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Abstract
Shake-up satellite spectra accompanying the C 1s and O 1s photoelectron main lines of formaldehyde were studied by the combination of
high-resolution X-ray photoelectron spectroscopy and accurate ab initio calculations. The symmetry adapted cluster–configuration interaction
(SAC–CI) general-R method finely reproduced the details of the experimental spectra and enabled quantitative assignments for the seven
satellite bands: some were newly interpreted. The shake-up transitions were mainly attributed to the valence excitations accompanying the
inner-shell ionization. The Rydberg excitations were found to be minor. Three-electron processes such as 1s−1 n−2 ∗2 and 1s−1 −2 ∗2 were
predicted in the low-energy region where the valence shake-up states such as 1s−1 n–∗ , –∗ exist.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Shake-up satellites appearing in the inner-shell photoelectron spectra are challenging spectroscopic subject from both
theory and experiment. Theoretically, a proper description
of the satellite spectra is possible only with advanced accurate theoretical methods, since the spectra reflect very complex electron-correlation and orbital-reorganization effects.
Experimentally, weak intensities of the inner-shell photoelectron satellites make high-resolution X-ray photoelectron
spectroscopy (XPS) difficult. Recently, studies of the innershell photoelectron satellites invoked renewal of interest, because significant developments in both high-resolution XPS
and accurate theoretical methods have made us possible to
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obtain precise knowledge and assignments of the satellite
spectra accompanying the inner-shell main lines. This situation has further motivated intensive cooperative researches on
the shake-up states associated with the inner-shell ionization,
from both experimental and theoretical sides.
Inner-shell photoelectron satellite spectra of molecules
were measured extensively around 1970 [1,2]. A spectrum of
formaldehyde was first recorded by Carroll and Thomas [3]
and investigated theoretically by Basch [4] with the ab initio
multi-configuration SCF (MC-SCF) method and by Hillier
and Kendrick with the RHF method [5]. Later, the spectrum
was recorded at higher resolution and the observed band
structures were assigned with the help of the semi-empirical
INDO-CI calculations [6]. The Green’s function method,
algebraic diagrammatic construction (ADC) (4), was also
applied to the calculations of the inner-shell photoelectron
satellite spectrum up to ∼17 eV [7] relative to the inner-shell
main line energy. The result was encouraging for the C
1s photoelectron satellite spectrum, whereas it was not
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sufficient for the O 1s photoelectron satellite spectrum:
the contribution from the 3h2p configurations turned out
to be significant in the latter spectrum. There are still
some discrepancies between theory and experiment and
so the natures of the band structures have not yet been
fully understood. Furthermore, the contributions from the
Rydberg excitations have not been theoretically examined.
Thus, intensive cooperative investigations by high-resolution
XPS and an accurate theoretical method are necessary for
elucidating fine details of the shake-up satellite spectra
accompanying the C 1s and O 1s main line of formaldehyde.
In the present work, the C 1s and O 1s photoelectron
satellite spectra of formaldehyde are measured by means of
high-resolution XPS and analyzed in details by means of the
symmetry adapted cluster (SAC) [8]/SAC-configuration interaction (CI) method [9,10]. This theoretical method has
been established as a reliable and useful tool for investigating
a variety of spectroscopy through many successful applications [11–15]. We use here the SAC–CI general-R method
[16–18], which has been designed to describe multipleelectron processes with high accuracy. This method has been
shown to be useful for clarifying the fine details of the satellite peaks appearing in the valence photoemission spectra
of molecules [19,20]. Recently, we have systematically applied the general-R method to the core-level photoemission
and provided accurate results for the core electron binding energies (CEBEs) of molecules and further the satellite
spectra of CH4 , NH3 [21] and H2 O [22,23]. Formaldehyde
has n–∗ , –∗ and Rydberg excitations accompanying the
inner-shell photoemission and therefore the inner-shell photoelectron satellite spectra are much more characteristic and
complex in contrast to those of CH4 , NH3 and H2 O.

2. Experimental
The experiments were conducted at the c-branch of the soft
X-ray photochemistry experiments beamline 27SU [24] at
SPring-8, the 8 GeV synchrotron radiation facilities in Japan.
The monochromator installed in this beam line is of Hettrick
type and a high-resolution between 10 000 and 20 000 can be
achieved [25,26]. Another notable feature of the beamline is
a figure-8 undulator [27] as a light source, with which we can
perform the angle-resolved electron spectroscopy. This undulator serves a useful function to switch the direction of the
polarization vector from horizontal to vertical, and vice versa,
only by varying the gap of the undulator. The degree of light
polarization was confirmed to be better than 0.98 for both directions by the measurement of the 2s and 2p photoelectrons
of Ne. The electron spectroscopy apparatus of Gamma Data
Scienta makes equipped also on the beamline, consists of a
hemispherical electron analyzer (SES-2002) with a Herzogplate termination and accelerating-retarding multi-element
lens as well as with a gas-cell (GC-50), which are installed
in the differentially pumped chamber [28]. A combination
of this electron spectroscopy apparatus and the state-of-the-

art soft X-ray beamline provides us excellent opportunity of
performing high-resolution XPS [22,23,29,30].
In the present measurements, the C 1s and O 1s photoelectron satellite spectra of formaldehyde were recorded
at photon energies 400 and 650 eV, respectively, with experimental overall resolutions of E = 220 meV at 400 eV
and E = 290 meV at 650 eV, respectively. The formaldehyde
(H2 CO) in its dimerized form, i.e., para-formaldehyde, was
purchased commercially from WAKO, Japan, with a stated
purity of 97%, and was degassed simply by repeated freeze
under the pressure of (∼10−4 Pa) without further purification. The formaldehyde target beam was prepared directly
from the para-formaldehyde by heating a bottle containing
the solid to 50–65 ◦ C. At this temperature, a background pressure of ∼10−4 Pa (uncorrected for the ionization efficiency
of formaldehyde) was measured in the experimental chamber, in which the gas-cell is placed. A plug of glass wool was
placed over the powder in the reservoir to prevent the powder
from dispersing during warming or pumping of the reservoir.
All tubing from the reservoir to the gas-cell were heated to
∼60 ◦ C to prevent condensation and possible polymerization
of the formaldehyde vapor in the inlet lines. Moreover, the
whole electron spectrometer apparatus was kept at ∼65 ◦ C
during the measurement. Assuming equilibrium conditions
apply, the dimer/monomer ratio was estimated to be ≤10−4
under the experimental conditions (∼10−4 Pa H2 CO pressure
and ∼50 ◦ C) and thus the contribution from the dimer could
be neglected.

3. Computational details
We study here the vertical ionization processes and therefore the molecular geometry was fixed to the experimental
one [31]. We used the extensive basis sets to allow the description of the orbital reorganization and electron correlations that are important in the present study; i.e., triple zeta
(VTZ) (10s6p)/[6s3p] Gaussian type orbitals (GTOs) for C
and O [32], augmented with two polarization d-functions
[33], and Rydberg functions [2s2p2d] [34]. For H atom, the
VTZ (6s1p)/[3s1p] set was used. The resultant basis sets were
[8s5p4d/3s1p].
We use the SAC–CI general-R method to describe the C
1s and O 1s core ionization and the shake-up satellite spectra.
We used different sets of R operators for C 1s and O 1s ionizations but the core–hole valence separation approximation
was not adopted. We studied the satellites dominantly described by doubles with considerable contribution of triples
and therefore, we included the R operators up to quadruples
in the general-R calculation. All MOs were included in the
active space to describe core–hole relaxation.
To reduce the computational requirements, the perturbation selection procedure was adopted [35]. Reference functions for selections were chosen from the small-active-space
SDT-CI vectors to guarantee the accuracy, at least, up to the
three-electron processes. The threshold of the linked terms
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Table 1
The dimensions of the selected SAC–CI general-R operators for the K-shell
ionized states of formaldehyde

C 1s hole
O 1s hole

Singles

Doubles

Triples

Quadruples

Total

5
5

317
336

26416
23181

242009
223767

268747
247289

for the ground state was set to λg = 5.0 × 10−6 au and the
unlinked terms were adopted as the products of the important linked terms whose SDCI coefficients were larger than
0.005. For the inner-shell ionized states, the thresholds of
the linked terms, which are doubles and triples, were set
at λe = 5.0 × 10−7 and those of the quadruples were set at
5.0 × 10−5 . The thresholds of the CI coefficients for calculating the unlinked operators in the SAC–CI method were
0.05 and 0.001 for the R and S operators, respectively. The dimensions of the selected SAC–CI linked operators employed
were summarized in Table 1.
The ionization cross-sections were calculated using the
monopole approximation [35] to estimate the relative intensities of the peaks. Both initial- and final-ionic-state correlation
effects were included.
The SAC/SAC–CI calculations were executed with the
Gaussian03 suite of programs [36] with some modifications
for calculating the inner-shell ionization spectra.

4. Results and discussion
4.1. C 1s shake-up satellites
The observed spectrum and the SAC–CI general-R spectrum for the C 1s shake-up satellites are presented in Fig. 1.
Experimentally, seven satellite bands 1–7 are numbered according to Ref. [6]. In the SAC–CI spectrum, the solid vertical
lines indicate the calculated pole strengths: they were convoluted using Gaussians with the FWHM of 1.2 eV. The present
XPS measurement gives high-resolution spectrum which

Fig. 1. C 1s photoelectron satellite spectrum of formaldehyde.
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contains fine peak structures in some bands due to the vibrational progression and/or numerous satellite states, in comparison with the previous one [6]. Lunell et al. [6] reported
both experimental and theoretical spectra of the inner-shell
photoelectron emission of formaldehyde. Their INDO/CI
calculations were, however, not sufficient for the detailed assignments of the bands. Table 2 summarizes the ionization energies relative to the main line, relative monopole intensities,
and SAC–CI main configurations for the C 1s shake-up satellite states of formaldehyde. The CEBE of C 1s main line is
calculated to be 294.30 eV, resulting in reasonable agreement
with the experimental value of 294.47 eV. We have listed only
the states whose relative intensities were larger than 0.0005:
many other states with small intensities were not given.
As seen from Fig. 1, the agreement between theory and
experiment is encouraging, though the intensity of the XPS
does not necessarily agree with the theoretical monopole intensity. The first satellite band 1 was previously assigned to
the shake-up state of the triplet (−1 ∗ ) parentage [5,7]. The
present calculation confirms that the main contribution is
from the triplet (−1 ∗ ) transition, while a fractional contribution from the Rydberg (−1 3p) excitation may not be
negligible. The calculated energy of this state is 6.57 eV, in
fair agreement with the observed value 6.4 eV. The calculated
relative intensity is 0.0168, while the experimental values are
between 0.005 and 0.010 [6]. According to the calculation,
the equilibrium C O bond length of this shake-up state is
larger than that of the ground state [37] and therefore the
fine peak structures observed for this band may be attributed
mostly to the C O vibrational components. Interestingly, the
calculation predicts a band arising from the three-electron
process (n−2 ∗2 ) at 8.55 eV, i.e., on the high-energy side of
band 1. Its intensity is as small as 0.0033. The band is labeled
as band 1 in Fig. 1. It may be possible that this state contributes to some fine peak structures of the band 1 on the highenergy side. Lunell et al. [6] also predicted the satellite band
of this character at 7.25 eV with the intensity of 0.001. Their
assignment was however different: they assigned band 1 to
this three-electron process instead of (−1 ∗ ). The ADC(4)
calculation predicted this doubly excited state at 12.21 eV and
they mentioned this state should be placed lower by 3–4 eV
[7].
The strongest band 2 was previously assigned to the
shake-up state arising from the (−1 ∗ ) transition [5–7].
The present assignment is consistent with the other works.
The calculated energy is, however, 11.11 eV, about 0.5 eV
higher than the measured energy 10.6 eV. The difference is
larger than 0.3 eV, which is usually the maximum deviation
of SAC–CI from experiments. The calculation gives large
relative intensity 0.0528 for this band, in agreement with the
experiment. The fine peak structures observed for this band
are attributed to the vibrational components, as in the case of
band 1. On the high-energy side of this band, a small shoulder structure, labeled as band 3, was observed and previously
assigned to the (n−1 3b2 (∗ )) state [6]. This shoulder structure appears also in the present spectrum, at 12.2 eV. In our

√1 (αβ
2

4.2. O 1s satellite spectrum of formaldehyde
The SAC–CI calculation results in the O 1s CEBE at
539.35 eV, in good agreement with the experimental value
539.48 eV. In Fig. 2, the calculated and observed spectra are
compared and the band numbers are given according to the
previous work [6]. Note that band 7 was missing in the previous experimental spectrum [6]. The present results of the O

Ref. [6].
The spin functions of doubles (iaj) and triples (iajbk) are
a

6
7

5

4

2
3

0
1
1

calculation, two shake-up states dominantly characterized as
(n−1 3b2 (∗ )) are predicted at 12.29 and 13.34 eV, with the
relative intensities of 0.0005 and 0.0034, respectively.
A complex band 4 centered at 16.3 eV is observed. Many
shake-up states are predicted in this energy region, though
their monopole intensities are small. This band is mainly attributed to a mixture of the three-electron process (−2 ∗2 )
and the two-electron process (5a1 ()−1 6a1 (∗ )) accompanying the C 1s ionization. In the region of band 5, we also predict
several shake-up states with small intensities with the characters of (−1 3b2 (∗ )n−1 ∗ ) and (5a1 ()−1 6a1 (∗ )). The calculated energies are 20.55, 20.86, and 21.34 eV, whereas the
calculated intensities are around 0.002. In the energy region
of bands 4 and 5, many shake-up states of the Rydberg excitations such as (n−1 3p) and (n−1 4p) are predicted, although
these transitions have very small intensities.
Band 6 observed at 23.3 eV can be attributed to the
valence(−1 3b2 (∗ )) and Rydberg (−1 3d) mixed transition. The band 7 is characterized as a linear combination
of the valence and Rydberg transitions, (4a1 ()−1 6a1 (∗ ))
and (−1 3d), and the three-electron valence process
(4a1 ()−2 ∗2 ).
Thus, the shake-up satellite bands of the C 1s ionization of
formaldehyde are mostly attributed to the valence excitations
accompanying the core-ionization and the Rydberg excitations are predicted to have small contributions. The present
calculations do not predict any shake-up satellite states with
significant monopole intensities, in the energy region higher
than band 7.

b

27.54
29.19

0.063
0.013

317.77
319.37
0.015
0.014
23.3
25.0

23.3
24.9

0.007
0.005

− βα)α and 21 (αβ − βα)(αβ − βα)α, respectively.

0.0024
0.0020
0.0022
0.0019
0.0115
0.0094
18.07
20.55
20.86
21.34
22.47
24.45
312.37
314.85
315.16
315.64
316.77
318.75
0.007
19.8
22.44

0.011

314.27
0.015
19.9

14.21

0.053

310.77
0.008
16.3

16.3

0.001

11.11
12.29
13.34
16.75
17.79
0.054
0.005
10.50
11.60

Intensity

–
–
0.001
–
–
7.25

305.07
306.67
0.034
0.004
10.7
12.2

10.6
12.2

0.018
0.002

305.41
306.59
307.64
311.05
312.09

0.0528
0.0005
0.0034
0.0036
0.0051

Main configurationsb (|C| > 0.25)
Intensity

0.0
6.57
8.55

1.0000
0.0168
0.0033

E (eV)
IP (eV)

294.30
300.87
302.85

Intensity

1.000
0.005
0.0
6.7
–

E (eV)

1.000
0.010
–

E (eV)

294.47
300.87

E (eV)
Intensity

Experimental

IP (eV)

This work

Experimental
CISD/INDO

Lunell et al.a

0.0
6.4

SAC–CI general-R

0.79 (C 1s−1 ) − 0.29 (−1 * C 1s−1 )
0.72 (C 1s−1 * −1 ) + 0.41 (−1 * C 1s−1 ) + 0.26 (C 1s−1 3p−1 )
0.78 (n−1 * n−1 * C 1s−1 ) + 0.30 (n−1 3pn−1 3b2 (* ) C 1s−1 ) + 0.28
(n−1 3b2 (* )n−1 3p C 1s−1 )
0.66 (−1 * C 1s−1 ) − 0.28 (−1 * −1 * C 1s−1 )
0.71 (C 1s−1 3b2 (* ) n−1 ) + 0.55 (n−1 3b2 (* ) C 1s−1 )
0.46 (n−1 3b2 (* ) C 1s−1 ) − 0.28 (C 1s−1 3b2 (* )n−1 )
0.51 (−1 * −1 * C 1s−1 ) − 0.35 (n−1 * n−1 * C 1s−1 )
0.48 (5a1 ()−1 6a1 (* ) C 1s−1 ) + 0.42 (C 1s−1 6a1 (* ) 5a1 ()−1 ) + 0.29 (C
1s−1 3dn−1 )
0.49 (5a1 ()−1 6a1 (* ) C 1s−1 ) − 0.45 (C 1s−1 3dn−1 ) + 0.37 (C 1s−1 4pn−1 )
0.67 (−1 3b2 (* )n−1 * C 1s−1 ) + 0.57 (−1 3b2 (* ) C 1s−1 * n−1 )
0.31 (n−1 3b2 (* )−1 * C 1s−1 ) + 0.29 (1b2 ()−1 3b2 (* ) C 1s−1 )
0.48 (5a1 ()−1 6a1 (* ) C 1s−1 ) − 0.32(−1 3b2 (* )n−1 * C 1s−1 )
0.38 (1b2 ()−1 3b2 (* ) C 1s−1 ) − 0.31 (C 1s−1 3d−1 ) + 0.25 (−1 * C 1s−1 )
0.30
(C
1s−1 6a1 (* )4a1 ()−1 ) − 0.26
(−1 3d
C
1s−1 ) + 0.24
(4a1 ()−1 * 4a1 ()−1 * C 1s−1 )
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No.

Table 2
Ionization potential (IP) (eV), relative energy to the main line (E) (eV), monopole intensity and main configurations of the C 1s satellite states of formaldehyde
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Fig. 2. O 1s photoelectron satellite spectrum of formaldehyde.

No.

Lunell et al.a

This work

Experimental

CISD/INDO

E (eV)

Intensity

0
1
2

0.0
–
12.2

1.000
–
0.043

3
4

–
–

5

–

6

–

7

–

a
b

SAC–CI general-R

Intensity

IP (eV)

E (eV)

Intensity

IP (eV)

E (eV)

Intensity

Main configurationsb (|C| > 0.25)

–
–
9.62

–
–
0.073

539.48
549.18
551.68

0.0
9.7
12.2

1.000
0.005
0.030

539.35
549.05
551.36

0.0
9.70
12.01

1.0000
0.0181
0.1510

–
–

14.45
17.81

0.007
0.011

554.18
556.88

14.7
17.4

0.003
0.007

554.49
556.55

15.14
17.20

0.0015
0.0181

–

24.51

0.009

559.88

20.4

0.005

559.15

19.80

0.0025

560.64

21.29

0.0033

560.82

21.47

0.0044

0.007

561.25
563.18

21.90
23.83

0.0027
0.0016

0.005

564.49
564.60
564.92

25.14
25.25
25.57

0.0016
0.0072
0.0068

565.16

25.81

0.0017

565.74

26.39

0.0089

566.43

27.08

0.0059

567.28

27.93

0.0030

0.81 (O 1s−1 ) − 0.36 (1b1 −1 * O 1s−1 )
0.79 (O 1s−1 * −1 ) + 0.26 (−1 * −1 * O 1s−1 )
0.77 (−1 * O 1s−1 ) + 0.49 (−1 * O 1s−1 ) − 0.41
(−1 * −1 * O 1s−1 )
0.54 (O 1s−1 3b2 (* )n−1 ) + 0.42 (n−1 * n−1 * O 1s−1 )
0.66 (n−1 3b2 (* ) O 1s−1 ) − 0.38 (n−1 3b2 (* )−1 * O
1s−1 ) − 0.30 (n−1 3b2 (* ) O 1s−1 )
0.32 (O 1s−1 6a1 (* )5a1 ()−1 ) + 0.29 (O
1s−1 6a1 (* )4a1 ()−1 ) − 0.29 (O 1s−1 3b2 (* )n−1 )
0.67 (n−1 * O 1s−1 * n−1 ) + 0.49 (n−1 * −1 3b2 (* ) O
1s−1 ) + 0.33 (5a1 ()−1 6a1 (* ) O 1s−1 )
0.32 (O 1s−1 6a1 (* )5a1 ()−1 ) + 0.32 (O
1s−1 6a1 (* )4a1 ()−1 ) + 0.31(−1 6a1 (* )5a1 ()−1 * O
1s−1 ) + 0.31 (5a1 ()−1 * O 1s−1 6a1 (* )−1 )
0.54 (5a1 ()−1 6a1 (* ) O 1s−1 )
0.31 (−1 3p O 1s−1 ) − 0.28 (O 1s−1 * −1 ) + 0.27
(−1 * −1 3p O 1s−1 )
0.45 (O 1s−1 3p−1 ) − 0.29 (−1 3pO 1s−1 )
0.40 (n−1 3p O 1s−1 )
0.32 (5a1 ()−1 3s O 1s−1 ) − 0.29 (n−1 3pO 1s−1 ) + 0.29 (O
1s−1 3s5a1 ()−1 )
0.38 (4a1 ()−1 6a1 (* ) O 1s−1 ) + 0.26 (O
1s−1 6a1 (* )4a1 ()−1 ) + 0.28 (−1 3pn−1 * O 1s−1 )
0.32 (4a1 ()−1 6a1 (* ) O 1s−1 ) + 0.27 (O
1s−1 6a1 (* )4a1 ()−1 )
0.35 (−1 3b2 (* ) n−1 * O 1s−1 ) + 0.27 (−1 * O
1s−1 ) − 0.26 (O 1s−1 * −1 )
0.34 (5a1 ()−1 4s O 1s−1 ) + 0.29 (O 1s−1 4s5a1 ()−1 )

–

–

E (eV)

Experimental

26.21

26.59

0.005

0.026

Ref. [6].
The spin functions of doubles (iaj) and triples (iajbk) are

563.18

567.48

√1 (αβ
2

23.7

28.0
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Table 3
Ionization potential (IP) (eV), relative energy to the main peak (E) (eV), monopole intensity and main configurations of the O 1s satellite states of formaldehyde

− βα)α and 21 (αβ − βα)(αβ − βα)α, respectively.
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1s ionization are summarized in Table 3. As shown in Fig. 2,
the experimental satellite spectrum is well reproduced by the
SAC–CI calculation for both the peak positions and relative
intensities, even though both of the orbital relaxation and
correlation effect are larger for the O 1s ionization than for
the C 1s ionization. Large deviations of the theoretical values
from the experimental ones were reported for the ADC(4)
calculations because of the significance of these effects [7].
Let us examine each of the seven bands: the assignments
similar to the C 1s satellite spectrum are possible. Band 1
is characteristic because of its very small intensity in comparison with that of C 1s ionization. This band is observed
at 9.7 eV as the shoulder of the strong band 2. The calculated energy is 9.70 eV relative to the main line and the pole
strength is as small as 0.0181, in agreement with the experiment. This band was also calculated by the ADC(4) calculation: the predicted energy was 11.74 eV and the relative pole
strength was 0.0002 [7]. The strongest band 2 is observed at
12.2 eV, while the SAC–CI method predicts the strong peak
at 12.01 eV, in very good agreement with the experiment.
Both bands 1 and 2 are characterized as (−1 ∗ ) transitions
accompanying the O 1s ionization with some contribution of
three-electron process, (−2 ∗2 ) (see Table 3). The observed
bands 1 and 2 have fine peak structures as in the case of the
C 1s ionization; these structures are also attributed to the vibrational progression of the C O stretching mode, since both
states are characterized as a promotion of the  electron to
the anti-bonding * orbital. It should be noted that the threeelectron process, (n−2 ∗2 ), found in this region of the C 1s
ionization is not found in the case of O 1s ionization. For analyzing this feature, the valence MO levels of the C 1s and O
1s ionized states were calculated with the SCF method and
are compared in Fig. 3. The n MO level of the C 1s−1 state
is higher in energy than that of the O 1s−1 state because the
n MO is localized at the oxygen atom. Therefore, the n–*
energy separation is found to be larger in the O 1s ionized
state than in the C 1s ionized state. Therefore, the (n−2 ∗2 )
state exists in the higher energy region in the O 1s spectrum
than in the C 1s spectrum.

Fig. 3. Valence orbital levels of formaldehyde of O 1s−1 (ROHF), C 1s−1
(ROHF), and neutral (RHF).

Band 3 is observed at 14.7 eV. Corresponding shake-up
state would be valence (n−1 3b2 (∗ )) + (n−2 ∗2 ) transition
calculated at 15.14 eV from the shape of the satellite spectrum. Note an interesting mixing of the three-electron process
(n−2 ∗2 ) in this satellite state. The next band 4 was previously assigned to the (n−1 3b2 (∗ )) transition [6]. This band
is observed at 17.4 eV in the present work and the shake-up
state, which is also characterized as (n−1 3b2 (∗ )) transition,
is calculated at 17.20 eV with the large relative pole strength
of 0.0181.
In the region of 19.80–21.90 eV, corresponding to band
5 centered at 20.4 eV, many shake-up states are predicted.
As shown in Table 3, these shake-up states have the characters of the one-electron (5a1 ()−1 6a1 (∗ )) and two-electron
(n−2 ∗2 ) transitions. Band 6 is observed at 23.7 eV and the
SAC–CI calculations attributed it to the shake-up states calculated at 23.83, 25.14, and 25.25 eV. These states are characterized mainly as Rydberg excitations accompanying the
O 1s ionization. In this higher energy region, many shakeup states are calculated, though their intensities are quite
small. Finally, in the energy region higher than ∼27 eV, a
very broad band 7 is observed. This band was not reported
in the previous works. This broad band is interpreted as the
clusters of the shake-up states of small intensities calculated
at 25.57, 25.81, 26.39, 27.08, and 27.93 eV. Their electronic
structures are described in details in Table 3. There are three
type transitions around band 7. The peaks whose energies are
25.57 and 27.93 eV are assigned to Rydberg (5a1 ()−1 3s)
and (5a1 ()−1 4s) transitions, and the peaks at 25.81 and
26.39 eV are assigned to (4a1 ()−1 6a1 (∗ )) transitions, and
the peak at 27.08 eV is assigned to the three-electron process
(−1 3b2 (∗ )n−1 ∗ ).
5. Summary
The C 1s and O 1s satellite spectra of formaldehyde were
measured with the high-resolution X-ray photoelectron spectroscopy. The details of the spectra were theoretically studied
with the SAC–CI general-R method. The general-R method
including triple and quadruple excitation R operators well described the multi-electron processes appearing as the satellite
bands of the inner-shell photoelectron spectra; this theoretical
method turned out to describe well both the orbital reorganizations and electron correlations accompanying the innershell ionizations. The peak positions and intensities of the
satellite peaks were well predicted in comparison with the
previous theoretical calculations.
The detailed assignments were given for the seven satellite
peaks in the C 1s and O 1s ionization spectra and some of them
were new interpretations. The satellite peaks were mainly
attributed to the valence excitations accompanying the coreionizations. The Rydberg excitations turned out to have small
intensities. Many three-electron processes such as n−2 ∗2
and −2 ∗2 were calculated in the low-energy region where
valence shake-up states exist.
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