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Molecular core ionization spectra and their satellites were studied by the symmetry adapted cluster—
configuration interactiotSAC-CI) generalR method. The core-electron binding energies of C, N,

O, and F atoms of 22 molecules were calculated with an average deviation of 0.11 eV from the
experimental values. The energy splittings betwéesshell gerade and ungerade states were
calculated and discussed in relation to the bond length. The satellite spectra of the C 1s and N 1s
core ionizations of methane and ammonia were investigated. The SAC-CI génerethod gave

many shake-up states with moderate intensities, reproducing the general feature of the experimental
spectra, and thus enabling the detailed understanding and assignments of the core-electron
ionization spectra. €2005 American Institute of Physic§DOI: 10.1063/1.1824899

I. INTRODUCTION scribe the satellite peaks associated with the core-electron
ionizations, which are basically due to two-electron pro-
Core-electron ionization spectra contain the informationcesses.
not only about inner-core electrons but also valence electrons  The experimental studies of the satellites of the core-

and chemical bonds. Extensive experimental studies hav@ectron ionizations have been performed with some help of
given core-electron binding energi€SEBE) of numerous  iheoretical calculations. Crebet al® observed the satellite

. Q 1 : ;
molecules: Siegbahgt al. sumrganzed the CEBE data in gnecira of the core-electron ionizations of methane, ammo-
%_?]69 snd B?kke,l C'?eg, ﬁ“‘?‘ J Ilgzollectﬁd therln. n I?989- nia, and water, and assigned them with the-SW (SW:

ey have also clarified the important chemical imp Icatlonsscattered-wav)et:alcuIations. Moncrieféet al® performed the

involved in the CEBE data. Recent development of the hlgh%DCI calculations for studying the satellite peaks of these

resolution soft x-ray photoelectron spectroscopy has enable

. . L n?olecules, but there were some discrepancies between the
the accurate and detailed experimental characterizations ?heoretical and experimental data. and the assianments of
the core-electron ionization processes. P ’ 9

In the theoretical calculations of CEBRSCF (self-  SOMe peaks were still controversial. Then, theoretical studies

consistent fieldmethod has been used most frequently, but i?25€d on a reliable method with flexible basis sets are nec-
usually underestimates the CEBE. Deutsch and Cériss  €SS&ry for the final assignment of these peaks.

vestigated the CEBE of GH NH;, H,O, and HF by the The SAC (symmetry adapted clust@/SAC-CI (SAC-
ASCF method using various basis sets and showed that t§@nfiguration interactionmethod~** has been well estab-
ASCF method with sufficiently large basis set uniformly un-lished as a useful method for studying molecular spectros-
derestimated the CEBE. The density functional thg@T)  Copy in generat®*" For ordinary single-electron excitation

is also useful for estimating the CEBE. Slater introduced thétnd ionization processes, we use SAC-Cl(Sigles and
transition-state methddand Williams, deGroot, and Som- double3-R method, but for multiple-electron processes such
mers proposed the generalized transition-state methodas those involved in shake-up satellite peaks, the SD-R
Chong performed extensive calculations of CEBE by the unmethod is sometimes insufficient and the SAC-CI genBral-
restricted generalized transition-stai@GTS method, and method® ?’has been shown to be a powerful tool. With the
the average deviation of the calculated values from the exgeneralR method, we could accurately calculate multiple
perimental ones for over 50 molecules was 0.23-€Mow-  electron processes and a large number of states appearing in
ever, the density functional method can describe only oneparticular in the inner-valence region of the ionization
electron processes and, therefore, is suitable only for thgpectr'?? Through a series of recent applicatidisthe
main peaks of the core-electron ionizations; it cannot degac-c| generaR method has been established as a useful
tool for describing fine details of the valence ionizations and
dFax: +81-75-383-2741. Electronic mail: hiroshi@sbchem.kyoto-u.ac.jp their satellite spectra. In the present study, we will show that
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he method is also useful to describe both the main and safABLE I. Calculated and observed CEBEV) of CH,, NHz, H,0O, and

ellite peaks in the core-ionization spectra of molecules. HF.
SACISAC-CI  Expf2  ASCP  DFT®
Il. COMPUTATIONAL DETAILS CHy (C1s™h) 290.63 290.80  290.97  290.92
NH; (N 1s7%) 405.50 405.60 40536  405.83
In this study, we examine vertical core-ionization pro- H,0 (0 1s™%) 539.87 539.88 539.21  540.05
cesses, and so the molecular geometries used were the e (F1s™9) 694.00 694.22  693.28  694.28

perimental ones for the ground stata&he molecules studied Average discrepancy 013 - 051 015

were C'H,, N*H;, H,O*, HF*, CiHg, CsH,, CiH,, aReference 2.
C*H3Cl, HC*N, C*HsF, C*H,Cl,, HC*ONH,, H,C*O,  ‘Reference 3.
C*O, C*HyF,, C*O,, N5 H,, HCN*, HCON“H,, CICN*,  ‘Reference 7.
N3H,, N*NO, N5, CIN*O, and NN O, where the asterisk
d_e3|gnates the atom whose_ls electron |0n|za_t|on was NV tellite spectrum, the threshold of the linked doubles and
tigated. We chose the basis sets to be flexible enough tto. -
) ) o ~ Triples were set to 5010 " a.u. and that of the quadruples
describe orbital reorganizations and electron correlations.

. . ) Was set to 5.810 ° a.u. The 60 reference states were
The valence triple zet#VTZ), Gaussian type orbitals of adopted for the perturbation selection and, therefore, the
Ahlrichs?* (10s6p)/[6s3p], and (129p)/[8s5p] were ’ ’

. . threshold dependence of the results should be small. The
used for the first-row atoms and Cl atom, respectively, AU resholds of the CI coefficients for calculating the unlinked
mented with the two polarizatiod functiong® and the Ryd- 9

. L . operators in the SAC-CI method were 0.05 and 0.0 forRhe
berg functions[2s2p2d] for main line calculations, and )
: ) and S operators, respectively. The threshold dependence of
[4s4p4d] for the calculations of the shake-up satellit@s. : . . _
o . _the results was examined for the low-lying satellites of,CH
For the atoms, whoseslelectron was ionized, these basis

. : the difference was as small a&E=0.03 eV.

sets were further_augment_ed by the_ first denvaﬁ?/_é%o_f lonization cross sections were calculated using the
:]ned ttrr]]feasn ng“gg;a:gﬁg gfe?ﬁgsbilézteroE(S)Ialrtlzzlt;%ns monopole approximatich to estimate the relative intensities

. 9 . o y of the peaks. Both initial-state and final-ionic-state correla-
describes the orbital reorganization due to the core—electroHonS were included
i At 9,30 . _ : .
|9n|zat|onsz. We also addeq twes- and p-type func. The SAC/SAC-CI calculations were executed with the
tions [2s2p] for the calculations of shake-up sateliites GAUSSIANO3 suite of program® with some modifications for
[5(C)=0.257 462 7_’ 0.064 365 67_5¥P(C): 0.201 695 08; calculating inner-shell ionization spectra.
0.05042377, ag(N)=0.358 794 28; 0.089698 57¢,(N)
=0.285902626; 0.071 475 656 5These were important to
describe the valence orbital reorganization induced by thdl- CEBE OF CH,, NH5, H,O, AND HF
core-electron ionizations. However, these extensive basis Fjrst, the CEBE of Cl, NHs, H,0, and HF are studied

sets for the shake-up states had only a small effect on thgy the SAC-CI generaR method. The calculated values
CEBE and therefore, they were not included in the calculayere presented in Table | along with the experimental

tions of CEBE. For H atom, the VTZ @p)/[3slp] set  yajued and other theoretical resufté.The calculated CEBE
was used. The resultant basis sets for main line calculationgs CH, (C1s™ 1), NH; (N1s71), H,0 (0 1s7Y), and HF
were [8s8p4d] for the atoms whose slelectron was ion-  (F 15~1) were 290.63, 405.50, 539.87, and 694.00 eV, re-
ized, and 8s5p4d/10s7p4d/3slp] for other atoms. For the  gpectively, in excellent agreement with the experimental val-
calculations of the shake-up satellites, we ugEZ512p6d]  yes of 290.80, 405.60, 539.88, and 694.22 eV. The relativis-
set for C and N atoms. tic effects for these molecules were reported to be quite
For the calculations of CEBE, thR operators up t0 gmall/ j.e., less than 0.1 eV, except for HF molecule. The
triples were included; these higher-order operators are NeGverage absolute deviation of these four CEBE by the
essary for describing orbital relaxations as well as eIectror@eneraR method was smalf0.13 e\} in comparison with

correlations. Furthermore, the satellite states in the presefose of theASCF (Ref. 3 and DFT(Ref. 7) methods, 0.51
energy region are described mainly by the two-electron prognq 0.15 eV, respectively.

cesses with considerable contributions of triples, and, there-
fore, to provide reliable theoretical sp_ec'Fra, we have mcIude(N C 1S CEBE
the R operators up to quadruple excitations.

In the SAC-CI calculations, all the MO@nolecular or- The present method was systematically applied to the
bitals) were included in the active space. To reduce the com€ 1s ionizations of 13 molecules and the chemical shift of
putational effort, perturbation selectfSrwas performed in the CEBE was investigated. The results are summarized in
the state-selection scheme. The threshold of the linked termBable Il in comparison with the experimental values. Figure
for the ground state was set kg =1.0X 10 % a.u. The un- 1 shows a comparison between the present theoretical and
linked terms were adopted as the products of the importargéxperimental values. The GI1CEBE of these molecules
linked terms whose SDCI coefficients were larger thanrange from 290.6 to 297.7 eV. Our method reproduced these
0.005. To calculate the CEBE, the thresholds of the linkedCEBE quite accurately, and hence the chemical shifts of
doubles and triples terms were setig=1.0x 10 7 a.u. for  these molecules. In general, the CEBE is shifted higher when
the core-electron ionized states. For the calculation of théhe adjacent atom is electron withdrawing. The average ab-
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TABLE Il. Calculated and observed G EBE (eV) of 13 molecules. TABLE lll. Energy splitting between gerade and ungerade core-hole states.
Molecules SAC/SAC-CI Expt. Re_c or Ry_n Agy (8V) Expt. (eV)

C,Hs 290.759290.76 290.60 C,H, 1.203 0.08 0.105

CoH, 290.80°290.85 290.79 C, 1.243 0.03 e

CH, 290.63 290.80,290.71 C,H, 1.330 0.02

C,H, 291.19%291.28 291.17 C,Hg 1.522 0.01

CH,ClI 292,51 292.40 N, 1.098 0.09 0.097

HCN 293.61 293.50 N,H, 1.252 0.02 e

CH;F 293.68 293.65 N,H, 1.450 0.01

CH,Cl, 294.05 294.00

HCONH, 294.42 294.45 *Reference 34.

H,CO 294.43 294.47 *Reference 35.

co 296.27 296.19

CH,F, 296.25 296.40

Co, 297.96 297.66 V.N 1S CEBE

Average discrepancy 0.09 We summarized in Table IV the Ns1CEBE of nine
aReference 2. ‘Gerade state. molecules and the correspondence between theory and ex-
PUngerade state. ‘Reference 8. periment is shown in Fig. 2. The experimental value of

CEBE for N,H, was not reported, but, it was calculated for
the K-shell gerade and ungerade energy splitting. FeON

the N 1s CEBE of the central and edge N atoms were calcu-

solute deviation for these 13 molecules was 0.09 eV, whil§aiaq The N 8 CEBE range from 405.5 to 412.6 eV for
that of the uGTS model of the DFT method by Chong wasihese molecules with the chemical shift depending on the

'/
also small, 0.16 eV. S , electron negativity of the adjacent atom as in the case of
The chemical shift of the Cslionization has been inves- C 1s CEBE. The SAC-CI calculated the CEBE of these mol-
tigated by several authors. Levetal. studied fluo-  gcyjes very accurately: the average absolute deviation from

romethanes and found that the electron correlations Werg e experimental values was 0.11 eV in comparison with that
very important for reproducing the chemical shiftdn our of the DFT method. 0.26 eV.

results, the chemical shifts of GH and CHF, relative to For molecules containing two N atomsy, NN,H,, and

CH4 Were_calculated to be 3.0_5 and 5.62 _eV, respectiverN2H4’ we also calculated the energy splitting., between

which are in good agreement with the experimental values ok _she|| gerade and ungerade states. As shown in Table Il

2.94 and 5.69 eV, respectivety. the relationship between thk, , values and the N-N bond
For GHa, G, CH,, and GHeg, we calculated the |ongihs for these molecules is the same as the molecules with

K-shell gerade and ungerade states and estimated the eneigy carbon atoms. The energy splitting fogt, and NH,

splitting Ag.,. This splitting in the core-ionized states have \yare as small as 0.02 and 0.01 eV. respecﬁvely. Xhe

been intensively discussed, and recently, the energy separgsj e of N, was calculated to be 0.09 eV in agreement with

tions were observed for £,>* and N,.% In the present the experimental value of 0.097 &¥.
study, we calculated thay_, for C;H,, C,, CH4, and

C,Hg to see _its relationship with the C—C bond Iength. Th?VI. SATELLITE PEAKS OF C 1 S IONIZATION OF CH,
energy splittings of these molecules were summarized in

Table IIl. For GH,, C,, C,H,, and GHg, the calculated Creber, Tse, and BancrBfbbserved the core-electron
expected from a simple MO picture. The, , value calcu- Xa—SW calculations for th_e assignment of the ES(E_\Aec-
lated for GH, was 0.08 eV in comparison with the experi- tron spectroscopy for chemical analysipectrum. Their cal-
mental result of 0.105 e%#

TABLE IV. Calculated and observed NsICEBE (eV) of nine molecules.

Molecules SAC/SAC-CI Expt.
300
NH, 405.50 405.60
- L N,H, 405.89%405.96 406.1
HCN 406.35 406.36
S 96, Bl g ez HCONH, 406.41 406.39
i) CICN 406.51 406.45
g crcl, o HCO N,H, 408.65°408.67 e
O 2947 oty HCONE, NNO 408.88 408.66
= cricl N, 409.76°409.85 409.83
292+ CINO 411.20 411.48
Wi NNO 412.79 412.57
290 Lt . T T Average discrepancy 0.11
200 292 294 296 298 300
Exptl. (eV) “Reference 2.
bUngerade state.
FIG. 1. C .k CEBE: SAC-CI vs Experiments. ‘Gerade state.
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413 o ® Creber, Tse, and Bancroft assigned the first satellite peak to
the shake-up state of thet(1'3s) transition® However, this
4114 * o state is?T,, which has no final-state interaction with the
(1a™ 1) state and, therefore, it should have a negligible in-
z 170 M tensity. We assigned this peak to the shake-up state of the
5 4097 . (1t, *3p) transition calculated at 15.13 eV in comparison
g' with the experimental value of 15.66 eV. The relative pole
“ 407500 strength was calculated to be 0.008, which was smaller than
oy the experimental relative peak area of 0°0khe SDCI work
ME; of Moncrieff et al. calculated this state at 16.6 eV with very
%5 a7 4w al a1 small intensity’
Exptl (eV) The strongest satellite peak 2 was assigned to the

shake-up state characterized by the,(Bp) transition®®
This peak was found to be composed of several split peaks
owing to the strong electron correlation effects. All of these

culations gave, however, much lower values in comparisofhake-up states were described mainly by ttg tap) tran-
with the experimental ones, especially in the higher energy!tions in agreement with the previous assignment. The total
region. Moncrieffet al® used the SDCI method to calculate POl€ strength was calculated to be 0.070, which was close to
the C X shake-up satellites of CH f[he experl_mental value of 0.f0rhe calculated relatl\_/e bind-

We have used in the present study the SAC-CI gerRral- INd energies of these states, th_e strongest one being at 19.01
method in which theR operators up to quadruples are in- eV, were larger than the experimental value of 18.91 eV.
cluded and the results are given in Fig. 3 to compare with the ~Between the two strong peaks 2 and 4, a weak peak 3
experimental satellite spectrérof the K-shell ionization of ~Was observed. We might assign this peak to be composed of
CH,. In the theoretical spectrum, the calculated monopoldh® many shake-up states characterized as the excitations to
intensities were shown by the solid vertical lines and convohe Rydberg 3d and 4p orbitals accompanying thes @h-
luted with the Gaussian envelopes using the FWHKMI ization. Thgse shake-up satellites were distributed in a broad
width at half maximum of 2.4 eV. Table V summarizes the €Nergy region from 21.82 to 25.59 eV. Creber, Tse, and
IPs, monopole intensities and the main configurations of th&ancroff calculated the Cd satellite spectrum without in-
satellite peaks of Ciiwhose relative intensities were larger cluding thed-type Rydberg basis functions and concluded
than 0.001. We note that many other states with negligiblidhat these peaks were assigned to the, {ap) transitions.
intensities existed in this energy region, though they were noYVe calculated (i, “3d) and (1, “4p) transitions at 21.82
listed here. Five remarkable satellite bands were identified bnd 22.49 eV, respectively, and assigned these transitions to
the ESCA experimefiand the peak numbers 1-5 were citegthis peak 3, though the intensity of thet§f3d) transition
from their work. In the following discussions, the peak po-Was evaluated to be small. The total pole strength of these
sitions are given relative to the main peakagl ' state shake-up states was 0.011 in comparison Wlth the experimen-
since the previous experimental and theoretical witkiid tal peak area of 0.02. The SDCI calculations also gave the
in that manner. We note, however, that our results are cormshake-up states in this energy region, though their intensities
parable with the experimental values in their absolute valuesVere very smgl?.

As shown in Fig. 3, the theoretical spectrum roughly N the region of the broad peak 4, we calculated several

reproduces the shape of the observed sateliite spectruilake-up states. The two prominent peaks calculated in this
energy region were attributed to theg2 3s) transitions
calculated at 26.22 and 28.02 eV and both peaks had rela-
Relative Energy (eV) tively large intensities of 0.022 and 0.016, respectively. The
0102030 40 experimental peak also had a large intensity with the relative
(a) area of 0.10(Ref. & and Creber, Tse, and Bancroft also
assigned this peak as thee(i213s) transition. Finally, peak 5
was assigned to the 62 '4s) transitions whose IPs were
calculated at 31.29, 33.68, and 35.71 eV, while the experi-
mental peak was centered at 34.83 eV. Kee SW calcula-
tion estimated this state at 29.65 &While the CISD calcu-
lated two candidates at 32.0 and 36.8 eV with very small
intensities’
The present calculations did not give the shake-up states
: with considerable intensities in the energy region higher than
peak 5.

FIG. 2. N 1s CEBE: SAC-CI vs experiments.

Intensity (a.u.)

(LS ERZRE AR RAARA ERAERN RELAZERERY EACESRAREN LAY
290 300 310 320 330
Energy (eV) VII. N 1S SATELLITE SPECTRUM OF NH,

FIG. 3. C & ionization and its satellite spectrum of GHly (a) SAC-CI Finally, we d?SCU_SS the satellite spec_trum of the N 1
generalR method andb) ESCA (Ref. 8. core-electron ionization of N The satellite spectrum of
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TABLE V. lonization potential(IP) (eV), monopole intensity, and main configurations of thesGdhization and its satellite states of ¢idalculated by the

SAC-CI generaR method.

Expt? Theory SAC-CI generaR
IP  AE® Xa-SWe  CISDP IP AE®
No. (eV) (eV) Intensity AE®(eV) AE®(eV) (eV) (eV) Intensity Main configurations|C|>0.2)*
0 290.7 0.0 1.000 290.80 0.00  1.000 0.83(l1a;')—0.21(1t,*3pla;)—0.21(1t, *3pla;?)
—0.21(1t, *3p1a; Y
1 3064 15.66 0.04 1523 (16.6 305.93 1513 0.008 0.42(la;'3pit, ) +0.42(1a; 3plt, ) +0.42(1a; *3pit, )
(16.59
2 309.6 1891  0.10 17.79 19.8 309.81 19.01 0.049 0.35(1t,'3pla;*)+0.35(1, *3pla; ) +0.35(1, *3pla; )
19.9 —0.25(1a; '3p1t, 1) —0.25(1a; *3plt, 1) —0.25(1a; *3pit, b
31099 20.19 0.021 0.42(1a; '3pit,})+0.42(1a; *3plt, t)+0.42(1a; *3pit, h)
+0.35(1t, *3pla; 1) +0.35(1t, *3pla; 1) +0.35(1t, *3pla; t)
3 3127 22.01  0.02 18.40 312.62 21.82 0.010 0.29(1t,'3d1a;*)+0.28(1a; *3d1t, *)—0.25(1t, *3pla; b)
+0.24(1t, 3p1a; Y
313.29 2249 0.001 0.35(1a; *4pit,')—0.27(1t, *4pla; 1) +0.27(1a; Y4plt, h)
—0.20(1t, *4pla;h)
4 317.6 26.89  0.10 23.35 27.1  317.02 26.22  0.022.33(l1a; *3s2a;*)—0.28(1a; 3s2a; ') —0.26(2a; *4sla;*
295  318.82 28.02 0.016 0.48(2a; '3sla;l)—0.48(la; *3sla;’)+0.45(1a; *4s2a;h)
322.09 31.29 0.008 0.33(la;4s2a;')—0.25(2a; '3sla; })—0.25(2a; *4sla; )

5 3255 34.84 0.05 29.65 (32.0 324.48 33.68

(36.9
32651 35.71

+0.22(1a; '3s2a; *

0.004 0.51(1a;'4s2a;?)+0.47(2a; *4sla; t)+0.44(2a; '3s1a; )
+0.35(1a; '3s2a; %)

0.001 0.51(2a; ‘4sla;')+0.51(1a; *4s2a;t)
—0.47(2a; '3s1a; 1) —0.47(1a; *4s2a; t)

“Reference 8.
PReference 9.
‘AE means relative energy to a_’{l) state.

NH; lies in a broader energy region than that of CHince
the t,—t, transition in CH splits intoa;—a; and e—e

in the ESCA worl& the peak numbers 1—4 were used and the
energies were shown again relative to the IP of thesN 1

transitions in NH.® The ESCA spectrum observed by main peak.

Creber, Tse, and Bancroft showed such fedtuaed the
CISD calculations by Moncriefét al. also gave such distrib-
uted peaks.In Fig. 4, the N & satellite spectrum of N

The first small peak 1 was observed at 11.02 &Vthis
energy region, the shake-up states 0&1@35) transition
were calculated at 10.46 and 12.34 eV. We attribute these

calculated by the SAC-CI method is compared with thestates to the peak 1. For GHthese states correspond to the
ESCA spectrunfi.The calculated pole strengths shown by thesymmetry-forbidderf T, state. This assignment is consistent
solid vertical lines were convoluted with Gaussians using thevith the earlier one by the ESCA anda-SW works®
FWHM of 2.4 eV. The IPs, monopole intensities, and thethough theXa-SW method calculated this peak in the higher
main configurations of the satellite peaks whose relative inenergy at 14.29 eV. In the work of UHFunrestricted
tensities were larger than 0.001 were listed in Table VI andqartree—Fock calculation®® the peaks below 15 eV were
many other states with smaller intensities were not given. Assssigned as due to the inelastic scattering, but, the SDCI

Relative Energy (eV)

5 o .5 o e o s
(a)

Intensity (a.u.)

L L B B B B R

400 410 420 430 440 450
Energy (eV)

FIG. 4. N Is ionization and its satellite spectrum of NHby (a) SAC-CI
generalR method andb) ESCA (Ref. 8.

calculatior gave a shake-up state at about 14 eV. Since we
do not include the inelastic scattering in the present calcula-
tions, we cannot exclude the contribution of inelastic scatter-
ing for the peak 1.

To examine the low-lying shake-up states, we also cal-
culated the O 4 satellite spectra of D. The first satellite
peak of HO was observed at 16.7 eV’ We calculated the
shake-up states at 16.84 and 18.75 eV and assigned these
states to this first peak. We did not obtain the shake-up states
in the energy region lower than 16 eV, where other experi-
ments observed the inelastic scatteribdSThus, the assign-
ment of the low-lying satellite states of these three molecules
has been confirmed: the satellite peaks of;Nist from the
low energy region compared with those of £ldnd HO
because of the lower symmetry and nuclear charge. The de-
tailed SAC-CI results of the entire Gslspectrum of HO
will be reported elsewhere in the literature.

For the peak 2 observed at 17.22 eV in the shoulder of
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TABLE VI. lonization potential(IP) (eV), monopole intensity, and main configurations of thedNdnization and its satellite states of Nidalculated by the
SAC-CI generaR method.

Expt? Theory SAC-CI generaR
IP  AE® Xa-SW8  CISDP IP AE®
No. (eV) (eV) Intensity AE®(eV) AE°(eV) (eV) (eV) Intensity Main configurations|C|>0.2)*
0 4056 0.0 1.00 405.45 0.00 1.000 0.84(1a;)—0.20(1e *3pla;*)—0.20(le"*3pla;?)
1 416.6 11.02  0.03 14.29 41591 10.46  0.003 0.30(3; *4a,(0*)1a;')—0.28(1a; '3s3a; )
417.79 1234  0.002 0.55(1a; *4a;(0*)3a; ') +0.53(%; *4a,(0*)1a;h)
2 4228 1722  0.02 17.38 17.2 420.69 1524  0.01®.43(1a; '3p3a;*)—0.34(3; '3pla; h)

42270 1725  0.012 0.45(1a; '3ple~!)+0.45(1a; ‘3ple 1) +0.45(le *2ela; t)
+0.45(1e"*3pla; %)
423.37 17.92  0.007 0.64(3a;'3pla;l)+0.64(1a; *3p3a;?)

3 426.7 2113  0.13 20.21 426.75 21.30  0.038 0.39(le '3pla;’)+0.39(le ‘3pla;’)+0.36(1a; '3s3a; t)
21.12 223 426.92 21.47  0.025 0.38(3a; '3sla;')+0.36(1a; '3s3a;?)
21.25 23.1 428.85 23.40  0.020 0.39(la; *3ple !)+0.39(1a; 3ple™Y)
233 43012 24.67 0.012 0.38(le ‘4pla;')+0.38(le *4pla; ') +0.32(le '3pla; t)
25.6 +0.32(1e"*3pla; %)

43113 25.68 0.007 0.37(la; *4ple 1)+0.29(1a; *4ple™t)
436.83 31.38 0.006 0.38(2a; *4a;(c*)la;')—0.35(2a; '3sla;?)
4 436.6 31.01  0.07 27.54 32.0 439.74 3429  0.00D.38(2a; '3sla;')—0.35(la; '4a,(0*)2a; %)
30.63 34.8 44151 36.06  0.002 0.35(2a; *4sla;')—0.32(1a; *4s2a;h)
—0.29(2a; Y4a,(0*)1a;h)

®Reference 8.
PReference 9.
°AE means relative energy to 41') state.

the strongest peak, we attributed thee(13p) and ionizations, the theoretical chemical shifts of the CEBE were
(3a1’13p) transitions calculated at 15.24, 17.25, and 17.92n good agreement with the experimental values. The aver-
eV with the intensities of 0.016, 0.012, and 0.007, respecage absolute discrepancy from the experimental values was
tively; these states correspond to the first peak of,CH only 0.11 eV. The energy splittings betweknshell gerade
namely, the lower-energy transition of,(:3p). The previ-  and ungerade states, that have been intensively studied in the

ous calculatior’s’ also gave the (8;'3p) transition at recent works, were calculated and discussed in relation to the
about 17.2—17.4 eV, but the é1'3p) state was calculated bond length.
in the h|ghher energy regloE.S d at 2113 ) The satellite spectra of the G &nd N I ionizations of

. For the stropgest pea centered at 21.13 eV, we o CH, and NH; were reasonably well reproduced by the
tained two prominent shake-up states at 21.30 and 21.47 evresent method. The present gen®akethod included the
with the relative intensities of 0.038 and 0.025, respectivelyp ) P g

These shake-up states were characterized as the tl’al’lSitiOtI[llg les and quadrupleR operators as well as the singles and

(3a1_13s) and (fe~13p). In the higher energy region of doubles operators iq order to.accurately describe 'the. mglti-
these states, some shake-up states were also calculatedeLﬁCtron processes involved in the core-glectron |on|;at|on
23.40, 24.67, and 25.68 eV with considerable intensitiesProcesses. The shake-up states were dominantly described by
which contribute to the higher-energy tail of peak 3. Thesdh€ fwo-electron processes, but the three-electron processes
states were dominantly characterized as the transitions froiS0 mixed considerably to these shake-up states. These
1e MO to 3p and 4p MOs. For peak 3, ther-SW calcula-  higher excitation operators were important to describe the
tions gave only the transitions fromeIMO and the SDCI electron correlation effects of the many-electron processes
gave the transitions from botha3 and le MOs8?° and the orbital reorganization effects accompanying the core-

For peak 4 observed at 31.01 eV, the present resultglectron ionizations. The calculations reproduced the shape
assign the shake-up states at 31.38, 34.29, and 36.06 & the experimental satellite spectrum rather well, though the
that were described by the linear combination of themonopole approximation used for the intensity calculation
[2a; *4a;(0*)], (2a; '3s), and (2 *4s) transitions. was not necessarily a good approximation of the real pro-
cess: more refined theory of the intensity is certainly neces-
sary. We could clarify the detailed electronic origins of the
satellite peaks.

The SAC-CI generaR method was systematically ap- ~ We may conclude that the present SAC-CI gen&al-
plied to the calculations of the CEBE of C, N, O, and Fmethod can describe both the electron correlations and the
atoms of 22 molecules and of the satellite spectra of the C 10rbital reorganizations associated with the core-electron ion-
and N I core-ionizations of methane and ammonia. ization processes. The present method provides a general

The CEBE of molecules were accurately calculated byuseful theoretical tool for studying fine molecular spectros-
the present method and, in particular, for the<Cahd Nk  copy including core-electron ionization processes.

VIIl. SUMMARY
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