first two
demonstrated two-photon core double ionization using a
XFEL source; however, the information gained on N2

hollow molecules is far less detailed than in our coinci-
dence experiments. As an example, while we confirm fully
that their observed 413 eV peak is a signature of the
formation of a hollow molecule, our results demonstrate
that their 442 eV peak cannot be assigned to aK�2 shakeup
state [26] because these states preferentially decay in a
spectator process with emission of slower electrons.
Hollow CH4 and NH3 molecules have also been studied
with synchrotron radiation [27], although the lower

statistics of the data and the restriction to three electron
coincidences prevented detection of K�2 satellite states.
In conclusion, we have been able to observe hollow

molecules formed by single-photon double ionization and
report details of their spectroscopy and the dynamics of
their formation and decay. These properties are important
inputs for atomic and molecular physics: a knockout
mechanism is inferred for the single-photon core DPI pro-
cess, K�2 chemical shifts are larger and possibly more
informative than K�1 ones [13]. Knowledge of the proper-
ties and decay dynamics of hollow states is also of primary
importance in the new XFEL field because these species
can be readily formed in multiphoton ionization processes
with XFELs and serve as a diagnostic of the laser character-
istics [15].
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FIG. 4 (color online). (a) Auger spectrum associated with
decay of double K�2 core hole (middle, black) compared to
the Auger decay of a single K�1 core hole (top, red) and of
double K�2 core hole satellite (bottom, green). The same data set
as in Fig. 1 has been used, but only three electron coincidences
are considered here. As for the decay of the K�2 main line,
energy correlation between the first Auger electron of 375–
430 eV and the second one of 300–375 eV is displayed in (b).
We deduce the spectroscopy of N2

4þ final state in (c).
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