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Introduction

The dynamics and spectroscopy of superexcited states of
molecules, i.e. excited states embedded in ionization
continuum, are subjects of current interest in atomic and
molecular physics [7, 8, 13]. They decay through autoion-
ization and neutral dissociation, which compete with each
other, and unlikely to emit fluorescences since the autoion-
ization and neutral dissociation are much faster than the
radiative processes [7]. In this paper we deal with single-
hole one-electron superexcited states and doubly-excited
states of molecules, of which electronic energies are
embedded in ionization continuum at least in a certain
finite range of nuclear positions, and hence they are super-
excited states of the first kind [17].

As well known the electron-energy-loss spectroscopy is
a useful means to investigate excited states of atoms and
molecules. However, it is difficult to apply this method to
investigating superexcited states of molecules, since elec-
tron-energy-loss spectra are in general dominated by direct
ionization in the range of the superexcited states. The best
way to observe molecular superexcited states is thus to
eliminate the contribution from ionization. We developed
a new method a few years ago along the lines mentioned
above, i.e. the coincident electron-energy-loss spectroscopy
[20, 21]. In this method electron-energy-loss spectra tagged
with the vacuum ultraviolet (VUV) fluorescence emitted
by neutral fragments produced from superexcited  molecules
are measured by means of electron−photon coincidence
technique. The contribution from ionization in this sort of
spectra is suppressed to a large extent, and thus the
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structures attributed to superexcited states of molecules
become highlighted.

In this paper we present the interesting results for the
doubly-excited states of H2 [21], D2 [27], and N2 [19] together
with those for the single-hole one-electron superexcited
states of O2 obtained by means of the coincident electron-
energy-loss spectroscopy.

Experiment

The experimental apparatus is composed of an electron
spectrometer, a VUV photon detector, and a standard
delayed-coincidence system. A VUV photon passes
through an optical window and is detected by a micro-
channel plate: a microchannel plate without CsI coating
combined with an MgF2 window was used in the experiment
for H2 and D2 and a microchannel plate coated with CsI
combined with an LiF window was used in the experiment
for N2 and O2. An angle- and energy-resolved electron is
detected in coincidence with a VUV photon, i.e. a coinci-
dence time spectrum is obtained. Coincidence rates are
normalized for the incident beam current, target number
density and geometric factor [21, 27], and then the

normalized rates are plotted against the energy loss to
obtain an electron-energy-loss spectrum tagged with the
VUV fluorescence detected, i.e. a coincident electron-
energy-loss spectrum. In O2 experiment coincidence time
spectra are normalized to obtain a time-resolved coincident
electron-energy-loss spectrum as described in the section
of O2. Only the Lyman-α fluorescence contributes to the
coincident electron-energy-loss spectra in the experiments
on H2 and D2 while several fluorescences from excited
fragment atoms contribute to those in the experiments on
N2 and O2.

Results and discussion

H2 [21] and D2 [27]

The electron-energy-loss spectrum of H2 tagged with the
Lyman-α fluorescence, i.e. the coincident electron-energy-
loss spectrum, is presented in Fig. 1b together with the
ordinary electron-energy-loss spectrum in Fig. 1a, both of
which were measured at 80 eV incident electron energy
and 3° scattering angle, often written as 80 eV/3° in this
paper. Two broad peaks centered at 26 and 34 eV due to
doubly-excited states of H2 are clearly seen in the coincident
electron-energy-loss spectrum while no spectral features
of the doubly-excited states are observed in the ordinary
electron-energy-loss spectrum.

The coincident energy-loss spectrum in Fig. 1b is
converted to the effective generalized oscillator strength
(effective-GOS) for the formation of H(2p), which is
compared with the dipole oscillator strength (DOS) for
the same process measured in the photoexcitation experi-
ments [1, 4, 5]. It turns out from the comparison that the
34 eV peak is attributed to allowed doubly-excited states
and the 26 eV peak is to a forbidden doubly-excited state.

A simple calculation based on the reflection approxi-
mation for the double excitation and the survival probabil-
ity for the subsequent autoionization reproduces well the
34 eV peak as shown in Fig. 1b taking the three allowed
doubly-excited states of H2, the Q1

1Σu
+(1), Q1

1Πu(1), and
Q2

1Πu(1) states, into account in accordance with our early
work [1]. The forbidden doubly-excited state for the 26 eV
peak seems to have a bound potential energy curve
correlating to H(2p) + H(n = 2) since the intensity in
Fig. 1b vanishes suddenly around the dissociation limit of
H(2p) + H(n=2). Such a kind of doubly-excited states had
not been reported. We hence obtained a potential energy
curve in a way that the simple calculation reproduces the
26 eV peak. The obtained curve is shown in Fig. 2 (curve
‘F’), which largely differs from the potential energy curves
of other doubly-excited states of H2, and the curve ‘F’ has
not been calculated theoretically [16].

There may be a possibility that the 26 eV peak is
attributed to the Q1

1Σg
+(1) state, which is forbidden and

the lowest doubly-excited state, since its potential energy
curve crosses the right edge of the Franck−Condon region
around 25 eV (see Fig. 2). However, the theoretical curve
due to the Q1

1Σg
+(1) state does not fit to the 26 eV peak as

shown in Fig. 1c. It seems unlikely that the Q1
1Σg

+(1) state,
which is a forbidden and also highly autoionizing doubly-
excited state, makes as large contribution as the allowed
and less autoionizing doubly-excited states mentioned

Fig. 1. The ordinary (a) and coincident (b) electron-energy-loss
spectra of H2 measured at 80 eV incident electron energy and 3°
scattering angle. The first adiabatic ionization potential (IP) is
shown and the dissociation limits are indicated by vertical bars.
Curves in (b) represent the results of the theoretical fits (see the
section of H2 and D2). The curve in (c) shows the theoretical curve
due to the Q1

1Σg
+(1) state (see the section of H2 and D2). The square

of the momentum transfer, K2, is indicated at the top of the figure.
The resolution of the energy loss is approximately 250 meV.

c

b

a



Single-hole one-electron superexcited states and doubly-excited states of molecules as studied ... 97

above, i.e. the Q1
1Σu

+(1), Q1
1Πu(1), and Q2

1Πu(1) states, in
the energy-loss spectrum measured at 80 eV/3° tagged with
the neutral dissociation to form H(2p). In Fig. 3 the reson-
ance widths of those doubly-excited states are shown against
the internuclear distance to display their character of auto-
ionization: Γ/h is the rate of autoionization, where Γ is the
resonance width.

The integration of each fitted curve in Fig. 1b gives the
relative cross section of 2p atom formation via each
precursor doubly-excited states measured at 80 eV/3°,
differential against the solid angle for scattered electrons
and the solid angle for Lyman-α photons. The results in
H2 are shown in Table 1 together with those in D2, where
the cross sections are those relative to the cross section of
the forbidden doubly-excited state for the 26 eV peak in
H2. The Q1

1Σu
+(1) state gives the smallest cross section

among the three allowed doubly-excited states for the

34 eV peak, which seems to be attributed mainly to the
widest resonance width of the Q1

1Σu
+(1) state. The Q1

1Σg
+(1)

state would probably give negligible cross section since its
resonance width is wider than that of the Q1

1Σu
+(1) state

and the excitation cross section to the forbidden Q1
1Σg

+(1)
state seems smaller than that to the allowed Q1

1Σu
+(1) state

at 80 eV/3°. Again it is unlikely that the 26 eV peak
originates from the Q1

1Σg
+(1) state.

In conclusion, the origin of the 26 eV peak remains
controversial partly because the full quantal calculation on
the dynamics of the doubly-excited molecules has not been
carried out even for the simplest molecule H2. The efforts
to reveal the origin will give us a better understanding of
doubly-excited molecules.

N2 [19]

Figure 4 shows the effective-GOSs obtained from the
ordinary electron-energy-loss spectra of N2 measured at
80 and 150 eV incident electron energies and 2° scattering
angle and the DOS of N2 [3]. The contributions of direct
ionization are subtracted by using a polynomial fit, and thus
they are the oscillator strengths for the double excitation.
Three oscillator strengths are normalized around the
energy loss of 23 eV. The similarity in shape shows that
the effective-GOSs for the double excitation at 80 eV/2°
and 150 eV/2° are dominated by the same allowed doubly-
excited states as those in the DOS for the double excitation.

In Fig. 5 the effective-GOSs of N2 for the neutral
dissociation resulting in the formation of the fragments
emitting VUV fluorescence, i.e. the emissive neutral-
dissociation, obtained from the coincident electron-
energy-loss spectra measured at 80 eV/2° and 150 eV/2°
are shown together with the DOS of N2 for the emissive
neutral-dissociation [28]. Again three oscillator strengths

Table 1. Cross sections of 2p atom formation in electron impact
on H2 and D2 via doubly-excited states at 80 eV incident electron
energy and 3° scattering angle, differential against the solid angle
for scattered electrons and the solid angle for Lyman-α photonsa).

The forbidden state The allowed states for the 34 eV peak
for the 26 eV peak Q1

1Σu
+(1) Q1

1Πu
  (1) Q2

1Πu(1)

~0.2d) 0.97 0.83
H2 1 2.0b)

                        3.0c)

~0.1d) 0.34 0.86
D2 1.1 1.3b)

                        2.4c)

   a) The cross sections are those relative to the cross section of the
forbidden doubly-excited state for the 26 eV peak in H2.
   b) The sum of the cross sections of the allowed doubly-excited states
for the 34 eV peak.
   c) The sum of all the cross sections.
  d) The uncertainty is large because of the small contribution (see
Fig. 1b).

Fig. 3. Resonance widths of the Q1
1Σg

+(1), Q1
1Σu

+(1), Q1
1Πu(1),

and Q2
1Πu(1) doubly-excited states of H2 as a function of inter-

nuclear distance. That of the Q1
1Σg

+(1) state is from [24] and those
of other states are from [26]. The curves show the results of the
fitting and extrapolation by the authors to calculate the survival
probability (see the section of H2 and D2). The short bar attached
to each curve indicates the stabilization point of each doubly-
excited state, where the resonance width vanishes. The resonance
widths are the same for H2 and D2.

Fig. 2. Potential energy curves of the doubly-excited states of H2
(solid curves: [6, 24]) and the three lowest states of H2

+ (dashed
curves: [23]). Curve ‘F’ represents the potential energy curve of
the precursor doubly-excited state of the 26 eV peak (see the
section of H2 and D2). Zero energy is taken at the lowest
vibrational-rotational level of the ground electronic state of H2.
The potential energy curves for H2 and D2 are the same. The
Franck−Condon region for H2 is indicated by vertical bars.
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are normalized around the energy loss of 23 eV. It is
reasonable that the shape of the effective-GOS for the
emissive neutral-dissociation at 150 eV/2° is closer to that
of the DOS for the emissive neutral-dissociation than at
80 eV/2° considering the smaller values of the square of
the momentum transfer, K2, at 150 eV/2° than at 80 eV/2°
as shown on the upper axes of Fig. 5. The difference in
shape between the effective-GOSs and DOS for the
emissive neutral-dissociation is noticeable in contrast to
Fig. 4. Figures 4 and 5 clearly indicate an important role of
the forbidden doubly-excited states in the range 25−35 eV
in the effective-GOSs for the emissive neutral-dissociation
in Fig. 5, while they hardly contribute to the effective-GOSs
for the double excitation in Fig. 4 as mentioned above. It
follows that the forbidden doubly-excited states mentioned
above have a much larger branching ratio into the emissive
neutral-dissociation than the allowed doubly-excited states
in the DOS for the emissive neutral-dissociation in Fig. 5.
Existence of the allowed and forbidden doubly-excited
states of N2 and the large difference between them in their
decay processes have been revealed clearly for the first time.

The large and broad hump in the range of the energy
loss 25−35 eV in the effective-GOS for the emissive neutral-
dissociation at 80 eV/2° in Fig. 5 seems to consist of several
peaks, among which a sharp peak around 29 eV energy
loss is noticeable. These peaks are not so separated in the
effective-GOS at 150 eV/2°. It is unambiguous that the
sharp peak around 29 eV does not appear in the DOS for
the emissive neutral-dissociation in Fig. 5, indicating that
the sharp peak may be attributed to a forbidden doubly-

excited state, probably a single vibronic level. The origin
of the sharp peak is unknown at the present stage.

O2

The ground electronic state of O2, X
3Σg

−, has the electron
configuration, (1σg)

2(1σu)2(2σg)
2(2σu)2(3σg)

2(1πu)4(1πg)
2

[11, 14]. We have focused on the range of the energy loss
14.5−19 eV, which corresponds to the ionization of the 1πu
and 3σg electrons and the major part of the photoabsorp-
tion cross sections as a function of incident photon energy
with rich structures [2].

In Fig. 6 shown are the electron-VUV photon coinci-
dence time spectra at each energy loss indicated, which
were measured at 80 eV incident electron energy and 3°
scattering angle. The intensity in this Figure is true coinci-
dence rate at each channel in time normalized for the
incident electron beam current, target number density and
geometric factor in the following way (see also [21] and
[27]).

The intensity at the jth channel is expressed by

where  
.

Nt(j) is the true coincidence rate at the jth channel,
N
.
ph the count rate of the VUV photons recorded during

the coincidence measurement, and  
.

Nt = Σ
j
  

.
Nt(j), i.e. the

true coincidence rate; the ’ and ” refer to the quantities

Fig. 5. The effective-GOSs of N2 for the emissive neutral-
dissociation at 80 eV/2° (closed circles) and 150 eV/2° (open
triangles) obtained from the coincident electron-energy-loss
spectra and the DOS of N2 for the emissive neutral-dissociation
(solid curve: Ukai et al. [28]). Three oscillator strengths are
normalized around 23 eV energy loss. The resolution of the energy
loss is approximately 250 meV. The square of the momentum
transfers, K2, in 80 eV/2° and 150 eV/2° is shown on the upper
axes. The lowest dissociation limits of the emissive neutral-
dissociation and emissive dissociative-ionization are indicated by
vertical bars.

Fig. 4. The effective-GOSs of N2 obtained from the ordinary
electron-energy-loss spectra measured at 80 eV/2° (thick curve)
and 150 eV/2° (thin curve) and the DOS of N2 (open diamonds:
Chan et al. [3]). The contributions of direct ionization are
subtracted to show the oscillator strengths for the double excita-
tion. Three oscillator strengths are normalized around 23 eV
energy loss. The resolution of the energy loss in the effective-
GOSs is approximately 250 meV while that in the DOS is 1 eV.
The square of the momentum transfers, K 2, in 80 eV/2° and
150 eV/2° is indicated on the upper axes.
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measured at the energy loss of 16.49 eV as reference
immediately before and after the coincidence measurement
at each energy-loss in Fig. 6.  

.
Nt(j) is divided by  

.
Nph to

normalize for the incident electron beam current and target
number density, and furthermore  

.
Nt(j)/ 

.
Nph is divided by

½{( 
.

Nt’/ 
.

N’
ph) + ( 

.
Nt”/ 

.
Nph

”)} to normalize for the geometric
factor, which may change slightly and slowly during the
coincidence measurement. The summation of the intensities
in Fig. 6, i.e. the summation of quantity (1), over the range
of channel j gives

which is plotted against the energy loss to obtain the coinci-
dent electron-energy-loss spectrum at 80 eV/3°. Figure 6
turns out to show the time-resolved coincident electron-
energy-loss spectrum measured at 80 eV/3°.

It is seen from Fig. 6 that:
i)    no true-coincidence peak is observed at 14.50 eV energy

loss;
ii) the sharp true-coincidence peaks that have slightly

asymmetric shapes with the full widths at half maximum
of approximately 3 ns are observed at 15.00, 15.50 and
16.00 eV energy loss;

iii) the true coincidence peaks are dominated by the slow
decay components at the energy loss of 16.25 eV and
above;

iv) the true coincidence peaks are much weaker at 18.50
and 18.99 eV energy loss than at the others.

The slightly asymmetric shapes mentioned in ii) indicate
that they are determined almost entirely by the instrumental
time resolution, several nanoseconds [21]. Table 2 lists the
VUV fluorescences emitted by oxygen atoms as dissocia-
tion fragments that are detectable in our photon detector
together with the lowest dissociation limits for the pro-
duction of the relevant excited oxygen atoms. Some O+

and O2+ fluorescences are also detectable, while they cannot
contribute to the time-resolved coincident electron-energy-
loss spectrum in Fig. 6 because of the energetical reasons.
It follows that the time-resolved coincident electron-
energy-loss spectrum is attributed to some of the fluor-
escences from excited oxygen atoms listed in Table 2.

Let us then discuss our findings i)−iv) mentioned above.
The contribution from the 136 nm line seems negligible in
the time-resolved coincident electron-energy-loss spectrum
in Fig. 6 considering that the lifetime of O*(3s 5S) is
180 µs [22, 29] and thus the contribution would be constant

if any. The lifetime of O*(3s 3S) is 1.64 ns [22, 29] and the
lowest dissociation limit for the production of O*(3s 3S),
i.e. that of O*(3s 3S) + O((2p)4 3P), is 14.64 eV (see
Table 2). It hence seems that the sharp peaks at 15.00, 15.50,
and 16.00 eV energy loss in Fig. 6 are attributed to the
130 nm line emitted by O*(3s 3S). This line is known to
have larger cross sections than other VUV lines emitted
by oxygen atoms in electron impact on O2 [11] and plays
an important role in the VUV fluorescence spectra in the
photoexcitation of O2 in the range of the incident photon
energy 14.6−17.5 eV [15].

The slow decay component appears at the energy loss
of 16.25 eV and above. There is a possibility that quenching
of O* atoms by O2 molecules influences the slow decay
components. In order to examine this quenching effect the
time spectra were measured at 16.49 eV energy loss with
varying the O2 pressure in the gas reservoir from 1.1 to
5.4 mTorr, which is proportional to the pressure in the gas
cell. The shape of the time spectra is independent of the
pressure and the true coincidence rates are proportional
to the pressure in the range mentioned above. It follows
that the effect of the quenching of O* atoms by O2 mol-
ecules is negligible in the time spectra in Fig. 6 since they
were measured at a pressure of approximately 2−3 mTorr
in the gas reservoir.

Figure 6 shows the onset of the slow decay component
lies between 16.00 and 16.25 eV energy loss, and thus there
is no possibility that 104, 103 and 115 nm lines from excited
oxygen atoms in Table 2 contribute to the slow decay com-
ponent because the lowest dissociation limits for the pro-
duction of these lines exceed the onset of the slow decay
component and the lifetimes of the upper levels emitting
these lines are shorter than 10 ns [22, 29]. In conclusion, the
slow decay component seems to originate from a cascade
transition, i.e. O** → O* + hν, and then O* → O + hνVUV,
where hνVUV is a fluorescence photon in the VUV range.
The most probable candidate is

(3)   O*(3p 3P) → O*(3s 3S) + hν (845 nm)   τ2 = 31.1 ns,

(4) O*(3s 3S) → O((2p)4 3P) + hνVUV (130 nm) τ1 = 1.64 ns,

Table 2. Vacuum ultraviolet fluorescences from excited oxygen
atoms O* detectable in our photon detector, i.e. a microchannel
plate coated with CsI combined with an LiF window. The lowest
dissociation limits refer to those of O* + O((2p)4 3P). Data are
taken from [9, 22, 25].

O* Transition Wavelength Lowest dissociation
(nm) limit (eV)

3s   5S 3s 5S → (2p)4 3P 136 14.26
3s    3S 3s 3S → (2p)4 3P 130 14.64
4s    3S 4s 3S → (2p)4 3P 104 17.05
3d   3D 3d 3D → (2p)4 3P 103 17.20
3s’  1D 3s’ 1D → (2p)4 1D 115 17.85
3s” 1P 3s” 1P → (2p)4 1S 122 19.49

Fig. 6. The time-resolved coincident electron-energy-loss spectrum
of O2 measured at 80 eV incident electron energy and 3° scattering
angle. The intensity is true coincidence rate at each channel in
time normalized for the incident electron beam current, target
number density and geometric factor (see (1)).
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where hν (845 nm), for example, indicates that the wave-
length of the fluorescence is 845 nm. Each radiative tran-
sition is a single decay channel of each excited oxygen atom,
of which lifetime is also shown in the above [22, 29]. The
dissociation limit of O*(3p 3P) + O((2p)4 3P) is 16.10 eV
[9, 22], which is between 16.00 and 16.25 eV energy loss:
the slow decay component does not appear at 16.00 eV
while it appears at 16.25 eV as shown in Fig. 6.

Solving the coupled rate equations for transitions (3)
and (4) we obtain

where n3s(t) is the number density of O*(3s 3S) as a function
of time t, and n3s0 and n3p0 are the number densities of
O*(3s 3S) and O*(3p 3P) at t = 0, respectively. The origin of
time t is taken as the time when O*(3s 3S) and O*(3p 3P) are
produced since the excitation of O2 and subsequent decay
to produce O*(3s 3S) and O*(3p 3P) are much faster than
the radiative transitions from them.

Let us try to fit Cn3s(t), where C is a time-independent
constant, to the two time spectra with and without the slow
decay component, i.e. those at 16.25 and 15.00 eV energy
loss, respectively, where Cn3s0 and Cn3p0 are fitting par-
ameters. In fact Cn3s(t) is folded with the time resolution
of our apparatus (3 ns), and then the folded one is fitted to
the measured time spectra. The result is shown in Fig. 7,
where Cn3s0 : Cn3p0 = 1 : 0 at 15.00 eV energy loss and
Cn3s0 : Cn3p0 = 1 : 11 at 16.25 eV energy loss. We conclude
from the above discussion that the slow decay component
in Fig. 6 appearing at 16.25 eV energy loss and above is
attributed to the cascade transition (3) and (4), i.e. the
second term of the right hand side of equation (5), while
the sharp peak appearing at 15.00 eV energy loss and above
is attributed to the non-cascade process, i.e. the first term
of the right hand side of equation (5). The 130 nm line
emitted by O*(3s 3S) plays the most important role among
the VUV fluorescences in Table 2 in the time spectra of
Fig. 6.

As mentioned we sum up intensity (1) over the range
of j in each time spectrum of Fig. 6 to obtain the coincident
electron-energy-loss spectrum at 80 eV/3°. Taking account
of the above-mentioned fact that the shape of the time
spectra in Fig. 6 is dependent on the energy loss, we set
three ranges of j for the summation as shown in Fig. 7, i.e.
the total, fast, and slow ranges, and obtain three coincident
electron-energy-loss spectra accordingly as follows:
a) the “total” coincident electron-energy-loss spectrum

obtained from the summation over the “total” range of
j, which is the same as the coincident electron-energy-
loss spectra in the sections of H2, D2, and N2;

b) the “fast” coincident electron-energy-loss spectrum
obtained from the summation over the “fast” range of
j, which covers a major part of the non-cascade com-
ponent, i.e. the first term of the right hand side of
equation (5), and a small fraction of the slow decay com-
ponent, i.e. the second term of the right hand side of
equation (5);

c)  the “slow” coincident electron-energy-loss spectrum
obtained from the summation over the “slow” range of

j, which covers a major part of the slow decay com-
ponent and hardly involve the non-cascade component.

The total, fast and slow coincident electron-energy-loss
spectra of O2 at 80 eV incident electron energy and 3°
scattering angle are shown in Fig. 8. The slow coincident
electron-energy-loss spectrum seems not to fall off to zero
below 16.00 eV energy loss, which would be due to the
small discrepancies between the best-fitted curves of
equation (5) and the measured time spectra at 16.00, 15.50
and 15.00 eV energy loss (see the upper part of Fig. 7, for
example).

The total coincident electron-energy-loss spectrum
consists of two peaks around 15.5 and 16.5 eV energy loss.
The peak around 15.5 eV is attributed to the non-cascade
component, i.e. the production of O*(3s 3S) and its radiative
decay to O((2p)4 3P) emitting the 130 nm line. The peak
around 16.5 eV is attributed mainly to the slow decay
component, i.e. the production of O*(3p 3P) and the
subsequent cascade transition, (3) and (4), and partly to

Fig. 7. Examples of the coincidence time spectra at 80 eV incident
electron energy and 3° scattering angle with and without the slow
decay component, i.e. those at 16.25 and 15.00 eV energy loss,
respectively. The thick solid curve represents the result of the fits
of Cn3s(t) folded with the time resolution of our apparatus (see
Eq. (5) and the section of O2). The dashed curve and thin solid
curve represent the folded contributions from the first term and
second term of the right hand side of equation (5), respectively.
The total, fast and slow ranges are set in order to obtain the three
coincident electron-energy-loss spectra as shown in Fig. 8 (see
the section of O2).

(5)
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the non-cascade component mentioned just above. There
is no possibility that the partner of O*(3s 3S) and O*(3p 3P)
is an O+ ion in the present range of the energy loss since
the dissociation limits of O*(3s 3S) + O+((2p)3 4S) and
O*(3p 3P) + O+((2p)3 4S) are 28.25 and 29.72 eV,
respectively [9, 22, 25]. It follows that the peaks around
15.5 and 16.5 eV energy loss originate from the neutral
dissociation from the superexcited states around 15.5 and
16.5 eV energy loss, respectively. The superexcited states
around 15.5 eV produce O*(3s 3S) and those around
16.5 eV produce O*(3p 3P) and O*(3s 3S) (the former is
the main product). They are single-hole one-electron
superexcited states, probably built on the a4Πu(1πu)−1,
A2Πu(1πu)

−1, b4Σg
−(3σg)

−1, or B2Σg
−(3σg)

−1 state of O2
+, the

last one of which is not involved in Fig. 8 because the
adiabatic ionization potential is 20.297 eV [11].

In order to examine the contribution of forbidden
superexcited states in Fig. 8, the effective-GOS for the
emissive neutral-dissociation obtained from the total
coincident electron-energy-loss spectrum is compared with
the DOS for the emissive neutral-dissociation [15] obtained

from the dispersed fluorescence spectra in the VUV range
in the photoexcitation of O2, where the 130 nm line emitted
by O*(3s 3S) plays an important role in the range of the
incident photon energy 14.6−17.5 eV. The result of the
comparison is shown in Fig. 9. The original DOS curve is
folded with the energy-loss resolution of the present
apparatus, approximately 250 meV, and the folded one is
compared with the effective-GOS curve since the original
one was measured with a much better resolution of the
incident photon energy, 29 meV at 16.5 eV incident photon
energy. The two oscillator strengths are normalized at
16.49 eV energy loss. It is clearly shown in Fig. 9 that the
shape of the effective-GOS for the emissive neutral-
dissociation at 80 eV/3° is in good agreement with the shape
of the DOS for the same process, which indicates that the
contribution of forbidden superexcited states is negligible
in Fig. 8. Thus the peak around 15.5 eV energy loss in
Fig. 8 seems to be attributed to the allowed superexcited
states, probably those in the I, I’ and I’’ series [12, 30], and
the peak around 16.5 eV energy loss seems to be attributed
to the allowed superexcited states, probably those in the L
and L’ series [10].

In the investigation of the single-hole one-electron
superexcited states of O2, we have been able to establish
a new possibility of the coincident electron-energy-loss

Fig. 8. The coincident electron-energy-loss spectrum of O2, i.e.
the electron-energy-loss spectrum of O2 tagged with VUV
fluorescence, measured at 80 eV incident electron energy and 3°
scattering angle. Open squares: the total spectrum, closed dia-
monds: the fast spectrum, and double circles: the slow spectrum,
which are obtained from the summation over the total, fast, and
slow ranges in Fig. 7, respectively (see the section of O2). The
resolution of the energy loss is approximately 250 meV. The
dissociation limits to produce excited oxygen atoms emitting VUV
fluorescence (see Table 2) are indicated by short vertical bars.
The adiabatic ionization potentials of the a4Πu(1πu)

−1, A2Πu(1πu)
−1,

and b4Σg
−(3σg)

−1 states of O2
+ are shown [11, 14] together with the

energy levels of the I, I’ and I’’ series [12] and the L and L’ series
[10] observed in the photoabsorption spectra of O2.

Fig. 9. The effective-GOS of O2 for the emissive neutral-
dissociation (open circles) obtained from the total coincident
electron-energy-loss spectrum measured at 80 eV incident
electron energy and 3° scattering angle in Fig. 8 and the DOS of
O2 for the emissive neutral-dissociation (solid curve) [15]. Two
oscillator strengths are normalized at 16.49 eV energy loss. The
resolution of the energy loss is approximately 250 meV. The
dissociation limits, adiabatic ionization potentials, and energy
levels involved are the same as in Fig. 8.
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spectroscopy, i.e. the time-resolved coincident electron-
energy-loss spectrum as shown, for example, in Fig. 6, which
give more knowledge on the decay processes of the super-
excited molecules involved.

Conclusion

We have investigated both allowed and forbidden doubly-
excited states of H2, D2 and N2 in much more detail than
before by means of the coincident electron-energy-loss
spectroscopy that we developed. It has been substantiated
that the structures due to the doubly-excited states become
highlighted in the energy-loss spectra tagged with the VUV
fluorescence from neutral fragments, and thus the coinci-
dent electron-energy-loss spectroscopy is a key tool for
investigating doubly-excited molecules. The comparison
with the photoexcitation experiments of the same emissive
neutral-dissociation by means of the oscillator strengths
gives us clear discrimination between the allowed and
forbidden doubly-excited states.

A new possibility of the coincident electron-energy-loss
spectroscopy has been established in the investigation of
the single-hole one-electron superexcited states of O2: the
time-resolved coincident electron-energy-loss spectrum of
O2 has been measured at 80 eV incident electron energy
and 3° scattering angle. The spectrum enables us to distin-
guish between the direct production process of O*(3s 3S)
and indirect one due to the cascade transition from
O*(3p 3P) to O*(3s 3S).

We note that the coincident electron-energy-loss
spectroscopy is powerful also in the investigation of highly
excited states of molecules just below the first ionization
potential (e.g. [18]).
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