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Absolute double differential cross section spectra of NO below 135 eV have been determined by an angle-
resolved electron-energy-loss spectrometer with an incident electron energy of 2500 eV and an energy reso-
lution of 100 meV. Some features above the first ionization threshold, which are too weak to be observed in the
photoabsorption spectrum, stand out at large scattering angles. The present measured features and those unas-
signed ones in the fluorescence spectra[Chem. Phys.293, 65 (2003)] are assigned based on the present
experimental work and theoretical analysis. The energy levels of 4s−1sc3Pdnsssn=3–5d, 4s−1sB 1Pdnsssn
=3–5d, a vibrational resolved doubly excited state, and the inner-valence transition 2p←3s are determined.
Meanwhile, the ionization thresholds22.1 eVd of s4sd−1 B 1P is estimated.
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I. INTRODUCTION

The electron-atom and molecule collision process exten-
sively exists in many fields such as plasma physics, chemis-
try, gaseous discharge, and laser system, so the investigations
of differential cross sections(DCSs) of electron scattering
are helpful to the development of these fields. In addition,
the DCSs of atoms and molecules determined by inelastic
electron scattering are useful in gaining insight into the de-
tails of the collision mechanism. The generalized oscillator
strength density(GOSD) plays the central role in inelastic
collisions of fast charged particles[1], and it is directly re-
lated with the overlap integration between the initial-state
and excited-state wave functions as the following definition
(in atomic units)[1]:
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Here, dfsE,Kd /dE represents GOSD.C0 and Cn are the
electronic wave functions of the initial and the final states,
respectively,N is the anticipated number of electrons in the
target,En is the excitation energy, andr j is the position of the
j th electron. In the limitK→0, the GOSD is identical to the
optical oscillator strength density(OOSD). Within the non-
relativistic Born approximation, the GOSD is related to
DDCS by the Bethe-Born formula(in atomic units)[1,2]
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Here, dfsE,Kd /dE and d2s / sdEdVd represent the GOSD
and DDCS, respectively.E and K are the excitation energy
and momentum transfer, whilep0 andpa are the incident and
scattered electron momenta, respectively. According to its

definition shown in Eq.(1), the absolute GOSD measured by
angle-resolved electron-energy-loss spectrometer can be
used to test the different theoretical methods as well as to
assess accuracy of the wave functions, especially for the ex-
cited state’s wave functions. Meanwhile, the generalized os-
cillator strengths(GOSs) or DCSs for different kinds of tran-
sitions versus angles show different behaviors; therefore,
their shapes are helpful in determining correct spectral as-
signments[3,4]. Also as an important excitation method
supplementary to photoabsorption, an electron impact
method, such as electron-energy-loss spectroscopy, is a pow-
erful tool to investigate the structures of atomic and molecu-
lar excitation states due to its nondipole excitation nature.

Up to now, most high-energy-resolution electron-energy-
loss spectrometers have been employed to measure the opti-
cal oscillator strengths(OOSs) and GOSs below the first ion-
ization threshold. The GOS measurements for superexcited
states, i.e., excited states of molecules above the first ioniza-
tion threshold such as high Rydberg states which are vibra-
tionally (or/and rotationally), doubly-, or inner-shell excited,
and non-Rydberg states[5–7], are fragmental due to the low
cross sections and the difficulties in achieving required en-
ergy resolution. Meanwhile, there is increasing interest about
the dynamics of superexcited states because superexcited
states play an important role as reaction intermediates in a
variety of collision processes such as electron-ion and ion-
ion recombinations, Penning ionization, and electron attach-
ment processes[5,6,8]. The three most commonly used
methods to investigate the structure of superexcited states are
the fluorescence spectroscopy emitted from neutral frag-
ments, the photoelectron spectroscopy, and the photoion
spectroscopy[7,9–11], each of which is related to one spe-
cific decay process of superexcited states. However, the
spectra measured by angle-resolved electron-energy-loss
spectroscopy include all possible decay processes for a spe-
cific state. As mentioned above, the momentum transfer de-
pendence of different superexcited states is different; some
superexcited states may stand out at large scattering angles.
This is elucidated by recent work[12]. Therefore, angle-
resolved electron-energy-loss spectroscopy with high energy*Corresponding author. Email address: zpzhong@gscas.ac.cn
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resolution may provide helpful information on the structure
and nature of superexcited states. This is our main interest in
this paper.

As one of the important atmospheric pollutants, NO plays
a significant role in investigations of the natural environment
such as the greenhouse effect, acid rain, ozone problem,
etc., and it is also significant in development of lasers. In
addition, the ground state of NO, i.e.
s1sd2s2sd2s3sd2s4sd2s1pd4s5sd2s2pd1, can be referred to as
a prototype molecule equivalent to an alkali atom in atomic
system, so theoretical problems connected with the energy
levels of the excited NO molecule are of great interest and
importance. As for theoretical works, many studies have
been carried out recently for the energy levels of excited NO,
such as Refs.[13,14]. Among them, Zhonget al. [14] have
calculated the photoabsorption spectrum of NO in the region
of 9.3–22 eV by the multiple-scattering self-consistent-field
(MSSCF or MS-Xa) method based on quantum defect theory
(QDT), which is in general agreement with the available ex-
perimental data. Meanwhile, the energy levels of the Ryd-
berg series resulting from the excitation of 1p, 5s, or 4s
electron have been reported. With regard to experimental
works, the energy levels of NO below the first ionization
threshold have been studied extensively and well summa-
rized by Huber and Herzberg[15]. As for the energy levels
of NO above the first ionization threshold, Ermanet al. [11]
have analyzed and classified the Rydberg series converging
to all known states of NO+ below 24 eV, except the one
converging to singlet ionization threshold of a 4s electron.
Recently, a number of peaks observed in the fluorescence
spectrum in the energy region of 17.2–25.8 eV were as-
signed to “new” NO states since they showed a poor coinci-
dence with the known NO Rydberg levels or other molecular
states[9]. On the other hand, the electron energy loss spectra
of NO below 55 eV were measured by Lee[16] in the scat-
tering angle range of 0.5° –4° with high incident electron
energys25 keVd and low energy resolutions2.5 eVd; a peak
at 21.3 eV and a broad peak at 33 eV were observed at large
momentum transfers, and Lee[16] suggested that the one at
21.3 eV is related to transitions to Rydberg states(including
optically forbidden transitions) which converge to3P or 1P
of NO+ or two electron transitions, and the one at 33 eV is
related to the inner-valence transitions from 2p←3s. How-
ever, to the best of our knowledge no further electron impact
works have been carried out for this energy region. In sum-
mary, although a number of experimental and theoretical
studies of the excited energy levels of NO have been re-
ported, some superexcited states of NO are still unidentified.

In the present work, we measured the electron energy loss
spectra in the scattering angle range of 0° –8° with an inter-
val of 2°, and absolute OOSD and DDCS have been deter-
mined. Some features above the first ionization threshold,
which are too weak to be observed in the photoabsorption
spectrum, stand out at large scattering angles. Based on the
present experimental work and theoretical analysis, the
present measured features as well as those unassigned ones
in the fluorescence spectra are assigned.

II. EXPERIMENTAL METHOD

The angle-resolved electron-energy-loss spectrometer
used in this work has been described in detail in Refs.

[17–19]. Briefly, it consists of an electron gun, a hemispheri-
cal electrostatic monochromator made of aluminum, a
rotable energy analyzer of the same type, an interaction
chamber, a number of cylindrical electrostatic lenses, and a
one-dimension position-sensitive detector for detecting the
scattered electrons. All of these components are enclosed in
four separate vacuum chambers made of stainless steel. The
impact energy of the spectrometer can be varied from 1 to
5 keV. For the present experiment it was set at 2.5 keV and
the energy resolution was about 100 meV. The background
pressure in the vacuum chamber was 3310−5 Pa and when
the gas sample was entered, the pressure in the reaction
chamber rose to 8310−3 Pa. The true zero angle was cali-
brated by the symmetry of the angular distribution of the
A 2S←X 2P inelastic scattering signal around the geometry
nominal zero. The angular resolution was about 0.8°
(FWHM) at present.

The electron-energy-loss spectra of NO were measured in
the scattering angle range of 0° –8° with an interval of 2°,
and the energy calibration of the spectra was referred to the
5s−1sb 3Pd3pp (13.82)[11]. Then, the spectrum measured at
a mean angle of 0° was converted into relative OOSD spec-
trum by multiplying the Bethe-Born conversion factor of the
spectrometer[17,20]. The spectra at other scattering angles
were converted into relative GOSD spectra according to Eq.
(2).

These relative GOSD spectra were made absolute by us-
ing the valence shell Bethe sum-rule[1,21]

Svals0d = Nval + NPE=E
E8

` S df
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DdE, s3d

where Nval is the total number of valence electrons in the
target(11 for NO), NPE is a small estimated correction(0.32
for NO) of the Pauli-excluded transitions from theK shells to
the already occupied valence shell orbitals[22,23], andE8 is
the lowest excitation energy. In the limitK→0, the GOSD is
identical to the OOSD which was obtained using the valence
Thomas-Reiche-Kuhn(VTRK) sum rule [24]. In the sum-
rule normalization procedure, the intensity of the relative
OOSD or GOSD obtained at a particular scattering angle was
first numerically integrated over a sampling energy loss
range, i.e., up to 75 eV for 0°, 2°, and 4°, 93 eV for 6°, and
130 eV for 8°. The remaining intensity of the valence shell
higher than the measured energy region for NO was esti-
mated by integration of a fitted functionaE−1.5+bE−2.5

+cE−3.5 from the limit of the measurements to infinity, where
the empirical constantsa, b, andc were determined by least–
squares fitting to the experimental data in the energy loss
range of 55–75 eV for 0°, 2°, and 4°, 73–93 eV for 6°, and
100–130 eV for 8°.

The overall percent error of the OOSD and DDCS ob-
tained in the present work is no more than 20%, which
mainly comes from the statistics of counts, the angular and
energy position’s determination, and the least–squares fitting
procedure to obtain the intensity of the valence shell higher
than the measured energy region. Note that the pressure ef-
fect is not included.
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III. THEORETICAL METHOD

The MSSCF method was employed in this work. Briefly,
based on a trial charge density of the molecule, a muffin-tin
trial molecular potentialVmol with the symmetry of molecu-
lar point group was constructed. We can then calculate the
occupied molecular orbitals(MOs), which serve to construct
the charge density of the molecule and then a new trial mo-
lecular potential. With this process going on, self-consistent
iterations were undertaken until a certain precision was met.
A self-consistent-field(SCF) molecular potentialVscf

mol was
obtained and thereafter we can calculate all the MOs, includ-
ing nondiffusive molecular orbitals(NMOs), Rydberg mo-
lecular orbitals(RMOs), and adjacent continuum molecular
orbitals (CMOs), respectively. In our calculations, all the
RMOs and CMOs were treated in a unified manner in the
framework of QDT[25–30]. With the calculated wave func-
tions, GOSD can be calculated[31] according to Eq.(1).

IV. RESULTS AND DISCUSSION

Figure 1 shows the experimental absolute OOSD spectra
and the calculated photoionization OOSD. It can be seen that
the present measured spectrum above 16 eV is in agreement
with the previous experimental one[24] determined by the
same method as ours but with higher impact energy of 8 keV
and lower energy resolution of 1 eV. The discrepancy in the
energy region below 16 eV(see the inset graph in Fig. 1) can
be attributed to the different energy resolution. Meanwhile,
the present calculated result generally agrees with the experi-
mental data, except for the energy region of 9.2–18 eV(see
the inset graph in Fig. 1). This discrepancy can be under-
stood since our calculations are based on self-consistent cal-
culations; thus, electron correlations(i.e., channel interac-
tions) were ignored. In addition, the contributions from the
autoionization Rydberg states were not included in our cal-
culations.

Figure 2 exhibits the present absolute DDCS spectra at
the scattering angles of 0°, 2°, 4°, 6°, and 8°. Note that with
the increasing ofK2, the energy position of the very broad

feature observed at the scattering angles of 6° and 8°, i.e.,
the Bethe ridge, moves to higher energy loss and the corre-
sponding width becomes more diffuse. Such phenomena
have also been observed in other molecules such as H2O [32]
and SF6 [33]. Furthermore, some features marked asa andb
stand out at large scattering angles. We will discuss these
features in detail in the order of the excitation energy.

First, we will discuss the features in the energy region of
17.3–22 eV shown in Fig. 3, i.e., marked asa in Fig. 2.
Here, R(A) and R(c) stand for the Rydberg series converging
to s5sd−1 A 1P and s4sd−1 c 3P of NO+, respectively. On
the top of Fig. 3 the energy positions of R(A) and R(c) are
taken from photoionization spectra[11], expect that of
Rscdnss are determined by this work according to the fluo-
rescence spectrum of neutral atomic fragments[9]. Six ion-
ization thresholds in this energy region, i.e.s1pd−1 b8 3S−

s17.68 eVd, s1pd−1 A8 1S+ s17.91 eVd, s1pd−1 W 1D
s18.14 eVd, s1pd−1 1S− s19.84 eVd, s5sd−1 A 1P s18.33 eVd,
and s4sd−1 c 3P s21.72 eVd are also indicated. As shown in
Figs. 3(b) and 3(c), the Rydberg states related to

FIG. 1. Absolute OOSD of NO in the energy
region of 5–80 eV. The inset shows the ex-
panded spectra in the energy region 6–20 eV.

FIG. 2. DDCS of NO below 135 eV.a and b denote some
features standing out at large scattering angle. The inset shows the
expanded spectra in the energy region 6–20 eV.
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Rscdnpssn=3–4d, nppsn=3–4d, and 3dp, which are hardly
observed in the photoabsorption spectrum due to the weak
intensity [see Fig. 3(a)], stand out at the large scattering
angle of 6° or 8°. Meanwhile, these superexcited states are
not observed in the fluorescence spectra[see Fig. 3(d)], i.e.,
their primary decay paths are not neutral dissociation. As for
the window-type seriessc 3Pdnss, it is difficult to estimate
their presence in our experimental measurements. To the best
of our knowledgesc 3Pdnss were only reported experimen-
tally by photoionization spectra[11]. More specifically, the
energy positions ofs4sd−1 sc 3Pd4ss and s4sd−1sc 3Pd5ss
are 20.26 and 20.90 eV, respectively, ands4sd−1 sc 3Pd3ss
is too weak to be observed. Note that the energy positions are
a little lower than that of the peaks marked asS1, S2, andS3
around 18.8, 20.3, and 21.0 eV, respectively, in the NI
3s 2P←3p 2D0 and NI 3s 4P←3p 4P0 fluorescence spectra.
Since the structure of these excitation functions showed a
poor coincidence with the known NO Rydberg levels taken
from photoionization spectra[11], Ref. [9] suggestedS1, S2,
andS3 may belong to “new” NO states. However, we suggest
thatS1, S2, andS3 belong tos4sd−1sc 3Pdnsssn=3–5d Ryd-
berg series. The reason is discussed as follows: the corre-
sponding effective quantum numbersn* of S1, S2, andS3 are
2.16, 3.09, and 4.35, respectively, when the ionization
threshold value is taken that ofs4sd−1c 3P, i.e., 21.72 eV
[15]. In addition, the intensity of the three peaks decreases as
excitation energy increases, which is also similar to the be-
havior of a Rydberg series. Therefore, the assumption that
the three peaks belong to a Rydberg series converging to
s4sd−1 c 3P is reasonable. The discrepancy between the data
from photoionization spectrum and that from the fluores-
cence spectrum is understood as follows: the profile of a
specific superexcited state may vary with different experi-
mental methods, which would result in different accuracy in
determining its energy position. In fact,S1, S2, and S3 fea-
tures are related to three peaks in the fluorescence spectrum,
and corresponding energy position are undoubtedly deter-
mined by peak positions, whiles4sd−1sc 3Pdnsssn=4–5d

series is a window-type Rydberg series in the photoionization
spectra[11] and their energy positions are determined by the
minimum positions in Ref.[11]. However, the idealized reso-
nance energy of an isolated atomic or molecular state above
the first ionization threshold in the photoabsorption and
photoionization spectra should be determined by a nonlinear
parameter-fitting procedure according to the Beutle-Fano for-
mula [34,35]

ss«d = safsq + «d2/s1 + «2dg + sb. s4d

Here,«=sE−Erd / sG /2d indicates the departure of the exci-
tation energyE from an idealized resonance energyEr which
pertains to a discrete autoionization state. Also,G /2 is the
half linewidth of the autoionization resonance,q is a line
profile index which represents the ratio of transition ampli-
tude of the “modified” discrete state to that of the relevant
continuum state, and a window-type state corresponds to q
→0. Finally, ss«d represents the absorption cross section at
the excitation energyE, whereassa and sb represent two
portions of the cross section corresponding, respectively, to
transitions to states of the continuum that interfere and do
not interfere with the discrete autoionization state. Therefore,
the errors of the energy positions ofs4sd−1sc 3Pdnss re-
ported by Ref.[11] should not be small. In addition, the
weak window seriess4sd−1sc 3Pdnss are overlapped with
the strong seriess4sd−1sc 3Pdndp in the photoionization
spectrum[11], so it is difficult to obtain the accurate energy
positions of the weak window series. However, such diffi-
culty can be avoided for the fluorescence spectroscopy
method since the profile of a superexcited state in the fluo-
rescence spectrum may not be a Beutle-Fano profile[see Fig.
3(d)] if it does not interact with the continuum. In such cases,
the energy position of a superexcited state can be directly
determined instead of being determined by a nonlinear
parameter-fitting procedure according to Eq.(4). Further-
more, some structures stand out in the photoionization spec-
trum but vanish in the fluorescence spectrum such as the
s4sd−1sc 3Pdndp; thus, overlapping is relieved or partially

FIG. 3. Spectra of NO in the energy region of
17.3–22 eV:(a) OOSD; (b) and (c) DDCS mea-
sured at 6° and 8°, respectively;(d) fluorescence
spectra[9]. On the top of OOSD spectrum the
positions of the experimentally known NO Ryd-
berg levels are indicated, except the
4s−1sc 3Pdnss is assigned by this work.A0,
A1, A2, B, C, and D represent the features
standing out at the scattering angle of 6°. The
vertical arrows in (d) indicate the calculated
thresholds for exciting the multiplet[9].
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relieved in the fluorescence spectrum. therefore, we recom-
mend that the energy positions of the seriess4sd−1nsssn
=3–5d are 18.8, 20.3, and 21.0 eV, respectively, taken from
the fluorescence spectrum[see Fig. 3(d)].

Since the neutral dissociation probability of the series
s4sd−1sc 3Pdnsssn=3–5d is large, the neutral dissociation
probability of the seriess4sd−1sB 1Pdnsssn=3–5d should
not be small. However, to the best of our knowledge, no data
for the energy positions of the seriess4sd−1sB 3Pdnsssn
=3–5d have been published and the ionization threshold of
s4sd−1B1P is still controversial. One assignment associates
both thec 3P andB 1P states with the band at 21.7 eV[36].
The alternative assignment puts thec 3P state at 21.7 eV
and theB 1P at 22.7 eV[37]. Note that the three unassigned
features marked asZ1, Z2, andZ3 in the NI 3s 4P←3p 4P0

fluorescence spectrum are around 19.2, 20.7, and 21.4 eV,
respectively. Similarly, they may belong to a Rydberg series
as discussed above. We suggest that the three features belong
to the Rydberg series converging tos4sd−1 B 1P; Therefore,
the ionization threshold 22.1 eV ofs4sd−1B 1P is derived.
That the assignment associates both thec 3P andB 1P states
with the band at 21.7 eV[36] may be reasonable.

Now, let us discuss the features marked as
A0,A1,A2,B,C, andD which are overwhelmed in the pho-

toabsorption spectrum[see Fig. 3(a)], and stand out at the
large scattering angle of 6° or 8°. To the best of our knowl-
edge, no assignments have been given for them. Note that
the energy positions of the three prominent featuresA0,A1,
andA2 are around 18.1, 18.3, and 18.5 eV, respectively[see
Fig. 3(b)], and the energy intervals among them are almost
equal to 0.2 eV. Therefore, it is a reasonable suggestion that
A0,A1, andA2 may be ascribed to a vibrational progression
of an electronic state. Furthermore, the electronic state can-
not be a Rydberg state corresponding to the excitation of a
5s, 1p, or 4s electron; it may be a doubly excited state. The
reason is discussed as follows:(1) Since the transition with
Dv8=0, i.e, 0-0 transition, is dominant for the excitation of a
5s electron due to the Franck-Condon principle(see the
analysis in Ref.[14]), A0,A1, and A2 cannot be the vibra-
tional progression of a Rydberg state corresponding to the
excitation of a 5s electron;(2) Based on the calculated re-
sults by Zhonget al.[14] there is more than one Rydberg
state resulting from the excitation of a 1p electron(see Table
V in Ref. [14]) in the energy region of 17.3–22.0 eV, and
the behaviors of GOS in a Rydberg series should be similar
to each other. However, no other structures which are similar
to A0,A1, and A2 were observed;(3) The electronic state
cannot be a Rydberg state resulting from the excitation of a
4s electron based on the photoionization data taken from
Ref. [11] (see the top of Fig. 3). Such a doubly excited state
related toA0,A1, and A2 may result from the transition of
2p2←5s2, 2p2←4s5s, and/or 2p2←1p5s based on the
ab initio calculations[9]. On the other hand, the presence of
A0,A1, and A2 is also indicated in the NI 3s 4P←3p 4P0

fluorescence spectrum shown in Fig. 3(d). In fact, there is a
broad peak around 18.5 eV. Considering the dissociation
thresholds denoted by vertical arrows in Fig. 3(d), it is un-
derstandable that the featuresA0 andA1 are too weak to be
observed in the NI 3s 2P←3p 2D0 fluorescence spectrum

[9]. The assignments for the featuresB,C, andD are an open
question. Some of them may be ascribed to the Rydberg
states resulting from the excitation of a 1p electron.

Finally, let us discuss the feature at 33 eV marked asb in
Fig. 2. As shown in Fig. 4, the broad feature at 33 eV was
not clearly observed until the scattering angle increases to
6°sK2,2 a.u.d. This feature was also observed in Ref.[16]
at K2ù2.1 a.u.suù2.0°d. Lee[16] suggested that the feature
may be assigned to the transition of 2p←3s, and the exis-
tence of a minimum followed by a maximum in the GOS of
the feature results in the phenomenon, i.e., the feature stands
out at large momentum transfers. In order to elucidate the
phenomenon, we calculated the excitation energy of the tran-
sition of 2p←3s and its GOS curve versusK2 based on the
MSSCF method as shown in Fig. 5. The calculated energy
position is 32.4 eV, which is close to the observed energy
position 33 eV. It can be seen from Fig. 5 that there is only
a maximum in the region ofK2=0.8–3.6 a.u.(i.e., the scat-
tering angle range of 4° –8° under the present experimental
conditions), which is in agreement with our observation(see
Fig. 4). Therefore, the broad feature at 33 eV is assigned to
the transition of 2p←3s based on our calculations.

V. CONCLUSION

The electron-energy-loss spectra of NO have been mea-
sured in the scattering angle range of 0° –8° with an interval

FIG. 4. DDCS of NO in the energy region of 20–72 eV.

FIG. 5. The calculated GOS for 2p←3s transition of NO.
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of 2°; then, absolute OOSD and DDCS have been obtained
(see Figs. 1 and 2). Interestingly, some superexcited states
stand out at large scattering angles(see Figs. 2–4). Based on
the present experimental work and theoretical analysis, most
of the measured features and the ones in the fluorescence
spectra [9] are assigned. Therefore, the energy levels of
4s−1sc 3Pdnsssn=3–5d, 4s−1sB 1Pdnsssn=3–5d, a vibra-
tional resolved doubly excited state and the inner–valence
transition 2p←3s are determined. More specifically(1) the
features marked asS1, S2, andS3 in Fig. 3(d) taken from the
fluorescence spectra[9] around 18.8, 20.3, and 21.0 eV, re-
spectively, are ascribed to thes4sd−1sc 3Pdnsssn=3–5d Ry-
dberg states. The discrepancy between the data from photo-
ionization spectrum and that from the fluorescence spectrum
is explained, and the energy positions of the
s4sd−1sc 3Pdnsssn=3–5d Rydberg states taken from the
fluorescence spectra[9] are recommended.(2) The features
marked asZ1, Z2, andZ3 in Fig. 3(d) taken from the fluores-
cence spectrum[9] around 19.2, 20.7, and 21.4 eV, respec-
tively, are ascribed to thes4sd−1sB 1Pdnsssn=3–5d Ryd-
berg states. Thus, the ionization threshold 22.1 eV of
s4sd−1B 1P is estimated.(3) The three features marked as

A0, A1, andA2 [see Fig. 3(b)] around 18.1, 18.3, and 18.5 eV,
respectively, may belong to a vibrational progression of a
doubly excited state. The doubly excited state may result
from the transition of 2p2←5s2, 2p2←4s5s, and/or 2p2

←1p5s based on theab initio calculations[9]. (4) The fea-
ture around 33 eV is ascribed to the transition of 2p←3s
based on our calculations.

As elucidated in this paper, angle-resolved electron-
energy-loss spectroscopy includes all possible decay pro-
cesses for a specific state, and some superexcited states may
stand out at large scattering angles. Therefore, it is an impor-
tant method supplementary to the three most commonly used
methods to investigate the structure of superexcited states,
i.e., the fluorescence spectroscopy of neutral atomic frag-
ments, the photoelectron spectroscopy, and the photoion
spectroscopy, each of which is related to one specific decay
process of superexcited states.
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