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Abstract 

High-resolution photoabsorption spectra of CO B.lld NO below the 0 Is ion-

ization threshold are presented. For both molecules, the vibrational fine-

structure of the 0 ls -t 'II"• a.nd 0 ls-1 Ryd (Rydberg) excitations could be 

resolved, allowing a derivation of the vibrational energies and intra.moleculal' 

distances of the core-excitation states in CO and NO from Ftanck-Condon 

analyses. The spectral features of the 0 ~s-1 Ryd region in CO are reassigned 

on the basis of the new experimental results. The results obtained for the 0 

ls-13s Rydberg state in NO support the idea of a WP.akt>.nihg of the molecular 

bond upon an 0 15-J. ionization process. 

PACS numbers: 33.20.Rm, 33.20.Tp, 33.15.Dj, 33.15.Ry 

*present address: Universtity of Oulu, Department of Physical Sciences, Lin-

nanmaa, 90570 Oul\t, Finland 

Typeset using RE~ 
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I. INTRODUCTION 

Measurements of medium-resolution phot.oemi.ssion spectra of core-:ionized molecules 

in the 1970's revealed an asymmetric lineshape indicating the prE'.sP.nce of a vibrational 

fine-structure [1]. These experimental findings stimulated a large number of theoretical in

vestigations on the potential-energy surfaces of C, N, and 0 ls-1 core-ioni.?..ed statp.s of small 

molecules [2-5] and resulted in the conclusion that the C ls/N ls (0 ls) core-ioni2;ation leads· 

to a strengthening (weakening) of the molecular bond [6]. These effects on the molecular 

bond are also expected for core-to-Rydberg excitations according to their similar valence

electron dib--tribution. 

Recent improvements in synchrotron light sources and bea.rulines have made it possi

ble to resolve the vibrational fine-structure of numerous core-excited molecule.s using photon 

energies np to hv"" 400 eV. Extensive studies have been performed using photoabsorption 

and photoemi.ssion spectroscopy to obtain information about the potential-energy surfaces of 

core-excited molecules, see e.g. Si 2p-1 in SiX.t (X=H,D,F,CH3,Cl,Br) [7], C 1s-1 in CO [8,9] 

and C}4 [10,11], as well as N ls-1 in NO (12] and references therein. These mea.<n1rements 

confirmed the predicted strenghtening of the molecular bond, i.e., an increase of the vibra

tional energy and a decrea.'!e of the equilibrium c:listance upon ionization/excitation for C ls-1 

and N ls-1 core-ionized states as well as the corrP.sponding Rydberg exc:ita.tions. However, 

at even higher energies, the instrumental resolution achieved with photon (photoabsorption 

and photoemission spectroscopy) and electron (electron-energy-loss-spectroscopy) excitation 

was not sufficient until recently to obtain complete information on the vibrational fine struc

ture. Therefore, a number of earlier measurements bPlow the 0 ls ionization threshold were 

not able to resolve the vibrational fine structure of CO [13,14] and NO [15,16]. Only ~ec:ent 

experiments were able to obtain partial information about the vibrational fine-structure 

of 0 ls-1 core-excited and core-ionized stat.es of NO (12] and CO [8,17] . These recent 

photoabsorption [8] and photoemission (17] spectra of CO exhibited an increase of the equi

librium distance and a decrease of the vibrational energy, i.e., a weakening of the bond and~ 
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therefore, gave a first support of the theoretical predictions. 

We report here on new photoabsorption measurements of CO and NO below the 0 ls 

ionization threshold with substantially improved resolution (aE ~ 65 meV), compared to 

recent measurements performed at the SX700/II monochromator at BESSY /Berlin with a 

resolution of .l\E~120 meV [8,12). This improved resolution results in completely resolved 

vibrational fine structures and allows Franck-Condon analysis of the 1>-pectra., providing in

formation on the potential-energy surfaces of the core-excited states. The vibrational fine

structure of the lowest Rydberg state in NO reveals a lower vibrational energy and a larger 

equilibrium distance as compared to the ground state, supporting the general conclusion of 

Ref_ [6] of a WP.akening of the molecular bond upon 0 ls core-ionization. 

II. EXPEB.IMENTAL AND DATA ANALYSIS 

The measurements were performed at the 7.0.1 undulator bea.mline of the Advanced 

Light Source (ALS) in Berkeley /California, which is equipped with a spherical-grating 

monochromator. The built-in photoionization cell consisting of two parallel plates with 

a.n active length of 20 em for collecting the charged particles was used. The pbotoionization 

cell was separated from the UHV of the monochromator by an 1000-A thick Al (1% Si) 

window; it was filled with 10 to 50 ~-tbar of CO and NO. The spectra. WP..l'e measured with 

the 925 1/mm grating using 8-#m entrance and exit slits, rE'.sulting in a spectral resolution 

of aE ~ 65 meV. 

For an exact calibration of a spherical-grating monochromator, two calibration points 

are necessary. For the energy range of the grating used no high-accuracy energy values for 

calibration are available. Therefore, the present spectra were calibrated in a linear way to 

·the value of the 0 ls-1 3scr Rydberg state for NO given by Remmers et al. (12]. The energy 

of the largest photoionization yield of the 0 ls-17r"' excitation in CO obtained in this way 

agrees within the error bats with the EEIS.valut>.s of 534.21(8) eV achieved by Sodhi and 

Brion [18]. On the basis of the descirbed calibration the absolute error bats in energy are 
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estimated to be± 50 meV; the relative error bars are distinctly 8II1aller (about ±10 m.eV) 

and given in the tables. 

The spectral features were described with Voigt profiles in the least-squares fit .analyses, 

i.e., with Lorentzia.ns convoluted by a Gaussian, to simulate the spectrometer function. The 

linewidth of the Ga'IJSSian was n.<ied as a free parameter in the fit procedure of all ~o-pectra., 

yielding a spectral resolution of ~E = 65±10 m.eV. 

The potential-energy surfaces o£ a non-dissociative molecular state can be described 

with a Morse potential, which is characterized by the equilibrium dib-tance r, the vibrational 

energy Tiw, and the anharmonicity xTuu. In this paper double prime and single prime denotes 

the values of r, 1iw, and xliw for the ground and core-excited stat.e, rf'.spectively. To obtain 

information about the values r', TuN', and xliw' of the core-excited states, Fra.nck-Condon 

analyses were performed. In these analyses the intensity distribution of the vibrational 

substates of the core-excited states are calculated by u.qing the overlap of the vibrational 

wavefunction of the ground and core-excited statP.s. For this purpose, the vibrational wave

functions of the ground state are calculated on the basis of r", ht.l', and x1iw"; thesE> values 

are taken from literature [19]. The vibrational wavefnnctioll8 of the core-excited states are 

calculated by varying of the fit parameters r', 1i.w', and xli.w'. 

Two different algorithms were used to calculate the vibrational wavefunctions and the 

intensity distributions of the vibrational snbstates of the core-excited state: The Franck

Condon analyses of the Rydberg states in CO a.nd NO are performed with the simple wd fa.b't 

algorithm of Hutchisson (20,21]; however, it Considers only the terms (R-r)2 and (R-r)3 in 

the development of the potential energy surface V(R), with R being the internuclear distance; 

it underestimates the intensity of the higher vibrational substates [22]. It turned out that 

this approximation WB5 not sufficent to describe the 0 ls --4- 1r* excitations, which reveal 

a large number of vibrational substates. The latter states were fitt.ed with an algorithm 

that is based o~ the publications of Hahna.n and Laulich {23] and Ory et al. [24]; it uses the 

complete Morse potential to calculate the vibrationalsubstate~ and leads to highly improved 

fit results. 
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m. CO 0 ls EXCITATIONS 

A. Valence Region 

The photoioniza.tion spectrum of the 0 ls-111""' excitation in CO, with completely 

resolved vibrations! fine stntcture, is shown in Fig. 1. This improved spectrum allowed, for 

the first time, a. Fra.nck-Condon analysis o£ this excitation, resulting in an increase of the 

equilibrium distance from.r''=l.1283 A. in the electronic ground state to r'=1.291{3) A. in the 

core.excited state. In addition, a. decrease of the vibrational energy from liw"=269.025 meV 

in the grmmd state to 1iw'=166(1) meV in the cor~excited state as well as a slight increase 

of the a.nha.nnonicity from x1i.w''=1.647 meV to x1iw'=1.8(1) meV Wf!l'e derived. We obtain 

a decrease of the dissociation energy from D/=11.0 eV in the grmmd state to De'=3.9 eV 

in the core-excited state according to Da=(1i.w)2/4x1iw. The resulting parameters of the 

cot'e-P.xcited state agree fairly well with calculations of Correia et al. [25], with 1iw'=l76.8 

meV, xliw'=2.3 meVJ and r'=1.280 A. The parameten; agree also very well with the values 

of the Z+l molecule CF', with li.w'=162 meV, x1iw'=L4 meV, and r'=1.2718 A [19]. The 

increase of the equilibrium distance as well as the decrease of the vibrational energy and the 

dissociation energy upon excitation can readily be tmderstood on the basis of an excitation 

into an antibonding 1r• orbital. In addition to the above results, the lifetime width of the 

0 ls-171"• excitation was determined to be 143(5) meV. 

B. Rydberg Region 

The Rydberg region of the 0 ls core-excitation spectrum of CO is shown in Fig. 2 

together with the assignment. For the two lowest Rydberg states at h~539 (0 ls-13sa) 

and 540 eV (0 ls-13p1r), Franck-Condon analyses has been performed, resulting in different 

values for the equilibrium distance (see below). The equilibrium distance of the 0 ls-13p11' 

state was transferred to the higher Rydberg states to describe their lineshapes in the fit 

analysis of the complete spectrum. The result of this fit analysis is presented by the solid liiie 
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through the data points of Fig. 2. The derived energy positions. of the resonances, together 

with the quantum defects 6 end the assignment, are given in Table I. For comparison, the 

energy positions and quantum defects calculated by Yi Zhang et al. [26] are also given. By 

presupposing the nl1r states to be more intEmse then the nlu states, which is in agreement 

with calculations by Yi Zhang et al. [26] and Paciial et al. [27], there remains only one small 

uncertainty in the assignment. The assumption of comrtant quantum defects for the Rydberg 

series leads to the assignment 0 ls-14su for the resonance at 540.980 eV with a quantum 

defect 6=1.05 (6=1.06 for 0 ls-l3su). As a consequence, the resonance at 540.TI7 eV has to 

be assigned to 0 ls-13du. However, calculations ofYi Zhang et al. [26] predict an-incrP.a.'ie 

of the quant11m defect for the s-series from 6=1.07 for 0 ls-13su to 8=1.18 for 0 ls-14su 

state (see also Table I). A similar increase of the quantum defect was calculated for NO by 

Kosugi et al. [16] in agreement with the experimental findings of Remmers et al. [12] and the 

results of the present work (see below). On the basis of the given arguments, the inverted 

assignment, i.e. 0 ls-14su for the resonance at 540.777 eV and 0 ls-13dq for the resonance 

at 540.880 eV, is preferred. This does not influence the assignment of the higher Rydberg 

states since the splitting of the ndu and (n-l)su states cannot be resolved for n2:;5. 

The assignment presented leads to good agreement with the energies and intensities 

of theoretical results given in Ref. [26]. The main difference between experiment and theory 

is an inversion of the orbital ordE'.r of the nd states due to the small ndu-nd1r splitting: 

3du-3d1r(exp) = 69 meV and 3du-3d11'(th) = -27 meV. 

However, the assignment obtained in this work differs from the results given by Domke 

et al. [8]. In the latter work, it was assumed that the np11' m>.ries was the most intense one. 

This is in contradiction to the latest theoretical results [26] and leads to the doubtful intensity 

ratio of the 0 1s-13p7l' and 0 ls-1.4p7r states; therefore, their e.ssign.xnent has to be rejected. 

The results of the Franck-Condon analysis of the 0 ls-13sa and 0 ls-13p7t' states are 

summerized in Table II. For comparison, the results of Domke et al. [8] and the values of 

the Z+ 1 molecule CF are also given, showing good agreement. From the different intensity 

distribution for the vibrationalsnbstates of these states, as seen in Fig. 2, we estimate from 

6 



Franck-Condon analysis that the change of the equilibrium distances is larger by approxi

.mately 25% for the 0 ls-13su state. We conclude that the lowest RydbP.rg state is a mixed 

state, i.e., a Rydberg state with some valence cha.ra.cter. Valence contributions for the lowest 

Rydberg b"tate were observed previously in SiF4 [28] and SiJ4/SiD4 [29]. 

Although the equilibrium distances in the 0 ls-13stT and 0 ls-'3p11" states clearly 

differ, differences in the vibrational energy were not observed. This iii in contradiction to 

the expectat.ion that a larger change in the equilibrium distance upon excitation results in 

a larger change of the· vibrational energy. The deviation from the expected results can be 

explained with the ca.lcula.tioQS of Yi Zhang et a.l. [26]; they predict a small contribution of 

the 0 ls-13pu state to the spectrum, which may influence the energy region between the 

v' = 0 and v' = 1 vibrational substates of the 0 ls-13p1f' state. In accordance with its small 

predicted inte:osjty, the 0 ls-13pu state is not resolved; however, its possible prP.sence in the 

spectrum may cause a slightly incorrect value for the vibrational energy of the 0 ls-13p11" 

state. 

An increase of the equilibrium dil:lta.nce and a decrease of the vibrational enE>.rgy is 

found, in agreement with Domke et al. (8) and Kempgens et al. [17] for the 0 ls-1 Rydberg 

states in CO. A lifetime width for the Rydberg states of 135(8) meV wss obseived. 

IV. NO 0 ls EXCITATIONS 

A. Open~Shell Molecules 

NO has one additional electron compared to CO, which is located in the a.ntibonding 

1r* orbital. Due to the single occupancy of the 11"* orbital in its . electronic ground sta.te, 

NO is an open-shell molecule. Upon core excitation, the single 1r• electron can interact 

with the core hole and the excited electron) leadmg to new effects as compared to CO. The 

final-state symmetries resulting from the intero.ction of the electrons in the partially filled 

orbital'l are summerized in Table IIL Note that a pure molecular assignment of the orbitals 
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is used in Table III, i.e., the 0 ls (11"'") orbital is described with lo- (211"). Certain states can be 

observed on the basis of spin-selection roles: the doublet states for photoabsorption (..!\S=O), 

a.nd the·singlet and triplet states for photoemi...qsion (.6.S=:I:l/2). Thm;, e.g., three out of 

the four 0 ls21f• - 0 ls1 (71"•)2 excitations and two 0 ls-1 ionization thresholds are allowed 

and expected to contribute t.o the spectrum. A more detailed discussion o£ the interaction 

between the electrons in the partially filled orbitals and its influence on the spectral features _ 

is given by Wight and Brion [15]. 

B. Valence Region 

Figure 3 shows the 0 h.21r•- 0 ls(n·"')2 excitations in NO, including the three different 

electronic states due to the interaction between the core hole and the two 71"• electrons. The 

assignment of the states is adopted from the ca.lculatjon.q performE'.d by Kosugi et al. [16], 

Wight and Brion [15L and Fink [30]; all authors agree with the sequence 21::-, 26., 2E+_ 

Contrary to previous high-resolution photoa.hc;orption measurements [12], the vibrational 

fine-structures of the states a.re completely resolved and allow a more reliable Franck-Condon 

analysis. The results of this analysis are repre.qented by the solid line through the data 

points and the three subspectra. The results obtained for the equilibrium distances r', 

the vibrational energies trw', the enf'.I'gies E, the intensity ratios (nonna.li2ed to the 2:E+ 

sta.te), and the lifetime width r for the core-excited states are summa.rized in Table IV. For 

comparison, the results of the Franck-Condon analysis performed by Remmers et al. (12], 

the values of the Z+l molecule NF, and the theoretical results obtained by Fink [30] are 

also given. It can be seen that for all three states, the vibrational enE'.rgies decrease from 

1iw''=235.9 meV to n.w' ....... l50 meV and the equilibrium distances incre~se from r''=1.151 A to 

r'"'l.32 A. Again, this can be understood by excitation into an antibondin.g orbital. A more 

detailed c:onsideration of the 0 ls - 1r* excitations shows that the equilibrium distance of 

the 2E- state is larger by~ 30 mA and the vibrational energy smaller·by N 20 ~eV than 

for the 2 ..!\ and 2E+ states. 
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The results obtained from the Fra.rick.-Condon analysis differ collbidera.bly from the 

values given by Remmers et al. [12]. This is especially valid for the vibrational energy of 

the 2:17 state. The differences can be explained by the fact that a distinct vibrational fine 

structure is missing in the spectrum of Remmers et al., and that they used the algorithnl of 

Hutchisson [20,21), which is not appropriate to describe tra.nsititions with a. large number 

of vibrational substatfl-'1. Good agreement of the TP..S\tlts of the present work with the valup_q 

for the Z+l molecule is found. This is especially valid for the 2.6. and 2E+ states; however, 

the differences for the 2:E- state are larger. 

The experimental results are also compared with the theoretical calculation of Fink 

[30J. The experimental vibrational energies were found to be"' 5 meV smaller and the equi

librium distanr.es to be slightly larger than the calculated valtlP.s; however, Fink E>.xpected 

this tendency due to his calculation. By performing the Franck-Condon analysis, the val

ues of the anharmonicity xnw' wE>.re kept constant to the valuP.s calculated by Fink, with 

xliw'eE-)=1.2 meV, x1iw'(2a)=l.l meV, and xnw'(2E+)=l.2 me Vi the good fit result of the 

spectnliD with these values indicat.es that the experimental values should be very similar to 

the theoretical values. The experimental energies are~ 200 meV larger than the calculated 

valuE>.s, and the E>.xperimental and theoretical intensity distribution (normalized to the 2E+ 

state) of the three substates are similar. The experimental and theoretical lifetime widths 

agree within the errors. Altogether, an excellent agreement between the experimental resul.t.s 

and the recent calculations by Fink {30] wa.s found. 

C. Rydberg Region 

The Rydberg region of NO below the 0 ls ionization threshold is shown in Fig. 4. The 

vertical-bar diagrams above the spectrum represent the assignments of the Rydberg states 

converging towards the 0 ls ionization thresholds 3TI and 1 II. This splitting of the thresholds 

is due to an interaction between the 0 ls core hole and the 1r• electron. Three Rydberg 

seriP.s with quantum defects of o=LlO (ns Rydberg series), 6=0.75 (np}, and 6=0.00 (nd) aie 

9 



identified. The energies and quantum defects obtained from the fit analysis are summeriZed 

in Table V. The assignment given in this work is similar to the results of Remmers et aL 

[12], however, some previously unobserved resonances were resolved. The improved spectrum 

allowed a. determination of the 3TI - 1n splitting of the 0 1s ionization threshold to .O.Ip = 

Ip(3II) - 1p(1II) = 456(15) rneV. This value is more precise a.nd significantly smaller than. 

previous results of 510 meV [12] and 550 meV [31]. 

The vertical bars diagram in Fig. 4 represent the intensity of the weakly overlapping 

Rydberg states. The thin (bold) bars represent the intensity of the states converging towards 

the 3ll (1 ll) ionization threshold. For the triplet and singlet core-ionized states, an intensity 

ratio of 3:1 is expectP.d; this also holds for the higher Rydberg states. Contrary to tlilis, the 

intensity ratio of the two components of the 0 1s-l3su state exhibit an intensity ratio of 

~ 15.5:1. 

For the well-resolved and intense Rydberg states a lifetime width of r::=l50(10) meV 

was obtained. This value was transferred to the overlapping 0 ls-13p states and made 

it necessary to describe this part of the spectrum with 7 different resona.ncP.s. This la.rge 

number of 3p statP.s is due to the interaction of the nl?r Rydberg state~S with the 1r• electron 

and the 0 1s core hole and will be discussed in more detail. 

By considP.ring the 3p states in a simple way, a symmetry splitting into 3pcr and 3p11" 

as well as the -splitting of the ionization threshold lead to four different final states; that 

is not appropriate to describe the mP .. a.sured spectrum and demonstrates the presence of a. 

more complicated coupling scheme in a convincing way. The coupling scheme given in Table 

m results in nine different final states for the 0 ls-13p71" excitations. The six final states 

with 2E-, 2.6., and 2E+ symmetry are allowed on the basis of selection rules. Therefore, 

the seven observed structures can only be explained with a symmetry splitting of the 3p 

states into a po- a.nd a p1T' component as well as with a coupling of the 3p1r electron with 

the Plectrons in the 1r• and 0 1s orbitals. An exact assignment of the 3p region on the 

basis of the present data is not possible. We, therefore, want to give some arguntents and a. 

preliminary assignment_ 
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The obsP.rved splitting of"' 100 meV between the different 0 ls-13p states is sma.ller 

tha.n. the 3II-1II splitting of the ionization thresholds of 456(15) meV. It can be, there

fore, concluded that the interaction between the core-hole and the 1r• electron is stronger 

than the interaction between the 3p Plectron o.nd the core hole or the 1r• electron. This 

fact is considered in the assignment of the 0 ls-13p excitations and, in the first step, the 

0 1s core hole and the 1r• electron are mupled to the 0 ls-111'•(3•1ll) core-ionized states. 

In a second step, the Rydberg electron is coupled with the 0 ls-111'*(3•111) ionic states, i.e., 

we consider the influence of the 3p electrons as a small perturbation. This leads to the 

0 ls-1'1t'•(3·1TI)3pu(211) and 0 ls-111'•(3•1ll)3p7r(2I:-, 2A, 2E+) final states that e.re allowed 

on the ba&s of the selection rules for the spin component of the wavefunction. In this way 

the first (last) three observed resonances can be assigned as states converging towards the 

3II (liT) ionization threshold. The peak in the middle (hv = 540.933 eV) cannot clearly be 

a.<~Signed to belong to one specific ionization threshold. 

Assuming the interaction of the 3p7r electron with the 0 lf;-l7r'"(3•1II) configuration to 

be small i~ in full agreement with calculations by KoSUgi et al. (16]. These authors calculated 

the splitting between the lowest and highest 0 ls-17r•(311)3pn- and 0 ls-111'•(1TI)3p7r state 

to be 220 meV and 100 meV, respectiwly. Due to the distinctly smaller splitting of the 

0 ls-111'* (I II)3p7r states, it can be expected that the three components are not completely 

resolved. The symmetry-resolved photoabsorption spectra of Kc~mgi et a.l. (16] allow the nlu 

o.n.d nl'lf states to be distinguished and show tha.t the 3p7r contributions to the spectrum are 

more intense than the 3pcr contributions in agreement with their calculations. 

We suggest the following preliminary sequence for the 3p states; The first ~ states 

are assigned to 0 ls-1w•(3II)3p7r, the fourth state to 0 ls-111'•(3IT)3pa-, the fifth and sixth 

state to 0 ls-11r•(1IT)3p7r, and the seventh 9ta.te to 0 ls-111'*(1IT)3pu. This assignment 

results in an intensity ratio for the 0 ls-17r*(3ll)3JW states to the 0 ls-1w*(lii)3p-n- states 

of 5.5:1, which differs distinctly from the expected value of 3:1. The mean energy of the 

3p7r states is~ 200 meV lower than of the 3pcr states; this splitting is twice the calcula.ted 

splitting of the 3puf11' splitting in CO below the 0 ls-1 ionization threshold (26]. 
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For a more reliable assignment of the 0 ls-13p region of the spectrum further m~

surements are nec;e.qsary; e.g.J by using high~rP.solution symmetry-resolved photoionization 

spectroscopy, which can clearly distinguish between the 0 ls-13pu and 0 ls-13p1r states. 

In principle, this splitting of the 0 1s-1nl?r excitations into different states is also present for 

the higher Rydberg states. However, according to the increase of the distance between the 

0 le-11r*(3•11I) configuration and the nhr electron with increasing n, this splitting becomes . 

smaller and cannot be resolved for the higher Rydberg stat('.s. 

The vibrational fine structure of the 0 ls-1 err)3s Rydberg .state is clearly resolved 

for the first time1 and a Franck-Condon analysis is performed, resulting in a decrease of the 

vibrational energy from liw''=235.9 meV to 1iw1=218(2) meV1 and a.n increa..'le of the equi

librium distances from r''=1.151 A to r'=l.l90(2) A. The values obtained agree with those 

of the Z+ 1 molecule NF+ with 1iw=l95(5) meV and r=Ll80(6) A (32]. This experimental 

result on the 0 ls-1 (3II)3s state in NO is similar to the results in CO at the 0 ls ioni7;ation 

threshold. It is in agreement with the conclusion of Miiller and Agren (6] and supports 

the idea of a weakening of the molecular bond upon 0 ls-1 corEH>.x:cit.ations into Rydberg 

states or core-ionization. This effect can be understood for CO and NO in a. simple way 

using the Z+ 1 approximation and it will be explained on the basis of the C ls-1 and 0 ls-1 

core-ionization proCf'.ss in CO: After a C ls-l ioni2ation, CO can be compared with the Z+l 

molecule NO+. In NO+ 1 the difference of the electronegativity of the atoms is smaller than 

in CO. HowevP.r, an 0 ls-1 ionization of CO leads to the Z+l molP.cnle CF+ and a larger 

difference of the electronega.tivity of the atoms. This results in a stronger polarization of the 

valence shell towards the 0 ls-1 or F atom and a weakening of the multiple bond structure. 

For the higher Rydberg states, no vibrational suhstatP.s were fmmd. This is proba

bly due to the strong overlap of the higher Rydberg states and may be reinforced by the 

possibility that vibrational substates for the higher Rydberg states are smallP..r than for the 

0 ls-1(3ll)3s Rydberg state. This possible effect can he understood by assuming the 0 

ts-\(3IT)3s Rydberg excitation to be a mixed state; it was observed for the 0 ls-13su and . 

0 ls-13s1r Rydberg states in CO (see above). 
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V. CONCLUSIONS 

The significantly improved energy resolution of the present. work allows experimental 

observation of the complete vibrational fine-structure, and thus Franck-Condon analyses, 

resulting in detailed information on the potential-P.nergy surfaces, i.e., on the vibrational 

energies and equilibrium dista.nces of molecules after 0 ls core excitations. The vibrational 

fine-stntcture of the 0 ls -+ 7r• exitations in CO and NO are completely resolved, allowing 

Franck-Condon analyses. The values obtained by these analyses are compared with cal

culations and revP.al good agreement between experiment and theory. For the 0 ls-l.Ryd 

excitations a new assignment is given. The 0 ls-1 {311)3s Rydberg state in NO is shown to 

have a lower vibrational energy and a larger equilibrium distance than the Plectronic ground 

state; thi.<~ supports the idea of a weakening of the ;molecular bond upon 0 ls-1 excitations. 
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FIGURES 

FIG. 1. 0 ls-111'• excitation in CO. The solid line through the data. points represents the results 

of a Franck-Condon analysis. 

FIG. 2. Rydberg region of CO below the 0 ls ionization threshold. The solid line through the 

data points represents the results of a fit a.na.lysis. The subsJlectl-a below the spectrum represent 

the results of a Franck-Condon analysis of the Rydberg states 0 ls-13su and 0 ls-13p1r. The 

assignment is given by the vertical ba.r diagrams above the spec~rum. The first bar for each 

resonance represents the v'' ==0 -+ 1/ =0 excitation, while the other bars represent higher vibrational 

substates. 

FIG. 3. The 0 ls-111' .. excitation in NO. The solid line through the data points represents the 

result of a Franck-Condon analysis. The three subspectra describe the three different electronic 

states. 

FIG. 4. The Rydberg region of NO below the 0 ls ionbation threshold. The solid line through 

the data points represents the result of a :fit analysis. The subspectrum below the spectrum 

df'.scribes the result of a. Franclc-Condon analysis of the 0 ls-13sO" Rydberg state. The assignments 

are given by the vertical b3r diagrams above the spectrum. The first bar foi the 3s resonance 

represents the V'' =0 -+ v' =0 excitation, while the other bars describe higher vibrational substates. 

The thin (bold) vutieal ba.rg below the spectrwn represent the intensitif'.s of the wealdy overlapping 

Rydbe.rg states converging toward the 3IT (1 IT) ionization thteshold. 
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TABLES 

TABLE I. The energies E and quantum defects 6 of the Rydberg states in CO below the 

0 ls ionizatiOn threshold as obtained from the fit analysis. The relative errors for the energies are 

esti.tnated to ±10 meV. For comparison, the theoretical results o£ Ref. [26) are also given. For the 

values in brackets see text. 

this work Ref. [26] 

E (eV) 6 E (eV) 6 

3su 538.912 1.06 538.910 1.07 

4sa- {3du) 54fJ.777 1.22 (0.22) 541.101 -0.07 

5su 541.547 1.30 

6sa- 541.961 1.34 

3pa- 540.175 0.61 

3p71" 539.906 0.73 540.012 0.68 

4p'1l" 541.279 0.72 541.318 0.6'7 

5p11" 541.819 0.67 

6p1r 542.009 0.95 

3dtT (4so-) 540.980 0.05 (1.05) M0.829 1.18 

4do- 541.547 0.30 541.'727 -0.09 

5do- 541.961 0.34 

3d"11" 541.049 -0.02 541.074 -0.04 

4d'11" 541.694 0.00 541.714 -0.05 

5d'11" 541.976 0.10 

6d'11" 542.170 -0.04 

7d'l1" 542.266 -0.01 

8d'11" 542.329 0.02 

I, 542.543 
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TABLE ll. The results of the Fra.nck-Condon analyses for the 0 ls-13sa and 0 ls-13p71' states 

in CO. For compa.rison, the results of Domke et al. [8] and the values for the Z+l molecule CF [19] 

are also given. The vibrational energies of the molecule CF are multiplied with JL0725 aecording 

to the different reduced masses. 

ground state this work Domkeet al. CF 

r" 1i.w'' r' Tu.l r' li.wl -c tu..JI 

(A) (meV) (A) (meV) (A) (meV) (A) (meV) 

1.12832 269.025 

3sa 1.169(2) 223(3} 1.167(9) 227(8) 1.154 229 

3p7t' 1.158(2) 223(3) 1.159(9) 224(9) 1.151 232 

TABLE lll. Electronic configurations and molecular states of NO in the electronic ground 

state, in 0 ls-1 = la-1 core-excited states, and 0 1s-1 core ionized sta.tes (adapted from Ref. 

[15]). The numbers in brackets refer to the numbers of states of this symmetry. na and n'lf denote 

Rydberg orbitals with a and 1r symmetry, respectively. 

Electronic configuration Molecular state 

lu 2a 3a 4u 17r 5a 21r DO' D7r 

NO 2 2 2 2 4 2 1 X2ll 

NOK• 1 2 2 2 4 2 2 4t:- 2E- 2~ 2E+ 
, 1 , 

NOK• 1 2 2 2 4 2 1 l 4IJ, 2II, :.~n 

NQK• 1 2 2 2 4 2 1 1 4E-, 4A, 4E+, 2:E-{2), 2L\(2), 2:E+(2) 

NOK+ 1 2 2 2 4 2 1 3n, trr 
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TABLE IV. Results of the ~ck-Condon analysis of the 0 ls-1"1!"•2 excitations in NO: Given 

are the vibra.tion.el energies 7iw1 tlle equilibrium distances r, the energies E, the no~ inten

sities with respect to the 2~ stale f/f(2~+), and the lifetime widths r for the electronic ground 

state (g.s.) and the com-excited states 2r.:-, 2 a, and 2E+. For comparison, the results of Remmers 

et al. [12], the values for the Z+1 ~olecule NF, and the theoretical calculation of Fink [30] are also 

given. The vibrational energies ro.t the states in the Z+ 1 molecule NF are multiplied with v'L0795 

. according to the different reduce<tj masses. 

~i 

~~:, this work 

1l.w (meV): g.s. 235.4 

2:r.:- 137(3) 

2_a 154(3) 

2I;+ 157(3) 

r (A): g.s. 1.15~. 

2:r.:- 1.348(3) 

2_a 1.311(3) 

2:r.:+ 1.306(3) 

E (eV): 2r;-' 531.48(1) 

2_a 532.60{1) 

2IJ+ 533.52(1) 

f/f(2E+): 2E- 2.92 

28 1.95 

2IJ+ 1.00 

r (meV): 2:r.:- 170{10) 

2_a 170(10) 

2E+ 170(10) 

20 

Remmers et al. 

157(15) 

168{15) 

229(20) 

1.307(7) 

1.283{9) 

1.267(8) 

531.46(3) 

532.36(3) 

533.13{4) 

1.04 

1.14 

1.00 

~00 

~200 

~350 

NF 

147 

152 

154 

1.317 

1.308 

1.300 

Fink 

139 

159 

162 

1.339 

1.295 

1.290 

531.30 

532.30 

533.38 

3.52 

2.13 

1.00 

174 

175 

173 



TABLE V. ';('he energies E a:Cd qUantum defects 6 of the Rydberg states in NO below the 

0 1s ionization threshold as obta.i4ed fiiom the fit analysis. The rela.tiw enors for th~ energies are 

estimated to ±10 m.eV. 

' sn lii 

E (eV) 6 E (P-V) 6 

3sa 539.540 1.10 539.930 1.11 

4su 541.551 1.21 

3p7r 540.463 0.81 

3p1T 540.624 0.74 540.981 0.78 

3p71" 540.711 0.70 541.095 0.74 . 

3pa 540.933 0.65 541.220 0.68 

4F 542.000 0.76 542.455 0.76 

5p1T 542.539 0.76 542.994 0.76 

6p11' 542.800 0.76 543.255 0.7() 

5p'll" 542.946 0.76 543.501 0.76 

6p?r 543.035 0.77 543.490 0.78 

3d 541.788 -0.01 542.243 0.00 

4d 542.447 0.00 542.902 o.oo 
5d 542.752 0.00 543.207 0.00 

6d 542.918 0.00 543.373 0.00 

7d 543.018 0.00 543.473 0.00 

r, 543.295 543.751 
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