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1 Atomic and Molecular Science

1-1 Coincidence Studies of Core-
Va l e n c e  D o u b l e  P h o t o -
Ionization

Double photoionization (DPI) of atoms and mol-
ecules has attracted special attention for a long time be-
cause this process is due entirely to electron correlation 
and, consequently, investigations of DPI are expected 
to reveal fundamental aspects of atomic and molecular 
physics. Until now, most DPI studies have concen-
trated on the removal of two valence electrons. Direct 
experimental observations of core-valence DPI have 
been limited to a few cases. In inner-shell photoelectron 
spectra, the formation of such states can be seen as 
the background enhancements lying at the converging 
limits of photoionization satellite states. However, inves-
tigations using conventional photoelectron spectroscopy 
offer neither direct insight into the doubly-ionized states 
nor the detailed DPI dynamics. By contrast, coincidence 
detection between the two photoelectrons emitted in 
DPI processes provides direct spectroscopic informa-
tion on DPI processes themselves; however, a sophisti-
cated coincidence method is required, because the DPI 
cross section is low compared with the main inner-shell 
ionization processes and, consequently, the events as-
sociated with these DPI processes are easily hidden 
behind ordinary inner-shell photoionization events. We 
have introduced a very effi cient coincidence technique, 
the magnetic bottle time-of-flight electron-coincidence 
method, into the investigation of DPI associated with the 
removal of a core electron. The powerful capabilities of 
this coincidence method in electron coincidence obser-
vations have recently been described [1-3].

A multi-electron coincidence data-set for Ne was 
accumulated at an excess energy of 108.7 eV above 
the Ne 1s ionization threshold at 870.09 eV using AR-
NE1B. Figure 1(a) shows the photoelectron spectrum, 
where the energy range is adjusted to show the pho-
toelectron peaks associated with the 1s-1 state and the 
satellite states. Figure. 1(b) displays a two-dimensional 
(2D) map showing the coincidences between the pho-
toelectrons and slower electrons in the 0-30 eV energy 
range. Two intense diagonal stripes in the fast electron 
energy range of 30-60 eV are due to coincidence be-
tween two photoelectrons emitted through the formation 
of Ne2+ 1s-12p-1(1,3P) states by DPI. The available energy 
to form each Ne2+ state, given by (photon energy)−(bind-
ing energy of the Ne2+ state), is shared by the two pho-
toelectrons emitted, and the corresponding coincidence 
yield thus results in the diagonal lines. The intensity dis-
tributions along the two diagonal stripes describe how 

the two photoelectrons produced in the DPI processes 
share the available energy. Resonance structures cor-
responding to Ne+ 1s-12s-1(1,3S) ns are discernible on 
both distributions corresponding to the 1s-12p-1 (1,3P) DPI 
continua: interactions and interference of the Ne+ states 
with the DPI continua can be discussed in terms of the 
resonance features.

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 elec-
trons for all coincident events. This projection is shown 
as a function of the total energy of the two electrons in 
Fig. 2. The high statistics resulting from the integration 
enables us to fi nd, in addition to the 1s-12p-1 peaks, two 
weak peaks associated with the 1s-12s-1 states that are 
faintly visible on the 2D map. This is the fi rst direct spec-
troscopy of the core-valence DPI states of Ne [4]. The 
intensity ratio of the 3P and 1P peaks differs signifi cantly 
from the statistical value of 3P/1P = 3. This observation 
manifests the breakdown of the sudden approximation 
near the DPI thresholds, which motivates us to advance 
our understanding of the DPI dynamics. 
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Figure 1
(a) Inner-shell photoelectron spectrum of Ne obtained at a 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. 
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Figure 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 where for (fast electron energy) + (slow electron 
energy) = constant. The top abscissa gives the binding energies 
of the core-valence doubly ionized Ne2+ states with respect to the 
Ne+ 1s-1 state.

1-2 Photon Pairs Produced from 
Multiply Excited Molecules in 
the Vacuum Ultraviolet Range

Molecular multiple excitation resonances in the ex-
treme ultraviolet regime are highly correlated systems 
in which the electronic and nuclear motions strongly 
couple due to interactions with many electronic con-
tinua. Their formation and decay is hence one of the 
most interesting subjects today in atomic and molecular 
science. We have recently proposed a photon-photon 
coincidence experiment to observe the multiply excited 
states of molecules: cross sections for the generation of 
a pair of photons emitted by neutral fragments from the 
multiply excited molecules are measured as a function 
of incident photon energy. Such a cross section curve 
is free from ionization and thus the features originating 
from the multiply excited states are highlighted.

The cross sections for the generation of a pair of 
two Lyman-α photons in the photoexcitation of H2 were 
measured at BL-20A for the fi rst time, which are shown 
as a funtion of incident photon energy in Fig. 3 [1]. The 
spectral feature in Fig. 3 is attributed to the doubly ex-

cited states of H2. They are clearly Q2 states built on the 
(2pπu) core leading to H(2p)+H+. Taking into account 
also Wigner and Witmer correlation rules for connect-
ing separated atoms and molecular states [2], a Q2 

1Πu 
state of H2 is expected to have important contribution 
to the cross section curve in Fig. 3. This has been con-
fi rmed by a theoretical calculation (solid curves in Fig. 
3) based on the refl ection approximation and semiclas-
sical treatment for the dynamics: the experimental cross 
section curve agrees well with the calculated one for the 
lowest state in the Q2 

1Πu series, i.e., the Q2 
1Πu(1) state, 

of H2. It has hence turned out that the decay dynamics 
of the Q2 

1Πu(1) state is well described in the semiclassi-
cal manner.

Figure 4 shows the cross sections for the generation 
of a pair of two vuv photons in photoexcitation of N2 [3]. 
The cross section curve reveals, for the fi rst time, mul-
tiply excited states of N2 in the energy range where the 
ionization from innermost valence electrons takes place: 
the four multiply excited states of N2 were newly found. 
It is remarkable that the 45-eV peak is above the double 
ionization potential of N2 (43.0 eV [4]). The precursor 
excited state of N2 for the 45-eV peak thus turns out 
to be embedded in the double ionization continua. It is 
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Figure 3
The cross sections for the generation of a pair of two Lyman-α 
photons in photoexcitation of H2 as a function of incident photon 
energy. The calculated cross sections are shown as well (see text). 
The calculated curve for the Q2 

1Πu(1) state is normalized to the 
experimental cross section around 34 eV and other calculated 
curves are normalized to the same height as this curve. 

Figure 4
The cross sections for the generation of a pair of two vuv photons 
in photoexcitation of N2 as a function of incident photon energy. 
The double ionization potential of N2 is shown by the hatched bar.
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interesting that such a highly excited state of N2 dissoci-
ates into neutral fragments escaping from the electronic 
autoionization and makes a contribution comparable to 
those below the double ionization potential.

References
[1] T. Odagiri, M. Murata, M. Kato and N. Kouchi, J. Phys. B, 37 

(2004) 3909.
[2] G. Herzberg, "Molecular Spectra and Molecular Structure 

I.," Spectra of Diatomic Molecules, Princeton: Van Nostrand, 
(1967).

[3] M. Murata, T. Odagiri and N. Kouchi, J. Phys. B, 39 (2006) 
1285.

[4] G. Dawber, A. G. McConkey, L. Avaldi, M. A. MacDonald, 
G. C. King and R. I. Hall, J. Phys. B, 27 (1994) 2191.

1-3 Doubly and Triply Photoexcited 
Hollow Beryllium Resonances

One of the goals of atomic physics is to accurately 
describe electron correlation. Multi-electron photoexci-
tation processes of atoms clearly show correlation ef-
fects. Since the fi rst observation of doubly photoexcited 
helium atoms, synchrotron radiation has been used to 
induce multielectron excitation resonances.

Light atoms with only a few electrons are also theo-
retically simple enough to treat rigorously. The multi-
electron excited states of atoms are suitable targets 
to test theoretical treatments to describe the electron 
correlation. From this point of view, photoexcitations of 
helium (two electron atom) and lithium (three electron 
atom) have been thoroughly investigated using syn-
chrotron radiation. Theoretical calculations of photo-ex-
citations corresponding to the experimental results have 
also been performed and obtained successful achieve-
ments. On the other hand, it has been pointed out that 
four-electron atoms (beryllium) require geometrically 
different frames. Theoretical challenges to treat the four-

electron atom have recently emerged. However, the 
experiments on photoexcitation of beryllium atoms have 
been severely limited.

We have performed experiments on photoexcita-
tion of beryllium atoms using BL-16B for 1s excitations 
[1,2] and BL-20A for 2s excitations [3]. Beryllium atomic 
vapor was generated with a newly designed electron 
bombardment oven. The vapor was perpendicularly in-
tersected with monochromatized synchrotron radiation. 
Photoions were pushed by a pulsed electric fi eld into an 
acceleration region, which forms a time-of-fight mass 
spectrometer with a fi eld-free fl ight tube. The ions were 
detected with a microchannel plate. The partial yield of 
singly and doubly charged ions were obtained at each 
photon energy scan step by introducing time gates fol-
lowing the time-resolved detection utilizing a time-to-
amplitude converter.

We recorded the charge-resolved photoion spectra 
of 1s excitations between 110 and 150 eV and addition-
al interesting resonances, using BL-16B. Assignments 
of the resonances were made based on calculations 
by a multi-configuration Dirac Fock (GRASP92) code. 
Several new features were revealed, among which we 
identifi ed photoexcitation resonances of doubly excited 
K-shell (2s22p3s) and triply excited L-shell (1s3s23p) 
hollow beryllium atoms. The hollow atoms have recently 
attracted much attention, because these states are cre-
ated due to the strong electron correlations and reso-
nance energies refl ect the electron correlation.

Observed spectra of the two hollow resonances are 
shown in Figs. 5 and 6. The resonance energies of the 
hollow states of 2s22p3s and 1s3s23p are 275.32 eV 
and 151.91 eV, respectively. We calculated relevant 
quantities of these hollow states based on GRASP92. 
Calculations of electron charge densities show that 
when electrons are excited to the hollow states, the 
orbitals of L and K-shell electrons shrink due to the re-
duction of screening by inner shell electrons. Illustration 
of the electron orbitals is shown in Fig. 7. The ground 
state of beryllium atoms is drawn as blue dotted curves. 

Figure 5
Yields of Be+ and Be2+ ions as a function of photon energy. 
Observed resonance is 2s22p3s.

Figure 6
Yields of Be+ and Be2+ ions as a function of photon energy. 
Observed resonance is 1s3s23p.
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Compared with the ground state, the orbitals of the hol-
low states shrink. Additionally, the transition probability 
from the ground state (1s22s2) to the 1s3s23p state is 
nine times as large as that to the 2s22p3s state. This im-
plies that the transition probability for three-electron ex-
citations is substantially larger than that for two-electron 
excitations. This is attributed to large overlaps between 
the 2s-electron wave function in the ground state and 
the 3s-electron wave function in the L-shell hollow state. 
Further experimental investigations are required to in-
vestigate the transition probabilities.

Figure 7
Orbitals of the ground, L-shell hollow and K-shell hollow states. 
K-shell orbital of L-shell hollow state, L-shell orbital of K-shell 
hollow state, and M-shell orbital of L-shell hollow state shrink due 
to lack of shielding effect of inner-shell electron.
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