
THEORETICAL FINE SPECTROSCOPY WITH SAC-CI METHOD:
OUTER- AND INNER-VALENCE IONIZATION SPECTRA OF CO AND N2

Masahiro EHARAa1, Mayumi ISHIDAa and Hiroshi NAKATSUJIa2,b,*
a Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering,
Kyoto University, Katsura, Nishikyou-ku, Kyoto 615-8510, Japan;
e-mail: 1 ehara@sbchem.kyoto-u.ac.jp, 2 hiroshi@sbchem.kyoto-u.ac.jp

b Fukui Institute for Fundamental Chemistry, Kyoto University,
34-4 Takano Nishihiraki-cho, Sakyo-ku, Kyoto 606-8103, Japan

Received February 17, 2005
Accepted April 26, 2005

Dedicated to Professor Josef Paldus on the occasion of his 70th birthday.

Outer- and inner-valence ionization spectra of CO and N2 were studied by the SAC-CI
(symmetry-adapted-cluster configuration-interaction) general-R method. Fine details of ex-
perimental spectra of these molecules were reproduced and quantitative assignments of the
peaks were proposed. Both outer- and inner-valence satellites were classified into the shake-
up states including the valence or Rydberg excitations. For CO, theoretical satellite spectrum
up to 50 eV was presented and the nine bands of 22–50 eV observed by EMS and eight
bands of 22–34 eV by XPS (C-K) were characterized in detail. Numerous satellite peaks with
distributed intensity were obtained and some of them, especially for bands 4, 5, 6 and 7,
were predominantly described by triple-electron processes. For N2, the spectrum up to 45 eV
was calculated and the complex satellite peaks observed by XPS in the lower energy region
20–33 eV were interpreted. The detailed assignments for the (2σg

–1) satellite states in the
higher-energy region 33–45 eV were also presented.
Keywords: SAC-CI; Valence ionization spectra; Satellite spectra; Ab initio calculations; Photo-
electron spectroscopy; Quantum chemistry.

Many satellite peaks are usually involved in the inner-valence region of an
ionization spectrum. They attracted considerable experimental and theoret-
ical interests since they often provide information concerning electron cor-
relations in molecules. Recently, extensive experimental studies of these
peaks have been performed by high-resolution synchrotron radiation pho-
toelectron spectroscopy (SRPES), X-ray photoelectron spectroscopy (XPS),
and electron momentum spectroscopy (EMS). In parallel, advanced theoret-
ical methods have also been used for detailed and quantitative assignments
of these peaks.
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Out of the extensive work on the satellite peaks, the valence ionization
spectra of CO and N2 molecules are of special interest, and have been stud-
ied in detail both experimentally1–14 and theoretically15–25. These spectra
show many satellite peaks with complex band structures due to strong elec-
tron correlations. The satellite peaks continuously appear in both the outer-
and inner-valence regions. After the He I PES was reported for three main
peaks by Turner et al.26, many careful and detailed studies on the inner-
valence satellite peaks have been performed by XPS 1–4, SRPES 5,6, EMS 7,8,
and He II PES 9,10. French et al.8 observed the outer- and inner-valence spec-
tra of CO up to 53 eV by EMS and gave nine deconvoluted bands. Svensson
et al.4 presented the detailed inner-valence spectra of CO and N2 by high-
resolution XPS. Recently, fine analysis was performed for the vibrational
structure of some satellites of CO and N2 by high-resolution PES using syn-
chrotron and He II radiations13 and ultraviolet photoelectron spectroscopy
(UPS)14. Liu et al.12 also observed the fine structure in inner-valence PES of
CO and N2 with a resolution better than 100 meV.

Theoretically, the outer- and inner-valence ionization spectra of these
molecules have also been intensively studied by the configuration-iteration
(CI) method15–20 and Green’s function method20–23. Previously, we have
also applied the symmetry-adapted-cluster CI (SAC-CI) method to these
spectra, however, the basis set and active space were limited since the study
was aimed at comparison with the full-CI spectra24. Since the satellite peaks
of these molecules are both numerous and complicated, the detailed char-
acterization is still difficult and, actually, there are some controversial as-
signments. It is important to perform the accurate calculations using the
sufficient basis sets, especially for the assignment of the high-lying shake-
up states.

In this work, we studied the ionization spectra of CO and N2 in both the
outer- and inner-valence regions by the SAC-CI general-R method with an
extended basis set. The SAC/SAC-CI method27,28 has been successfully ap-
plied to molecular spectroscopic problems including ionization spectros-
copy24,29–37. In particular, the SAC-CI general-R method38,39 is designed to
describe multielectron processes with high accuracy, and has been shown
to be useful for studying the large number of states appearing in the ioniza-
tion spectrum24,34–37. In the SAC-CI general-R method, not only singles and
doubles but also triples, quadruples and higher-excitation operators are in-
cluded as the linked excitation operators (R). Recently, we have succeeded
in giving a fine analysis of the outer- and inner-valence ionization spectra
of Group V and VI hydrides37. Details of the SAC-CI general-R method are
given in ref.38 and in a review article recently summarized39.
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COMPUTATIONAL DETAILS

We studied vertical ionization spectra of CO and N2 and the experimental
geometries40 were adopted; re = 1.12832 Å and re = 1.09768 Å for CO and
N2, respectively. We used valence triple-zeta (VTZ) basis sets of Ahlrichs41,
augmented with two d-type polarization functions of ζd = 1.097, 0.318 for
C, ζd = 2.314, 0.645 for O, and ζd = 1.654, 0.469 for N. The exponents of
the polarization functions of C, O and N were taken from the correlation-
consistent polarized VTZ (cc-pVTZ) sets42. In addition, s-, p- and d-type
Rydberg functions were put on C, O and N atoms: ζs = 0.023, ζp = 0.021,
ζd = 0.015 for C, ζs = 0.032, ζp = 0.028, ζd = 0.015 for O, and ζs = 0.028, ζp =
0.025, ζd = 0.015 for N. The exponents of these Rydberg functions were due
to ref.43. The resulting basis sets are (12s8p5d)/[8s5p3d]. The ionization
spectra of CO and N2 were calculated by the SAC-CI general-R method in
both outer- and inner-valence regions up to around double-ionization
threshold. Most of the shake-up states of these molecules were predomi-
nantly described by two-electron or three-electron processes, and therefore
the R-operators were included up to quadruples. The active space consists of
5 occupied and 61 unoccupied MOs for these molecules; the 1s orbitals of
C, O and N were frozen as cores, and all the other MOs were included in
the active space.

To reduce computational efforts, perturbation selection30 was carried out
in the state-selection scheme. For the ground state, the threshold for the
linked operator was λg = 1 × 10–7 a.u. and the unlinked terms were written
as the products of the important linked terms whose SDCI coefficients were
larger than 0.003 for CO and 0.001 for N2. For the ionized states, the
threshold for the double excitation operators was λe = 1 × 10–7 a.u., that for
triples was λe = 1 × 10–6 a.u., and that for quadruples was λe = 1 × 10–5 a.u.
for CO and λe = 1 × 10–6 a.u. for N2. The thresholds of the CI coefficients for
calculating the unlinked operators in the SAC-CI method were 0.05 and 1 ×
10–8 for the R and S operators, respectively.

The ionization cross-sections were calculated using the monopole ap-
proximation44,45 to estimate the relative intensities of the peaks. In calcu-
lating monopole intensity, the correlated SAC wave function was used for
the ground state; namely both initial- and final- state correlation effects
were included. In particular, the intensity of the 2∆, 2∆g and 2∆u states arises
only from the initial-state correlation effect.

Hartree–Fock (HF) SCF calculations were preformed using Gaussian 98 46

and SAC/SAC-CI calculations were performed using the SAC-CI96 program
system47.
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IONIZATION SPECTRUM OF CO

The outer- and inner-valence ionization spectra of CO up to 52 eV were
studied by the SAC-CI general-R method. The SAC-CI calculations were per-
formed in C2v, therefore, the 2Σ+ and 2∆ states were calculated by 2A1 of C2v,
while the 2Π states were obtained by 2B1 of C2v. To give the theoretical as-
signments in the energy region up to 52 eV, 120 and 30 ionized states were
calculated for 2A1 and 2B1 symmetries of C2v, respectively. Note that the
inner-valence satellite states with considerable intensities were associated
with 2Σ+ symmetry. The SAC-CI general-R dimensions are summarized in
Table I, together with those before the perturbation selection. Since most of
the satellite states were predominantly described by two-electron process,
the SD-CI solutions were used for the reference states in the perturbation
selection. The resulting dimensions were 113 557 and 72 637 for 2A1 and
2B1 symmetries, respectively.
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TABLE I
The SAC-CI general-R dimensions for the ionized states of CO and N2

State Singles Doubles Triples Quadruples Total

CO After perturbation selection
2Σ+, 2∆ 3 463 31245 81846 113557
2Π 1 367 24738 47531 72637

Before perturbation selection
2Σ+, 2∆ 3 487 43662 2256746 2300898
2Π 1 379 41790 2246070 2288240

N2 After perturbation selection
2 Σg

+ , 2∆g 2 230 15637 160702 176571
2Πg 0 187 12757 122963 135907
2 Σu

+ , 2∆u 1 233 13688 119371 133293
2Πu 1 180 12767 115915 128863

Before perturbation selection
2 Σg

+ , 2∆g 2 240 21854 1128294 1150390
2Πg 0 193 20872 1123114 1144179
2 Σu

+ , 2∆u 1 247 21808 1128452 1150508
2Πu 1 186 20918 1122956 1144061



The HF electronic configuration of CO is written as (core)4(3σ)2(4σ)2-
(1π)4(5σ)2. Figure 1 shows the ionization spectrum of CO in the outer- and
inner-valence regions calculated by the SAC-CI general-R method in com-
parison with the SRPES spectrum6. In the theoretical spectrum, the calcu-
lated pole strengths were shown by solid lines and were convoluted using
Gaussian envelopes with the full width half maximum (FWHM) 2.0 eV esti-
mated by averaging FWHMs of three main peaks of the SRPES spectrum.

Collect. Czech. Chem. Commun. (Vol. 70) (2005)

Theoretical Fine Spectroscopy with SAC-CI Method 885

FIG. 1
The valence ionization spectra of CO by a SRPES (50.1 eV)6, and b SAC-CI general-R method.
In the theoretical spectrum, the calculated pole strength of each peak is shown as a solid verti-
cal line and is convoluted with a FWHM of 2.0 eV



The theoretical spectrum reproduces shape of the SRPES spectrum for both
the main peaks and the satellites quite accurately. First, we discuss three
main peaks: (5σ–1), (1π–1) and (4σ–1) states. Table II gives the results for
these peaks with the experimental IPs by EMS 8, XPS 4 and He II PES 9. The
SAC-CI general-R results, 13.90, 16.98 and 19.70 eV, compare well with the
experimental values 14.01, 17.03 and 19.6 eV (EMS), 14.01, 17.0 and 19.7 eV
(XPS), and 14.01, 16.91 and 19.69 eV (He II PES), for (5σ–1), (1π–1) and
(4σ–1) states, respectively.

Next, the satellite peaks in the inner-valence region are discussed along
with the EMS 8, XPS 4, and He II PES spectrum9. In ref.4, the assignments of
the XPS spectrum were performed with the information from both de-
excitation spectroscopy (DES)48 and UPS 49 spectra, which gave a consistent
characterization of the observed peaks. It was noted that the USP spectrum
was useful since it emphasizes the ionization originating π orbitals.
In Fig. 2, the inner-valence satellite spectrum by the present calculation is
compared with EMS 8 and XPS 4. In the EMS spectrum8, the sum of experi-
mental binding energy spectra recorded at ten azimuthal angles φ = 0–24°,
was deconvoluted with Gaussian functions (2.5 eV FWHM) as shown by the
dashed lines. Our theoretical spectrum was also convoluted with the equal
line width of the EMS spectrum. Table II summarizes the IPs, monopole in-
tensities and main configurations of the satellite peaks, whose IPs are up to
52 eV with intensities greater than 0.002. Unfortunately, no experimental
information on the intensity has been reported for comparison.

Nine satellite bands numbered 1–9 were observed by EMS 8 in the energy
region 22–52 eV, and eight peaks (C-K) of 22–34 eV were characterized in
detail. As the lowest band, the medium peak at 24.1 eV (band 1) was mea-
sured by EMS 8. XPS 4 and He II PES 9 works also reported the peaks at 23.7
(C) and 23.4 eV, respectively. We assigned a 2Σ+ state calculated at 24.53 eV
with the intensity 0.064 to this band. This state corresponds to the (4σ–1)
outer-valence satellite and is described by two-electron processes such as
(5σ–11π–16π), which involves the valence-excitation to π* orbital. Contribu-
tions of the triples were also found and therefore the inclusion of triple and
quadruple R-operators was important for describing this state. In the energy
region below band 1, He II PES and DES 48 observed a weak peak at 22.7 eV
(D). To the peak D, we assigned a 2Π state calculated at 23.65 eV with the
intensity 0.005, which was mainly characterized as (5σ–26π). Next, the XPS
and He II PES have also observed a very weak peak at 25.2 eV (E) and
25.3 eV, respectively, in the shoulder of band 1. The assignment of this
state is still not definitive. Our method calculated no peak of 2Σ+ or 2Π sym-
metries in the energy region 25–28 eV, but gave a 2∆ state at 26.12 eV with
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FIG. 2
The inner-valence ionization spectra of CO by a EMS (1200 eV) summed at ten azimuthal an-
gles8, b XPS (1487 eV)4, and c SAC-CI general-R method. In the theoretical spectrum, the cal-
culated pole strength of each peak is shown as a solid vertical line and is convoluted with a
FWHM of 2.5 eV 8



the tiny intensity 0.0003. Though we assign this 2∆ state to this shoulder,
the vibrational progressions of other peaks can overlap in this energy re-
gion. Therefore, it is necessary to study the vibrational states, the Frank–
Condon factor, and the intensity dependence on the CO distance for final
assignments of the peak E.

Three 2Π and one 2Σ+ states were calculated at 28.31, 28.75, 29.17 and
30.16 eV, which were attributed to band 2 observed at 28.3 eV (EMS)8 and
28.1 eV (He II PES)9. Three 2Π states at 28.31, 28.75 and 29.17 eV corre-
spond to the (1π–1) outer-valence satellites and are characterized as the
shake-up states including valence-excitations of (4σ–15σ–16π), (5σ–26π) and
(1π–26π). The total pole strength of these states was calculated to be 0.012.
On the other hand, the 2Σ+ state at 30.16 eV with the intensity 0.021 corre-
sponds to the (5σ–1) outer-valence satellite and is mainly described by
(5σ–11π–16π). In the XPS spectrum4, the corresponding peak appeared as a
weak and broad feature centered at about 28.5 eV. This peak was inter-
preted as being due to the two satellites at 27.4 eV (F) and 28.0 eV (G) from
the UPS spectrum49, and they were assigned to the 2Π sand 2Σ+ states, re-
spectively. In DES 48, a strong peak was also observed at about 27.6 eV.
These states were confirmed by theoretical calculations19,51, though their
assignments were controversial. We assigned three 2Π states calculated at
28.31, 28.75 and 29.17 eV to the peak F and the 2Σ+ state at 30.16 eV to the
peak G, which supports the assignments of the UPS and DES spectra. Ac-
cording to ref.49, the peak G forms a vibrational progression centered at
about 28.3 eV.

Next, three 2Σ+ and one 2Π states were calculated at 32.58, 32.74, 33.19
and 32.70 eV, which were assigned to band 3 observed at 31.6 eV (EMS)8

and 31.8 eV (He II PES)9. Three 2Σ+ states are due to the (3σ–1) inner-valence
satellites, and are mainly described by (4σ–11π–16π) and (5σ–211σ), which in-
volve the valence π* excitation for two peaks at 32.58 and 32.74 eV, and va-
lence σ* excitation for a peak at 33.19 eV. The 2Π state at 32.70 eV is char-
acterized as (1π–26π). In the XPS spectrum, two peaks were discriminated at
31.1 (I) and 32.0 eV (J), and in DES, a weak feature was also seen at ca. 31 eV.
We assigned two 2Σ+ and one 2Π states at 32.58. 32.74 and 32.70 eV to the
peak I and one 2Σ+ state at 33.19 eV to the peak J.

Eight continuous 2Σ+ and 2Π states calculated from 34.36 to 35.76 eV
were attributed to the broad band at 34.1 eV (band 4) in EMS. The total
pole strength of these states, including peaks with the intensity less than
0.002, was calculated to be 0.071. Among these continuous states, three 2Π
states calculated at 34.36, 35.42 and 35.76 eV are mainly described by the
two-electron processes including valence σ* excitations, such as (5σ–11π–111σ)
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and (5σ–11π–112σ). Other states correspond to the (3σ–1) inner-valence satel-
lites: three peaks at 35.25, 35.52 and 35.55 eV are associated with the two-
electron process involving the Rydberg excitations and two peaks at 35.01
and 35.65 eV are due to three-electron processes. Thus, the inclusion of tri-
ple and quadruple R-operators is important for describing band 4. In the
XPS spectrum, two peaks were obtained at 33.7 (K) and 34.9 eV in this en-
ergy region; we assigned three states from 34.36 to 35.25 eV to the peak K
and other states to the latter peak.

In the energy region above 36 eV, the (3σ–1) inner-valence satellite bands
5–9 were observed by EMS, and these bands lay on the double-ionized
states (36–42 eV)40,53,54. Though there are other possibilities for assignments
of these bands, we tentatively assign some shake-up states underlying in
the continuum of the double ionized states. Eight 2Σ+ states from 36.54 to
38.24 eV were assigned to band 5 observed by EMS at 36.6 eV, which is the
shoulder of the strongest peak (band 6). The total pole strength of these
states, including peaks with small intensity, was calculated to be 0.180.
Among these states, three peaks at 36.98, 37.43 and 37.97 eV are character-
ized as two- or three-electron processes including π* or σ* excitations, while
others are characterized as the two-electron processes involving the
Rydberg excitations. In the XPS spectrum, two peaks were observed at 36.2
and 37.5 eV; we assigned two states at 36.54 and 36.98 eV to the former
peak and other states from 37.43 to 38.24 eV to the latter peak.

To the strongest band observed by EMS at 38.7 eV (band 6), seven 2Σ+

states calculated from 38.98 to 40.06 eV were attributed. He II PES and XPS
observed this peak at 37.3 and 38.7 eV, respectively, as the strongest peak
in the inner-valence region. The total pole strength of these states, includ-
ing peaks with small intensity, was calculated to be 0.466. The prominent
two peaks calculated at 39.90 and 40.06 eV with strong intensities are char-
acterized as a linear combination of (3σ–1) and two-electron processes such
as (4σ–15σ–112σ), (5σ–211σ) and (1π–211σ), which involve the excitations to
σ* orbitals.

In the energy region 40.5–50 eV, three weak and broad bands 7–9 were
observed by EMS, and only one peak at 46.0 eV, which corresponds to band
8, was recorded by XPS. Numerous states, whose intensities were less than
0.003, were calculated in this region. Continuous small peaks calculated
from 40.5 to 43 eV were assigned to the broad band observed at 41.5 eV
(band 7), which is the shoulder of band 6. Most of these states are charac-
terized as the two-electron processes including Rydberg excitations. Three
states at 40.70, 41.62 and 41.63 eV are described by the three-electron pro-
cess involving π* excitations. Band 8 observed at 45.5 eV (EMS) and 46.0 eV
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(XPS) was composed of ≈40 shake-up states from 43.5 to 45.5 eV with the
total intensity 0.019, and band 9 at 49.0 eV was composed of ≈30 states
from 46 to 52 eV with the total intensity 0.030. These shake-up states are
also due to the two- or three-electron processes including Rydberg excitations.

IONIZATION SPECTRUM OF N2

Next, the SAC-CI general-R method was applied to the outer- and inner-
valence ionization spectra of N2 up to about 45 eV. Note that some double-
ionized states exist from 37.8 eV 40. Adopting the linear D2h point group, 40
ionized states were calculated for 2Ag symmetry, and 20 ionized states for
2B2g,

2B1u and 2B2u symmetries, respectively. The resulting SAC-CI general-R
dimensions were 176 571, 135 907, 133 293 and 128 863 for 2Ag(

2 Σ g
+ , 2∆g),

2B2g(
2Πg),

2B1u( 2 Σ u
+ , 2∆u) and 2B2u(2Πu) symmetries, respectively, as shown

in Table I.
The HF electronic configuration of N2 was calculated as (core)4(2σg)2-

(2σu)2(3σg)2(1πu)4. In Fig. 3, the SAC-CI ionization spectrum of N2 is com-
pared with the SRPES spectrum5. In the theoretical spectrum, the line
widths of Gaussian convolution are 1.0 and 2.0 eV FWHMs for main and
satellite peaks, respectively. Table III summarizes the calculated IPs, mono-
pole intensities and main configurations together with the IPs by four ex-
periments4,14,48,49. We presented the ionized states whose intensity was
greater than 0.002. Note that there are still several other outer- and inner-
valence satellites that are not given in Table III.

Three main peaks due to (3σg
–1), (1πu

–1) and (2σu
–1) ionization processes

exist in the valence ionization spectrum of N2. The SAC-CI general-R
method calculated these main peaks at 15.38, 16.91 and 18.65 eV in good
agreement with the experimental IPs by XPS 3,4 and UPS 14, as shown in
Table III.

The characterization of the inner-valence spectrum of N2 is still not de-
finitive, although there are extensive experimental3–6,14 and theoretical
works15,17–21,23–25. The earliest study of the inner-valence region of N2 was
due to the XPS spectrum reported by Nilsson et al.3 Recently, the high-
resolution XPS spectrum of N2 was observed by Svensson et al.4 and the de-
tailed assignments were proposed by comparing with theoretical calcula-
tions, UPS 49 and DES 48. The fine UPS spectrum was also recorded between
23 and 35 eV with the high-resolution better than 20 meV 14. We discuss
our results comparing with the detailed spectrum by high-resolution XPS 4

and UPS 14. In Fig. 4, the inner-valence satellite spectrum by the SAC-CI
general-R method was compared with two XPS spectra3,4. In the theoretical
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spectrum, the calculated pole strengths were convoluted with the FWHM
2.0 eV. In the present calculation, eight satellite bands were found by the
Gaussian convolution of the peaks, which were numbered 1 to 8. The spec-
trum shape of N2 appears to be very similar to that of CO as a whole,
though the intensity of each corresponding band is different, especially for
bands 2–5.

In the lower inner-valence region, a 2 Σ u
+ state was calculated at 25.72 eV

with the intensity 0.052, which corresponds to band 1. This state is the
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FIG. 3
The valence ionization spectra of N2 by a SRPES (44.1 eV)5, and b SAC-CI general-R method. In
the theoretical spectrum, the calculated pole strength of each peak is shown as a solid vertical
line and is convoluted with FWHMs of 1.0 and 2.0 eV for main and satellite peaks, respectively
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FIG. 4
The inner-valence ionization spectra of N2 by a XPS 3, b XPS (1487 eV)4, and c SAC-CI
general-R method. In the theoretical spectrum, the calculated pole strength of each peak
is shown as a solid vertical line and is convoluted with a FWHM of 2.0 eV



outer-valence satellite of (2σu
–1) and is described by the two-electron pro-

cess including valence π* excitations, such as (3σg
–13πg1πu

–1). The XPS 4 and
UPS 14 observed this peak at 25.0 and 25.51 eV, respectively, which is de-
noted as the C state. In the shoulder of band 1, two shake-up states with 2Π
symmetry have been theoretically predicted as D and E states15,19,21,25,
which were not reported in the XPS spectra3,4. The C 2 Σ u

+ and D 2Πg states
were analyzed in the recent UPS spectrum14, in which vibrational progres-
sions of these states were observed with the vertical IPs at 25.514 and
24.788 eV, respectively. They also proposed that the vibrational progression
of E 2Πg state could extend up to above 26 eV. We assigned two 2Πg states
calculated at 24.94 and 26.19 eV to the D and E states, respectively, and
supported the assignments of the UPS work14.

Band 2 is attributed to a 2 Σ g
+ state calculated at 29.36 eV with the pole

strength 0.118. This state is an inner-valence satellite of (2σg
–1) and

(2σu
–13πg1πu

–1) including π* excitations. This band corresponds to the F
state observed at 28.8 eV in both XPS and UPS spectrum4,14. In the energy
region above the F state, two shake-up states, 2Πg and 2Πu, were calculated
at 32.87 and 33.02 eV, respectively. These states were attributed to band 3
and assigned to G and H states. The G state is characterized as (1πu

–2 3πg)
and the H state as (2σg

–13πg1πu
–1). In the previous experimental5 and theo-

retical19 works, two shake-up states were also obtained in this region, but
their assignments were different. These states were not observed in the XPS
spectra3,4. Ågren et al.19 have calculated two states with 2Πu and 2 Σ g

+ sym-
metries. In the DES work48, the band 2 was observed asymmetrically, which
suggested the contribution of the 2Π state in the high-energy region of this
band. The UPS spectrum also observed weak features around 30 eV. A weak
vibrational progression due to the G 2Πg state was seen in this energy re-
gion; this state was weakly bound according to our calculation50. In the re-
cent vibrationally resolved UPS 49, a weak vibrational progression was also
inferred at 30.4 eV. We also found the 2∆g state at 31.08 eV with quite small
intensity in this energy region.

To the peak observed at 31.9 eV (I) by XPS 4, we assigned the 2 Σ u
+ state at

33.52 eV with the intensity 0.04, which is described by (3σg
–13πg1πu

–1). The
IP of this state was overestimated in comparison with experiment. Since
this 2 Σ u

+ state is also weakly bound50, the vibrational progression can ap-
pear in a lower energy region. The UPS experiment also observed a peak at
31.1 eV 14. Two peaks were observed at 33.1 and 34.7 eV in XPS 4 corre-
sponding to the peaks J and K, respectively. The present calculation gave
two 2 Σ g

+ states at 34.12 and 34.71 eV for these peaks. Both of these states
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correspond to (2σg
–1) inner-valence satellites, though the former state in-

volves the Rydberg excitation the latter being accompanied by the π* exci-
tation. In the DES 48, an increase in the intensity was identified in the en-
ergy region 35–36 eV. Accordingly, we calculated a 2Πg state at 34.96 eV
with the small intensity 0.005. In this region of peaks I–K, there is discrep-
ancy between the calculated relative intensities and XPS spectra.

The (2σg
–1) satellite spectrum was observed in the energy region 36–45 eV 3,4.

Since numerous states were calculated, one-to-one assignment of the ob-
served peaks would be difficult, however, we proposed our assignment with
the shake-up states whose intensity was calculated to be larger than 0.002.
Six 2 Σ g

+ states from 36.70 to 38.13 eV (band 5) were assigned to the shoul-
der peak at 37.0 eV observed by XPS 4. The total pole strength of these
states was calculated to be 0.204. Some of these states are mainly character-
ized as three-electron processes involving the π* excitation; the inclusion of
quadruple R-operators was important for describing band 5. Two-electron
processes involving the Rydberg excitations were also found in this region.
The strongest peak was observed at 37.9 eV in the XPS spectrum4. We as-
signed two 2 Σ g

+ states calculated at 38.62 and 38.98 eV (band 6), which are
described by (2σg

–1) and (1πu
–12πu3σg

–1) including the Rydberg excitations.
The total pole strength of these states was calculated to be ≈0.4.

Numerous 2 Σ g
+ , 2Πg,

2 Σ u
+ and 2Πu states were calculated from 39 to 41.4 eV

(band 7) and from 41.5 to 45 eV (band 8) in the higher-energy region
of band 6. The former band 7 was attributed to the shoulder observed at
40.8 eV in the XPS 4. In the DES spectrum52, weak features were observed
around 40 eV; we calculated two 2Πu outer-valence satellites at 39.77 and
40.8 eV with the intensity 0.002. Band 8 was attributed to a weak and
broad band observed at 42.5 eV by XPS 4, which is mainly described as the
two-electron processes involving the Rydberg excitations.

CONCLUSIONS

The outer- and inner-valence ionization spectra of CO and N2 were studied
using the SAC-CI general-R method with flexible basis sets. The SAC-CI
general-R method quite accurately reproduced the experimental spectra of
these molecules and gave the detailed assignment of the satellite peaks.

In both the outer- and inner-valence region, satellite peaks were classified
into the ionization including valence or Rydberg excitations. Our results
show that numerous shake-up states exist with distributed intensities, espe-
cially in the high-energy region, and they constitute several bands that
were not experimentally resolved. This picture was less clear in the previous
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studies. In particular, we calculated the detailed spectrum of the shake-up
states including Rydberg excitations, for which the Rydberg functions should
be included and numerous states should be solved in the calculations.

For CO, we presented the theoretical satellite spectrum up to 50 eV,
which interpreted the nine bands observed by EMS in 20–50 eV and the
eight bands by XPS in 20–34 eV. The first band was assigned to 2Σ+ and 2Π
states for peaks C and D, respectively. For peak E, we calculated no states
with 2Σ+ or 2Π symmetries, but a 2∆ state with tiny intensity. For this peak,
vibrational progressions of other peaks can also contribute. We assigned the
2Π and 2Σ+ states for peaks F and G, respectively, whose assignment has not
been definitive yet. For these peaks, our assignments are consistent with
the DES and UPS spectra48,49. We calculated 2Σ+ satellite states correspond-
ing to peaks I and J. Numerous 2Σ+ and 2Π satellite peaks were obtained in
the higher energy region 34–52 eV and some of them, especially for bands
4, 5, 6 and 7, were predominantly described by triple-electron processes;
the inclusion of quadruple R-operators was important for describing these
states in the SAC-CI general-R method.

For N2, we calculated the spectrum up to 45 eV and interpreted the com-
plicated satellite peaks (C-K) in the energy region 20–35 eV. We assigned
two 2Πg states to the D and E states and supported the assignments of UPS
spectrum14. We calculated three outer-valence satellites for the G, H and I
states, which were reported by recent high-resolution XPS 4. More detailed
analysis of the vibrational states would be necessary for final assignment,
especially for peaks I, J and K. In the higher-energy region 33–45 eV, the
detailed assignments for the (2σg

–1) inner-valence satellites were given. We
found that (2πu

–1) outer-valence satellite states exist in band 7 in agreement
with the DES spectrum52.

Finally, it is further necessary to investigate the vibrational spectrum of
the satellite peaks for complete assignments, especially for the lower energy
region. Theoretical study on vibrational levels of the satellites using the
SAC-CI general-R method is now in progress50.

This study has been supported by the Grant for Creative Scientific Research from the Ministry of
Education, Science, Culture, and Sports of Japan.
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