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Valence double photoionization of Ne atom has been investigated by multielectron spectroscopy. Complete
information on energy correlation between ejected electrons allows the identification of Ne2+ final states and
their formation mechanism. In addition to simultaneous two-electron emission from the valence shells, indirect
processes mediated by singly charged excited states have been observed. We have first obtained direct double-
photoionization cross sections state-selectively in a wide photon energy region, by evaluating the contributions
of the indirect processes. We have also applied the coincidence spectroscopy to three-electron emission from
the valence shells. Even in the three-electron emission, the coincidence analysis enables to observe individual
Ne3+ final states related to the triple-photoionization process and to obtain the state-selective cross sections.
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I. INTRODUCTION

Double photoionization �DPI� of atoms and molecules
caused by the absorption of a single photon is a fundamental
process in atomic and molecular physics. Since the simulta-
neous ejection of two electrons cannot be described by the
single-particle approximation, in which the photon interacts
only with a single electron, the DPI process is entirely due to
electron correlation. The study of DPI has long attracted con-
siderable interest in both experimental and theoretical re-
searches. So far numerous investigations of the DPI process
have been concentrated on rare-gas atoms.

DPI leads to the production of doubly charged ions. Ion
mass spectrometry has been extensively used for investigat-
ing the DPI process, where the total DPI cross section or the
ratio of double to single ionization is determined from the
ion yield curves measured as a function of photon energy �1�.
Particularly in He atoms, direct DPI—i.e., simultaneous two-
electron emission—can directly be accessed from the mass-
resolved ion yields �2�, since only the He2+ �1S� final state is
produced through DPI and indirect �or sequential� processes
via singly charged excited states cannot contribute to the DPI
cross section. In contrast, valence DPI of the other rare gases
leads to the formation of various states and the presence of
indirect processes should be considered �3�. The mass spec-
trometry has been used to investigate DPI cross sections of
the rare gases heavier than He in early studies �4–8�, but
gives only the total DPI cross section. In theoretical works,
DPI cross sections have been calculated for direct two-
electron emission, leading to specific doubly charged states
�9–12�, and thus it is required to observe direct DPI state-
selectively.

Meanwhile, state-selective DPI cross sections can be
identified by fluorescence spectroscopy in the case where the
doubly charged states further decay via fluorescence emis-

sion. In practice state-selective DPI cross sections have been
obtained for processes leading to ns0np4 and ns1np5 states of
Ne and Ar using fluorescence spectroscopy �13,14�, though
indirect DPI processes were included in the results obtained.

Direct DPI produces two electrons with a continuous en-
ergy distribution from zero to the maximum available energy,
which is generally difficult to observe in the usual photoelec-
tron spectroscopy. Photoelectron spectroscopy based on the
time-of-flight method has been successfully used for observ-
ing both the direct and indirect DPI processes of rare gases
�15�, since this method allows keeping a transmission func-
tion almost constant in a wide kinetic energy region. The
continuum distribution of emitted electrons due to the direct
DPI process and its shape changing with photon energy have
been clearly observed for He atoms with a single double-
ionization continuum �16�. However, for all heavier rare-gas
atoms, it is impossibly difficult to separate the various DPI
continua by conventional photoelectron spectroscopy, since a
large portion of them overlap each other and even the steps
corresponding to the different DPI final states are invisible in
the experimental spectra. Electron-electron coincidence spec-
troscopy, which allows analysis of the energy of ejected elec-
trons through the DPI process, is indispensable for address-
ing a wide variety of the DPI cross sections.

In this work, we have investigated valence DPI of Ne by
multielectron spectroscopy �17�. By using a magnetic-bottle
electron time-of-flight �TOF� spectrometer, all electrons
ejected in every multiple-photoionization event are analyzed
in energy. The coincidence data sets thus obtained give com-
plete information on the energy correlation between ejected
electrons. The cross sections of direct DPI leading to the
formation of the 2s22p4�3P , 1D , 1S�, 2s12p5�3P , 1P�,
2s02p6�1S�, and satellite Ne2+ states have been measured in a
photon energy region from 69.89 eV to 239.8 eV, and are
compared with theoretical state-selective DPI cross sections
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of Ne calculated by using a nonvanishing lowest-order per-
turbation theory �11,12�. Additionally, the coincidence data
sets, which are obtained above the triple-photoionization
�TPI� thresholds, contain information on three-electron emis-
sion from valence shells. We have also derived the valence
TPI cross sections of Ne. It is nicely demonstrated that the
coincidence electron spectroscopy makes it possible to ob-
serve the three-electron emission and to separate Ne3+ states
related to the TPI process.

II. EXPERIMENT

The experiments were carried out on the beamlines of
BL-1C �18� and BL-16B �19� at the Photon Factory in
Tsukuba, Japan. During the measurements, the storage ring
was operated in the single-bunch mode, providing a 624-ns
period between light pulses. The photon energy resolution
�E /�E� was set to about 3000, and the absolute photon en-
ergy was calibrated with total electron-yield measurements
on the resonances of rare-gas atoms.

The multicoincidences were recorded for electrons which
were analyzed in energy by their TOF in a magnetic-bottle
electron spectrometer. The apparatus and the data acquisition
scheme has been described briefly elsewhere �20,21�. The
monochromatized photon beam crossed at right angle an ef-
fusive gas beam from a needle with the inside diameter
500 �m. Electrons ejected from sample gases after interac-
tion with the photons are guided in a 2.5-m flight tube by the
strong magnetic field of a 7000-G permanent magnet, whose
top was located at several mm from the interaction region.
The magnetic field inside the flight tube was kept at
10–20 G to conduct the electrons to a detector of two mi-
crochannel plates �MCPs�. The flight tube was surrounded by
a 1-mm-thick �-metal tube to be shielded magnetically
against Earth’s magnetic field. The electron signals from the
detector were fed into a time-to-digital converter �RoentDek
TDC-8PCI� as a start signal, while a ring clock was used as
a stop signal. The signal of the fastest electron among mul-
tiple electrons produced in a photoabsorption event was used
to trigger the TDC. The electron kinetic energies were cali-
brated using the He 1s photoelectron lines at known photon
energies. The energy resolution for the TOF analyzer was
constant at E /�E �50 below 200 eV kinetic energy. From
the comparison between electron yields and photoion yields
of He, we have found that the detection efficiency was al-
most constant below 200 eV kinetic energy and gradually
decreased with increasing kinetic energy. In the present work
the detection efficiency was estimated by comparing the ratio
between the total DPI yield and the sum of single 2s and 2p
photoionization yields of Ne with those in the literature �22�.
The efficiency thus obtained was 59% ±9%, which corre-
sponds to the MCP detection efficiency, in the whole photon
energy region.

III. RESULTS AND DISCUSSION

A. Double photoionization

1. DPI branching ratio

Figure 1�a� shows an example of kinetic energy correla-
tion maps between the fast and slow electrons associated

with valence DPI of Ne, which was measured at h�
=200.4 eV. The excess energy, which corresponds to the en-
ergy difference between the photon energy and the DPI ion-
ization energy for each Ne2+ state, can be continuously
shared between the two electrons, and hence the diagonal
lines on the two-dimensional �2D� map correspond to forma-
tion of the final 2s22p4�3P , 1D , 1S�, 2s12p5�3P , 1P�, and
2s02p6�1S� states. To reveal the final Ne2+ states produced
through DPI, a histogram of the kinetic energy sum for two
electrons is constructed by summing the coincidence counts
on the 2D map along the diagonal lines. The energy-sum
spectrum in Fig. 1�b� is plotted as a function of the Ne2+

ionization energy and of the kinetic energy. Similar analyses
have been performed for the 2D maps measured at different
photon energies. Relative contributions of the individual

FIG. 1. �Color online� �a� Two-dimensional map for kinetic en-
ergy correlation of two-electron coincidence pairs in Ne DPI at
h�=200.4 eV. Accumulation time was 6 h. The DPI intensity is
plotted in linear scale. The two-dimensional map is discretized with
0.5 eV and 0.4 eV steps for fast and slow electrons, respectively.
�b� Histogram of the kinetic energy sum of the two electrons ex-
tracted from the two-dimensional map in �a�. Discretization by
0.1 eV step is adopted for the histogram.

KANEYASU et al. PHYSICAL REVIEW A 76, 012717 �2007�

012717-2



Ne2+ states and weak satellite states to the total DPI yields
are determined from the corresponding peaks using a least-
squares fitting with Gaussian functions. The shapes of the
peaks in the energy-sum spectrum are somewhat asymmetric,
and tails to the low-kinetic-energy sides are seen. It is likely
that such peak shapes are due to the property of the present
spectrometer.

DPI branching ratios derived from the energy-sum spectra
are shown in Fig. 2 as a function of the photon energies. The
DPI branching ratio shows remarkable photon energy depen-
dence and differs significantly from that deduced from the
statistical weights. For instance, the intensity ratio of the
2s22p4�3P , 1D� states compared to the 2s22p4 �1S� state is
10:7.6:1 at 74.92 eV, while this drastically changes to
2.4:3.2:1 at 239.8 eV. Such behavior is reflected in the con-
tribution of the indirect DPI and concerned with the electron-
electron correlation as was explained in terms of inelastic
internal collision �knockout or two-step one� �8–10,23�
where an electron created after absorption of a photon
knocks the other electron out of an atom in a second step of
the collision. The inelastic collision mainly contributes to
DPI cross section in a lower-photon-energy region because
the slow primary electron has sufficient time to interact with
other electrons �23�. The DPI branching ratio may deviate
from the statistical weights due to the existence of the inelas-
tic collision, whose contribution differs with each DPI final
state depending on the excess energy.

The relative intensities of the final states derived from the
energy-sum spectrum are the sum of direct and indirect DPI
yields. The indirect processes are obviously seen as en-
hanced spots in the 0–40 eV range of slow electrons on the
2D map in Fig. 1�a�. To clarify the presence of the indirect
DPI, slow electron energy spectra are obtained by projecting
the 2D map onto the vertical axis. Figure 3 shows the slow
electron spectra associated with the formation of the
2s22p4�3P�, 2s12p5�3P�, and 2s02p6�1S� states. It should be
noted that false coincidences considerably affect the slow
electron spectra in the kinetic energy region close to 0 eV.
The slow electron spectra result from false coincidences
were deduced from the 2D map in Fig. 1�a�, by considering
a certain region close to the diagonal line corresponding to
the formation of each Ne2+ final state. For instance, the slow

electron spectrum associated with the formation of the
2s22p4�3P� state was derived from the diagonal line �corre-
sponding to the 135–138.9 eV range in Fig. 1�b�� on the 2D
map, while the false coincidence spectrum was deduced for a
vicinal area �corresponding to the 138.9–140.4 eV range in
Fig. 1�b��. In the present analyses, the net electron spectra
have been obtained by subtracting such contributions from
the raw spectra. Simultaneous two-electron emission results
in a U-shaped electron energy distribution �4�. One can ex-
pect that peak structures are superimposed on the U-shaped
energy spectrum, when the indirect DPI occurs in addition to
the direct processes. The contribution of the indirect DPI is
obvious when the two-electron emission leads to the
2s22p4�3P , 1D , 1S� and 2s12p5�3P , 1P� final states, as demon-
strated in Figs. 3�a� and 3�b�. The intermediate excited states
associated with the indirect DPI are indicated on the energy
spectra, and the assignments are made with spectroscopic
data obtained by threshold photoelectron spectroscopy �24�,
photoelectron spectroscopy �25�, and second-step Auger

FIG. 2. �Color online� DPI branching ratios derived from the
energy-sum spectrum of the two electrons.

FIG. 3. Slow electron energy spectra in the DPI of Ne leading to
�a� 2s22p4�3P�, �b� 2s12p5�3P�, and �c� 2s02p6�1S� states measured
at h�=200.4 eV. The shaded areas represent the contributions of the
direct DPI. The intermediate singly charged Rydberg states related
to the indirect DPI processes are indicated in the figures. Discreti-
zation by 50 meV step is adopted for the histograms.
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electron spectroscopy following the core excitation into Ry-
dberg states �26�. More detailed analysis on the indirect DPI
will be given in a forthcoming paper. Conversely, the slow
electron spectrum in the 2s02p6 �1S� state shows the
U-shaped energy distribution and no peaked structures due to
the indirect processes �see Fig. 3�c��. No significant peak
structures are detected on the slow electron spectra associ-
ated with the formation of the satellite states �not shown in
figures�, similar to the case of the DPI leading to the
2s02p6�1S� state. Therefore, it is conjectured that these states
result mainly from simultaneous two-electron emission in the
photon energy region of interest.

To obtain the direct DPI cross section, we need to evalu-
ate its relative intensity compared to the sum of the direct
and the indirect DPI cross sections. The ratio between the
direct and indirect processes is determined for the DPI into
the 2s22p4�3P , 1D , 1S� and 2s12p5�3P , 1P� states, assuming
that the direct DPI contribution can be expressed by hyper-
bolic curves �shaded areas in Figs. 3�a� and 3�b�� and ne-
glecting interference effect between the discrete singly
charged states and the DPI continua. In Fig. 4, the obtained
hyperbolic curves for the contribution of direct DPI into the
2s22p4�3P� state are compared with the theoretical curves
calculated by many-body perturbation theory �9�. The theo-
retical electron spectra were calculated for two-electron
emission from the 2p subshell with excess energies of 20, 45,
and 90 eV, whereas experimental curves are gained for
slightly lower or higher excess energies of 17.7, 47.8, and
97.9 eV. The kinetic energy scales in the electron spectra are

normalized to the excess energies. The hyperbolic curves
largely reproduce the calculated spectra, and therefore a rea-
sonable estimation can be made for the direct DPI contribu-
tion in the slow electron spectra. Although the above as-
sumption may be rough, it is expected that the accuracy of
the estimated ratio between the direct and indirect processes
is within 20%.

2. Total DPI cross sections

The absolute total DPI cross sections are derived by nor-
malizing the sum of the 2s and 2p single photoionization
yields with those in the literature �22� at each photon energy.
The absolute total DPI cross sections thus obtained are pre-
sented in Fig. 5 with other experimental data and theoretical
curves. The total DPI cross section, corresponding to the sum
of the direct and indirect processes for the all final Ne2+

states, is depicted by solid circles, whereas the open circles
represent the total direct DPI cross section. The theoretical
curves are obtained by Kilin et al. �11,12� in the dipole
length and velocity forms. The experimental cross sections in
the literature �6,22� include the contribution of the indirect
DPI as the present investigation reveals. Meanwhile, direct
DPI cross sections were obtained by photoelectron spectros-
copy based on the TOF method �27� and by triple-differential
cross-section measurements �28�. The agreement between
our result on the sum of the direct and indirect processes
with the experimental results obtained by photoion mass
spectrometry validates our procedure to derive the absolute
values from the relative yields. The direct DPI cross sections
roughly agree with the ones reported by Becker and Wehlitz
�27� from the threshold to 100 eV, whose results, however,
exhibit monotonically increasing behavior with increasing
photon energy. In conventional photoelectron spectroscopy,
it is hard to separate the DPI continua and to estimate the
direct DPI yields from the photoelectron spectra. This is the
most probable reason for such a large deviation between the
experimental result by Becker and Wehlitz and ours. In the

FIG. 4. �Color online� Calculated photoelectron spectra �dotted
line� �9� and the hyperbolic curves �solid line� used to estimate the
direct DPI intensity into the 2s22p4 �3P� state. The horizontal axis
corresponds to the kinetic energy E normalized to the excess energy
Eexc. The curves were calculated for excess energies of �a� 20, �b�
45, and �c� 90 eV. The excess energies in the present measurement
are �a� 17.7, �b� 47.8, and �c� 97.9 eV.

FIG. 5. �Color online� Total DPI cross sections of Ne as a func-
tion of photon energy in comparison with other experimental and
theoretical data. Experiment:�, present work for the sum of direct
and indirect DPI; �, present work for the direct DPI; *, Ref. �6�; �,
Ref. �22�; �, Ref. �27�; �, Ref. �28�. Theory: dotted and solid lines
are obtained in length and velocity form, respectively, in Ref. �11�.
Note that all the theoretical curves of Refs. �11,12� shown in figures
have been obtained by using the V�N−2� potential.
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theoretical work, indirect DPI has not been taken into ac-
count and thus the direct DPI cross-section measurement
should be used for comparison with the theoretical curve. In
the low-energy region, from threshold to 140 eV, the length-
form cross section reproduces direct DPI, while the velocity-
form cross sections show better agreement with our results at
higher photon energy.

3. State-selective DPI cross sections

The partial cross sections for individual final states are
obtained from the relative DPI intensities of the final Ne2+

states and total DPI cross sections. Here, using the ratio be-
tween the direct and indirect processes, which is estimated
from the slow electron spectra, direct DPI cross sections are
also obtained for each final state. The state-selective DPI
cross sections for the 2s22p4�3P , 1D , 1S� states thus obtained
are shown in Fig. 6. Scherer et al. �28� obtained absolute
cross sections on direct DPI leading to these final states

through a normalization of their triple-differential cross sec-
tions to He data. The obtained cross sections are available
only at the photon energy of 99 eV, as depicted by triangles
in Fig. 6, and their results show good agreement with the
present result. The present data set is the first case for evalu-
ating the theoretical results in a photon energy ranging from
the DPI thresholds to 239.8 eV. In the lower-photon-energy
side, it is rather difficult to estimate the relative intensity of
the direct process and the direct DPI cross sections are not
obtained at photon energies less than 75 eV and 80 eV for
the 2s22p4�3P , 1D� and 2s22p4�1S� states, respectively. The
direct DPI cross sections for each state roughly follow the
theoretical curve calculated in the length-form.

In Fig. 7, the DPI cross sections for the 2s12p5�3P , 1P�
states are compared with the experimental results obtained
by fluorescence spectroscopy �13� and the theoretical curves.
The fluorescence cross sections include both direct and indi-
rect processes as mentioned above. The DPI cross sections
obtained by fluorescence spectroscopy exhibit slightly lower
values than our results on the sum of the direct and indirect
processes. For the 3P state, the experimental results on the
direct process fairly agree with the theoretical velocity-form
curve above 110 eV. In the 1P state, a general tendency of
the present results, neglecting the data point at 120 eV, re-
sembles the theoretical curves in shape.

Concerning the DPI process leading to the 2s02p6�1S�
state and the satellite states, their cross sections are one or
two orders of magnitude lower than the other DPI processes.
The corresponding DPI cross sections are presented in Fig. 8
with the cross sections deduced by the fluorescence measure-

FIG. 6. �Color online� State-selective DPI cross sections of Ne
leading to formation of 2s22p4 �a� 3P, �b� 1D, and �c� 1S states as a
function of photon energy in comparison with theoretical data. Ex-
periment: �, present work for the sum of direct and indirect DPI;
�, present work for the direct DPI; �, Ref. �28�. Theory: dotted
and solid lines are obtained in length and velocity form, respec-
tively, in Refs. �11,12�.

FIG. 7. �Color online� State-selective DPI cross sections of Ne
leading to 2s12p5 �a� 3P and �b� 1P states as a function of photon
energy in comparison with theoretical data. Experiment: �, present
work for the sum of direct and indirect DPI; �, present work for the
direct DPI; �, Ref. �13�. Theory: dotted and solid lines are obtained
in length and velocity form, respectively, in Ref. �11�.
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ment and theoretical calculation. As demonstrated in the
slow electron spectra shown in Fig. 3�c�, no indirect process
can be found for these states. For the cross sections of the
2s02p6�1S� state, the velocity-form cross sections show better
agreement with our results obtained above 160 eV, while the
fluorescence cross sections show remarkable agreement with
the length-from cross section in the energy region from the
threshold to 150 eV. The cross sections of DPI leading to the
satellite states are displayed in Fig. 8�b�. The satellite DPI
contributes to almost 5% of the total DPI cross sections from
160 eV to 240 eV. It will be needed to take account of the
satellite transitions, to deduce DPI amplitude theoretically in
the higher-photon-energy side. However, such contributions
have not been considered in any theoretical studies so far.

B. Triple photoionization

Previous experimental investigations of the TPI of Ne
have been limited to cross-section measurements by using
mass spectrometry. While detailed cross-section measure-
ments have been made near the TPI threshold to observe the
threshold law �29,30�, only a study reported on the TPI cross
sections in a wide photon energy range �7�. We have deduced
the coincidence for three-electron emission from the valence
shells to obtain TPI cross sections. In Fig. 9�a�, we present a
histogram for the sum of the kinetic energies of three corre-
lated electrons at h�=239.8 eV. Comparing with the previ-
ous spectroscopic data �31,32�, the three peaks in the sum
spectrum can be assigned to 2s22p3�4S , 2D , 2P� final Ne3+

states. Following the same normalization procedure as ap-
plied to the DPI, state-selective TPI cross sections can be
deduced. Figure 9�b� shows the corresponding cross sections.
The total TPI cross section is two orders of magnitude lower
than that of DPI. The total TPI cross sections obtained in the
present work are about half of those determined by photoion
spectroscopy �7�. This difference may be originated from the
insufficient signal-to-noise ratio in the previous measure-
ments, since the TPI cross sections are considerably small.
Although no information on the formation mechanism of
Ne3+ states has been given in the present study, it is expected
that the TPI process is caused not only by direct three-
electron emission but also by indirect processes. The coinci-
dence spectroscopy potentially allows us to investigate such
indirect processes and to identify the formation mechanism
of triply charged states.

IV. SUMMARY

Two-electron emission from valence shells of Ne, which
leads to formation of several doubly charged final states, has
been investigated using multielectron spectroscopy. The Ne2+

final states and their relative yields are well identified from
the coincidence data sets. For DPI into the
2s22p4�3P , 1D , 1S� and 2s12p5�3P , 1P� states, the indirect
processes mediated by the excited states of the singly

FIG. 8. �Color online� State-selective DPI cross sections of Ne
leading to �a� 2s02p6 �1S� and �b� satellite states as a function of
photon energy in comparison with theoretical data. Experiment: �,
present work for the sum of direct and indirect DPI; �, Ref. �13�.
Theory: dotted and solid lines are obtained in length and velocity
form, respectively, in Ref. �11�.

FIG. 9. �Color online� �a� Sum of energies of three correlated
electrons at h�=239.8 eV. The vertical bars indicate energy levels
of the Ne3+ states, which are derived from the relative energies of
the Ne3+ states �31� and the TPI threshold �32�. Discretization by
0.1 eV step is adopted for the histogram. �b� Total and state-
selective TPI cross sections. Previously reported total cross sections
�7� are plotted as �.
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charged ions are found in the slow electron spectra. We have
firstly obtained the direct DPI cross sections state-selectively
in a wide photon energy range by considering the presence of
the indirect DPI. The observation of direct DPI allows one to
evaluate theoretical models for describing two-electron emis-
sion from a many-electron atom. This has been achieved by
utilizing the complete information on the energy correlation
among the ejected electrons. The direct DPI cross sections
are compared with those calculated by the nonvanishing
lowest-order perturbation theory. The length-form cross sec-
tions roughly reproduce the direct DPI cross sections for the
2s22p4�3P , 1D , 1S� states. For direct DPI into the
2s12p5�3P , 1P� and 2s02p6�1S� states, the velocity-form cross
sections show a better agreement with our results. Addition-
ally, the coincidence spectroscopy has been applied to inves-

tigate the valence TPI of Ne. The energy-sum spectrum of
three correlated electrons reveals Ne3+ states for three-
electron emission. The state-selective TPI cross sections
have been obtained, although the formation mechanism of
the TPI has not been specified in the current work. A detailed
correlation analysis of the TPI will be made for investigating
the presence of indirect processes.
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