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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) generaR 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 suttras*tsand 1sim 272 were
predicted in the low-energy region where the valence shake-up states suchraslsmT—m* exist.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction obtain precise knowledge and assignments of the satellite
spectra accompanying the inner-shell main lines. This situa-
Shake-up satellites appearing in the inner-shell photoelec-tion has further motivated intensive cooperative researches on
tron spectra are challenging spectroscopic subject from boththe shake-up states associated with the inner-shell ionization,
theory and experiment. Theoretically, a proper description from both experimental and theoretical sides.
of the satellite spectra is possible only with advanced accu- Inner-shell photoelectron satellite spectra of molecules
rate theoretical methods, since the spectra reflect very com-were measured extensively around 19I,2]. A spectrum of
plex electron-correlation and orbital-reorganization effects. formaldehyde was first recorded by Carroll and Thoii3ds
Experimentally, weak intensities of the inner-shell photo- and investigated theoretically by Bagdh with the ab initio
electron satellites make high-resolution X-ray photoelectron multi-configuration SCF (MC-SCF) method and by Hillier
spectroscopy (XPS) difficult. Recently, studies of the inner- and Kendrick with the RHF methd8]. Later, the spectrum
shell photoelectron satellites invoked renewal of interest, be- was recorded at higher resolution and the observed band
cause significant developments in both high-resolution XPS structures were assigned with the help of the semi-empirical
and accurate theoretical methods have made us possible téNDO-CI calculations[6]. The Green’s function method,
algebraic diagrammatic construction (ADC) (4), was also
* Contribution to the special issue of “Recent Advances and Future apphgd fo the calculations of the mner_She” PhOtoeleCtron
Prospects in Electron Spectroscopy”. satgllltg spectrum up te17 eV[7] relative to the_mner—shell
* Corresponding author. Fax: +81 75 383 2741. main line energy. The result was encouraging for the C
E-mail addresshiroshi@sbchem.kyoto-u.ac.jp (H. Nakatsuji). 1s photoelectron satellite spectrum, whereas it was not

0368-2048/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.elspec.2004.09.011



254 K. Kuramoto et al. / Journal of Electron Spectroscopy and Related Phenomena 142 (2005) 253-259

sufficient for the O 1s photoelectron satellite spectrum: art soft X-ray beamline provides us excellent opportunity of
the contribution from the 3h2p configurations turned out performing high-resolution XPR2,23,29,30]

to be significant in the latter spectrum. There are still In the present measurements, the C 1s and O 1s pho-
some discrepancies between theory and experiment andoelectron satellite spectra of formaldehyde were recorded
so the natures of the band structures have not yet beerat photon energies 400 and 650 eV, respectively, with ex-
fully understood. Furthermore, the contributions from the perimental overall resolutions cRkE=220meV at 400 eV
Rydberg excitations have not been theoretically examined. andAE=290 meV at 650 eV, respectively. The formaldehyde
Thus, intensive cooperative investigations by high-resolution (H2CO) in its dimerized form, i.e para-formaldehyde, was
XPS and an accurate theoretical method are necessary fopurchased commercially from WAKO, Japan, with a stated
elucidating fine details of the shake-up satellite spectra purity of 97%, and was degassed simply by repeated freeze
accompanying the C 1s and O 1s main line of formaldehyde. under the pressure of(L0~* Pa) without further purifica-

In the present work, the C 1s and O 1s photoelectron tion. The formaldehyde target beam was prepared directly
satellite spectra of formaldehyde are measured by means ofrom the para-formaldehyde by heating a bottle containing
high-resolution XPS and analyzed in details by means of the the solid to 50—-65C. At this temperature, a background pres-
symmetry adapted cluster (SA@B]/SAC-configuration in- sure of~10~% Pa (uncorrected for the ionization efficiency
teraction (Cl) method9,10]. This theoretical method has of formaldehyde) was measured in the experimental cham-
been established as a reliable and useful tool for investigatingber, in which the gas-cell is placed. A plug of glass wool was
a variety of spectroscopy through many successful applica- placed over the powder in the reservoir to prevent the powder
tions [11-15] We use here the SAC-CI geneRimethod from dispersing during warming or pumping of the reservoir.
[16-18] which has been designed to describe multiple- All tubing from the reservoir to the gas-cell were heated to
electron processes with high accuracy. This method has been~60°C to prevent condensation and possible polymerization
shown to be useful for clarifying the fine details of the satel- of the formaldehyde vapor in the inlet lines. Moreover, the
lite peaks appearing in the valence photoemission spectrawhole electron spectrometer apparatus was kepté°C
of moleculeq19,20] Recently, we have systematically ap- during the measurement. Assuming equilibrium conditions
plied the generaR method to the core-level photoemission apply, the dimer/monomer ratio was estimated toi®—*
and provided accurate results for the core electron bind- under the experimental conditions10~“ Pa HCO pressure
ing energies (CEBESs) of molecules and further the satellite and~50°C) and thus the contribution from the dimer could
spectra of Ch, NH3 [21] and HO [22,23] Formaldehyde  be neglected.
has n+*, m—™* and Rydberg excitations accompanying the
inner-shell photoemission and therefore the inner-shell pho-
toelectron satellite spectra are much more characteristic and3. Computational details
complex in contrast to those of GH\NHz and HO0.

We study here the vertical ionization processes and there-

fore the molecular geometry was fixed to the experimental

2. Experimental one[31]. We used the extensive basis sets to allow the de-
scription of the orbital reorganization and electron correla-

The experiments were conducted at the c-branch of the softtions that are important in the present study; i.e., triple zeta
X-ray photochemistry experiments beamline 27Rd] at (VTZ) (10s6p)/[6s3p] Gaussian type orbitals (GTOs) for C
SPring-8, the 8 GeV synchrotron radiation facilities in Japan. and O[32], augmented with two polarization d-functions
The monochromator installed in this beam line is of Hettrick [33], and Rydberg functions [2s2p2[84]. For H atom, the
type and a high-resolution between 10 000 and 20 000 can beVTZ (6s1p)/[3s1p] setwas used. The resultant basis sets were
achieved25,26] Another notable feature of the beamline is [8s5p4d/3s1p].

a figure-8 undulatdi27] as a light source, with which we can We use the SAC-CI generBlmethod to describe the C
perform the angle-resolved electron spectroscopy. This un-1sand O 1s core ionization and the shake-up satellite spectra.
dulator serves a useful function to switch the direction of the We used different sets & operators for C 1s and O 1s ion-
polarization vector from horizontal to vertical, and vice versa, izations but the core—hole valence separation approximation
only by varying the gap of the undulator. The degree of light was not adopted. We studied the satellites dominantly de-
polarization was confirmed to be better than 0.98 for both di- scribed by doubles with considerable contribution of triples
rections by the measurement of the 2s and 2p photoelectronsand therefore, we included teoperators up to quadruples

of Ne. The electron spectroscopy apparatus of Gamma Datan the generaR calculation. All MOs were included in the
Scienta makes equipped also on the beamline, consists of active space to describe core—hole relaxation.

hemispherical electron analyzer (SES-2002) with a Herzog-  To reduce the computational requirements, the perturba-
plate termination and accelerating-retarding multi-element tion selection procedure was adop{88]. Reference func-
lens as well as with a gas-cell (GC-50), which are installed tions for selections were chosen from the small-active-space
in the differentially pumped chambg§?8]. A combination SDT-CI vectors to guarantee the accuracy, at least, up to the
of this electron spectroscopy apparatus and the state-of-thethree-electron processes. The threshold of the linked terms
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Table 1
The dimensions of the selected SAC—CI gen&aberators for th&-shell
ionized states of formaldehyde

Singles Doubles Triples Quadruples Total
C 1s hole 5 317 26416 242009 268747
O 1s hole 5 336 23181 223767 247289

for the ground state was set 1g=5.0x 10-%au and the
unlinked terms were adopted as the products of the impor-
tant 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 1e=5.0x 10~ and those of the quadruples were set at
5.0x 10°°. The thresholds of the Cl coefficients for calcu-
lating the unlinked operators in the SAC-CI method were
0.05 and 0.001 for thRandSoperators, respectively. The di-
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contains fine peak structures in some bands due to the vibra-
tional progression and/or numerous satellite states, in com-
parison with the previous or{é]. 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 as-
signments of the bandBable 2summarizes the ionization en-
ergies relative to the main line, relative monopole intensities,
and SAC-CI main configurations for the C 1s shake-up satel-
lite states of formaldehyde. The CEBE of C 1s main line is
alculated 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 fronFig. 1, the agreement between theory and
experiment is encouraging, though the intensity of the XPS

mensions of the selected SAC—CI linked operators employeddoes not necessarily agree with the theoretical monopole in-

were summarized ifable 1

The ionization cross-sections were calculated using the
monopole approximatiof35] to estimate the relative intensi-
ties 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 prograrf&6] 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 genBrgpec-
trum for the C 1s shake-up satellites are presentédgnl

Experimentally, seven satellite bands 1-7 are numbered ac
cording to Ref[6]. Inthe SAC—CI spectrum, the solid vertical

lines indicate the calculated pole strengths: they were convo-

luted using Gaussians with the FWHM of 1.2 eV. The present
XPS measurement gives high-resolution spectrum which
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Fig. 1. C 1s photoelectron satellite spectrum of formaldehyde.

tensity. The first satellite band 1 was previously assigned to
the shake-up state of the triplet (1r*) parentag¢5,7]. The
present calculation confirms that the main contribution is
from the triplet gr—1*) transition, while a fractional con-
tribution from the Rydbergr—13p) 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 0.016]. According to the calculation,
the equilibrium G-O bond length of this shake-up state is
larger than that of the ground stdt&/] and therefore the
fine peak structures observed for this band may be attributed
mostly to the G-O vibrational components. Interestingly, the
calculation predicts a band arising from the three-electron
process (nw*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 1in Fig. 1 It may be possible that this state con-
tributes to some fine peak structures of the band 1 on the high-
energy side. Lunell et aJ6] 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 insteadof {r*). 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(*=*) transition [5—7].
The present assignment is consistent with the other works.
The calculated energy is, however, 11.11eV, about 0.5eV
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 shoul-
der structure, labeled as band 3, was observed and previously
assigned to the (M3by(c*)) state[6]. This shoulder struc-
ture appears also in the present spectrum, at 12.2eV. In our
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Table 2

lonization potential (IP) (eV), relative energy to the main lines) (eV), monopole intensity and main configurations of the C 1s satellite states of formaldehyde

This work

Lunell et al?

SAC-CI general-

CISD/INDO Experimental

Experimental

Main configuratiofig(|C| > 0.25)

Intensity
1.0000

IP (eV) AE (eV)

294.30

Intensity IP (eV) AE (eV) Intensity
294.47 1.000
0.005

AE (eV)

Intensity
1.000
0.010

AE (eV)

0.79 (C 1) — 0.29 ' C 1sD)

o

0
8

C 1s1)+0.30 (m!13pmi3by(c’) C 1s1)+0.28

0.72 (C ' n1)+0.41 1w’ C 1) +0.26 (C 153prY)

0.78 (Mtw'nix"

0.0168
0.0033

&7
8

300.87
302.85

300.87

0.001

5

6.7
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(13by(c")n~13p C 1)

0.66¢1n'C1s!) —0.28 wn' win" Cls?t)

0.0528
0.0005
0.0034
0.0036
0.0051

111
129

16 0.018 305.41
1334

12

0.034 1050 0.054 305.07
1160 0.005

0.004

107
1

0.71 (C 123by(0”) 1) +0.55 (M13hy(0”) C 15°1)

306.59
307.64

0.002

306.67

22

0.46 (N'3by(0”) C 15°1) — 0.28 (C 153by(c")n"Y)

0.51¢ 1w’ w " C1s1)—0.35 (min'n~ix" C1s?)

165
1

1421 0.053 310.77 18 0.001 311.05
312.09

0.008

163

0.48 (5d0) 6a(c”) C 1s1)+0.42 (C 1s'6a(c’) Sa(o) 1)+0.29 (C

1s13dn )

79

0.49 (5d0) 6a(0”) C 1s'1) — 0.45 (C 1s3dnm 1) +0.37 (C 1s14pr )
0.67413by(¢")n1m" C 151 +0.57 r13by(c”) C 15 1m' nL)

0.31 (M'3by(0” )~ 1m" C 15°1) +0.29 (1b(0) 13by(c") C 1s°1)

0.48 (5d0)16a(0”) C 1s'1) — 0.326r 13bp(0” )01 C 1s°1)

0.0024
0.0020
0.0022
0.0019
0.0115
0.0094

1807

312.37

265
2086
2134

2244 0.011 314.27 18 0.007 314.85
315.16

0.015

199

315.64

0.38 (1ifo) 13by(c") C 1) — 0.31 (C 153w 1) +0.25 r—1x" C 1s])

227
245

274 0.063 317.77 23 0.007 316.77
2919 29

0.015

233

1s1)+0.24

C

@13d

136a (0" )4a(0)~1) — 0.26

(c
(4 (o)t day (o) 1w C1sY)

0.30

318.75

0.005

319.37

0.013

0.014
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a Ref.[6].

(aB — Ba)(aB — Ba)a, respectively.

1
2

b The spin functions of doubles) and triples {ajbk) are%(aﬁ — Ba)a and

calculation, two shake-up states dominantly characterized as
(n~13bp(0*)) 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 at-
tributed to a mixture of the three-electron processm*?)
and the two-electron process (5&) 162, (o)) accompany-
ing the C 1sionization. Inthe region of band 5, we also predict
several shake-up states with small intensities with the charac-
ters of r—13by(c*)n~1w*) and (5a(c) ~16a.(c*)). The cal-
culated 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 exci-
tations such as (rt3p) and (m14p) are predicted, although
these transitions have very small intensities.

Band 6 observed at 23.3eV can be attributed to the
valencefr—13b,(c*)) and Rydberg £ 13d) mixed transi-
tion. The band 7 is characterized as a linear combination
of the valence and Rydberg transitions, 1@ 16a;(c*))
and @13d), and the three-electron valence process
(4au(0) 2m*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 excita-
tions 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.

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. InFig. 2 the calculated and observed spectra are
compared and the band numbers are given according to the
previous worl{6]. Note that band 7 was missing in the previ-
ous experimental spectruf]. The present results of the O

Relative energy (eV)
35 3|() 2|5 2|0 1|5 1.0 5 0

SAC-CI

Intensity (a.u.)

aaaa b et Jaa et la sty

570 560 550 540
Energy (¢V)

Fig. 2. O 1s photoelectron satellite spectrum of formaldehyde.



Table 3

lonization potential (IP) (eV), relative energy to the main peak) (eV), monopole intensity and main configurations of the O 1s satellite states of formaldehyde

No. Lunell et al? This work
Experimental CISD/INDO Experimental SAC-CI genelral-
AE (eV) Intensity  AE (eV) Intensity IP(eV) AE(eV) Intensity IP(eV) AE(eV) Intensity Main configuratio®s(|C| > 0.25)
0 00 1.000 - - 53918 00 1.000 53935 00 1.0000 0.81 (0 13')-0.36 (1h w0 1s71)
1 - - - - 54918 97 0.005 54905 970 00181 0.79 (O 1s'w' w1 +0.26 v’ 1n" O 1s1)
2 122 0.043 962 0073 55168 122 0.030 55136 1201 01510 0.77¢ " 01s 1)+ 049 r~In" O 1s1) - 0.41
(wln'wln" 0 1s7Y)
3 - - 1445 0007 55418 147 0.003 55449 1514 00015 0.54 (O 13'3by(¢”")n" 1) +0.42 (Min"'n~1x" O 1s1)
4 - - 1781 0011 55688 174 0.007 55655 1720 00181 0.66 (M13by(c") O 1s71) —0.38 (M13by(c™ ) In" O
1571 - 0.30 (M13p(c") 0 1Y)
5 - - 2451 0009 55988 204 0.005 55915 1980 00025 0.32 (O 135'6a(c")5a (o)1) +0.29 (O
1s 16 (0" Y4a (o)1) — 0.29 (O 1513y (c" )N 1)
560.64 2129 00033 0.67 (Mn" 0 1s 7' n 1)+ 0.49 (Mln' w13k (c™) O
1s1)+0.33 (5a(0) 6a(c") O 1s1)
56082 2147 00044 0.32 (O 135%6a(¢")5a (o)1) +0.32 (O
15 16a (0" Y4a (o)1) +0.316r 16a (0" )5a(0) 1w O
1s1)+0.31 (5a(0) 1" O 1s 16 (0" )w 1)
56125 2190 00027 0.54 (58(c) 16a(c") O 1s71)
6 - - 2621 0005 56318 237 0.007 56318 2383 00016 0316 3p01s1)—0.28 (O 15w 7w 1) +0.27
(v w7 13p 0 1s?)
56449 2514 00016 0.45 (O 13'3pn~1) — 0.29 r—13p0 1s1)
56460 2525 00072 0.40 (M'3p O 1sY)
7 - - 2659 0026 56748 280 0.005 56492 2557 00068 0.32 (58(0) 135 0 1s1) —0.29 (m13p0 1s1)+0.29 (O
1s13s53(0) 1)
56516 2581 00017 0.38 (4&(0) 163 (c") O 1s1)+0.26 (O
1s 16a (0" )4ay(0)~1) +0.28 r13pmin” O 1s71)
56574 2639 00089 0.32 (48(0) 163 (c") O 1s1)+0.27 (O
1s t6a(c”)4a(0) ™)
56643 2708 00059 0.35¢ 13p(c") n~in" 0 1s1)+0.27 ¢ 1n" O
1s1-0.26 (0 1sla'n 1)
567.28 2793 00030 0.34 (58(0)'4s O 1s1) +0.29 (O 15'4s53(0)~Y)
a Ref.[6].

b The spin functions of doubles) and triples {ajbk) are%(aﬂ — Ba)a and%(aﬂ — Ba)(af — Ba)a, respectively.
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1s ionization are summarized Tiable 3 As shown inFig. 2, Band 3 is observed at 14.7 eV. Corresponding shake-up
the experimental satellite spectrum is well reproduced by the state would be valence (A3by(c*)) + (n~2%*2) transition
SAC-CI calculation for both the peak positions and relative calculated at 15.14 eV from the shape of the satellite spec-
intensities, even though both of the orbital relaxation and trum. Note an interesting mixing of the three-electron process
correlation effect are larger for the O 1s ionization than for (n~2m*?) in this satellite state. The next band 4 was previ-
the C 1s ionization. Large deviations of the theoretical values ously assigned to the (#3bp(c™*)) transition[6]. This band
from the experimental ones were reported for the ADC(4) is observed at 17.4 eV in the present work and the shake-up
calculations because of the significance of these effétts state, which is also characterized as{Bb,(c*)) transition,

Let us examine each of the seven bands: the assignmentss calculated at 17.20 eV with the large relative pole strength
similar to the C 1s satellite spectrum are possible. Band 1 of 0.0181.
is characteristic because of its very small intensity in com-  In the region of 19.80-21.90eV, corresponding to band
parison with that of C 1s ionization. This band is observed 5 centered at 20.4 eV, many shake-up states are predicted.
at 9.7 eV as the shoulder of the strong band 2. The calcu-As shown inTable 3 these shake-up states have the charac-
lated energy is 9.70 eV relative to the main line and the pole ters of the one-electron (@) 16a (c*)) and two-electron
strength is as small as 0.0181, in agreement with the experi-(n—27*2) transitions. Band 6 is observed at 23.7 eV and the
ment. This band was also calculated by the ADC(4) calcula- SAC—CI calculations attributed it to the shake-up states cal-
tion: the predicted energy was 11.74 eV and the relative pole culated at 23.83, 25.14, and 25.25 eV. These states are char-
strength was 0.000Z]. The strongest band 2 is observed at acterized mainly as Rydberg excitations accompanying the
12.2 eV, while the SAC-CI method predicts the strong peak O 1s ionization. In this higher energy region, many shake-
at 12.01eV, in very good agreement with the experiment. up states are calculated, though their intensities are quite
Both bands 1 and 2 are characterizedwas'r*) transitions small. Finally, in the energy region higher thar27 eV, a
accompanying the O 1s ionization with some contribution of very broad band 7 is observed. This band was not reported
three-electron processy(?m*?) (seeTable 3. The observed  in the previous works. This broad band is interpreted as the
bands 1 and 2 have fine peak structures as in the case of thelusters of the shake-up states of small intensities calculated
C 1sionization; these structures are also attributed to the vi-at 25.57, 25.81, 26.39, 27.08, and 27.93 eV. Their electronic
brational progression of the-© stretching mode, since both  structures are described in detailsTatble 3 There are three
states are characterized as a promotion ofrthedectron to type transitions around band 7. The peaks whose energies are
the anti-bondingr" orbital. It should be noted that the three- 25.57 and 27.93eV are assigned to Rydberg ((9a'3s)
electron process, (#1*2), found in this region of the C 1s  and (5a(c)~14s) transitions, and the peaks at 25.81 and
ionization is not found in the case of O 1s ionization. For an- 26.39 eV are assigned to (4e) 16a.(c™*)) transitions, and
alyzing this feature, the valence MO levels of the C 1s and O the peak at 27.08 eV is assigned to the three-electron process
1s ionized states were calculated with th6CF method and ~ (mw~13bp(o*)n~1ar*).
are compared iffig. 3. The n MO level of the C 13! state
is higher in energy than that of the OIsstate because the
n MO is localized at the oxygen atom. Therefore, theeh— 5. Summary
energy separation is found to be larger in the O 1s ionized

state than in the C 1s ionized state. Therefore, thé+i¥) The C 1s and O 1s satellite spectra of formaldehyde were
state exists in the higher energy region in the O 1s spectrummeasured with the high-resolution X-ray photoelectron spec-
than in the C 1s spectrum. troscopy. The details of the spectra were theoretically studied

with the SAC—CI generaR method. The generd&-method
including triple and quadruple excitati®operators well de-

0.5 , 7a, scribed the multi-electron processes appearing as the satellite

] 3o bands of the inner-shell photpelectron spectra,; thi_s theoretical
] 2b,(7%) method turned out to describe well both the orbital reorga-

007 nizations and electron correlations accompanying the inner-

;S shell ionizations. The peak positions and intensities of the

& b satellite peaks were well predicted in comparison with the

57057 — ;‘;?g; previous theoretical calculations.

i&‘ — Ibo) The detailed assignments were given for the seven satellite

(@]

peaksinthe C 1sand O 1sionization spectraand some of them
were new interpretations. The satellite peaks were mainly
attributed to the valence excitations accompanying the core-
] ionizations. The Rydberg excitations turned out to have small
-L5 intensities. Many three-electron processes such &sr'ff

—2,_%2 i . i
Fig. 3. Valence orbital levels of formaldehyde of O-3{ROHF), C 151 andm—“m** were CalCU|ated_m the low energy region where
(ROHF), and neutral (RHF). valence shake-up states exist.

Ols Cls’ neutral
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