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Abstract

The O and C 1s photoelectron satellites for the;@@lecule fixed in space parallel to the electric vector of the incident radiation E are
found to be more intense, in general, than those perpendicular to E and are enhanced at the photon energy in the vicinity of the shape resonanc
for the single-hole ionization cross section. This suggests that the excitation of the valence electron may be caused by the internal inelastic
scattering of a primary 1s photoelectron with a valence electron.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction processes are generally classified into direct shake-up and
conjugate shake-uf®,10]. In the direct shake-up process,
K-shell absorption spectra of small molecules often ex- the dipole ionization of the core electron is accompanied by
hibit resonances above the ionization threshold, described aghe monopole excitation of the valence electron. In the con-
the transitions of the 1s electron to an unoccupied molecularjugate shake-up process, the dipole excitation of the core
valence-like orbital[1]. These resonances are often called electron to an unoccupied molecular orbital is accompanied
shape resonances, and can also be viewed as a temporafyy the monopole ionization of the valence electron. Though
trap of a photoelectron by the molecular poterit2aB]. The the direct shake-up excitations dominate in the satellite
general description of the shape resonance phenomena ispectra when the photon energy is much higher than the
based on the independent particle approximajtio]. ionization threshold, their intensity drops when the photon
Recent K-shell photoemission studi§é—7] have re- energy approaches the threshold endBp10]. In contrast
vealed that the satellite excitations are significant in the to the direct shake-up process, the conjugate shake-up pro-
near-threshold regions where the shape resonances are oftecess is minor for high-energy photoemission and becomes
located. Two-electron transitions responsible for the satel- important in the threshold regidf,10].
lite excitations have so far been interpreted as results of In the case of atomic two-electron excitation and ion-
shake-up: the core-hole creation changes the potential forization, however, the contribution from internal inelastic
valence electrons and thus they are no longer in an eigenstatescattering of the primary photoelectron by the valence elec-
and relax via a monopole transitig8—10]. The shake-up  tron (see, for exampld11]), often called two-step process
(see, for examplg,12]), is as significant as shake-up in the
* Corresponding author. thresholc_i region. A well-known exarr_1p|e may be the 4d
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both internal elastic and inelastic scattering of a 4d primary tion, the satellite excitations due to internal inelastic scatter-
photoelectron with an outer valence electron play an essen-ing are expected to be stronger for the parallel transition in
tial role in the description of the atomic shape resonance in which the primary photoelectron is driven mainly along the
the 4d photoionization. The shape resonance in this class ismolecular axi§16,17]
called the giant resonance because the independent-particle In consequence, one should be able to identify the excita-
description of the resonance does not hold any more (seetion mechanisms of the satellites by resolving the transition
for example[11,13]) Thus, it seems reasonable to consider symmetry &g — X, or Xy — I1y) of the satellite excita-
that internal inelastic scattering of a primary photoelectron tions and by observing them as functions of photon energy.
with a valence electron may play an important role in the = We have investigated satellite spectra accompanying the
two-electron transitions in the molecular shape resonanceO and C 1s mainline of Cfat photon energies across the
region[14,15] 40, shape resonances, centredv®59 and~310eV in the

In the present paper, we report experimental evidence thatO 1s and C 1s absorption spectra, respectively. To record
the internal inelastic scattering plays an essential role in the photoelectron spectra of GQvhose molecular axis is par-
satellite excitations in the molecular shape resonance regionsallel or perpendicular t&, we use the coincidence detection
of the single-hole ionization (SHI) cross-sections, using a between the photoelectron and the fragment iidis-20}
specific example, O and C 1s photoemission of,C@e With this technique, we selectively probe the satellite ex-
discuss also assignments of the satellite bands referring tocitations for either the parallel or perpendicular transition,
the internal inelastic scattering mechanism. A part of the respectively.
experimental results can be seen in referdiéé The experiments are performed on the undulator beam-

line 27SU at SPring-821,22] A supersonic beam of
CQO, is introduced in the source point, where it crosses

2. Experimental perpendicularly the photon beam. Electrons and ions
are extracted by a static electric field. lons are detected
The electronic configuration of the G@nolecules is by a micro-channel-plate (MCP) detector fitted to a

two-dimensional (2D) multi-hit readout delay-line anode
(Roentdek RD-8(23]) at one end of the acceleration re-
where by and b, are the symmetry-adopted O 1s orbitals gion. At the opposite side, electrons enter a time of flight
and 2ry is the C 1s orbital. The lowest unoccupied orbital (TOF) tube and at its end reach the second MCP detec-

10§ 10§ 205 305 205 40§ 30] 10y 1oy (*g): 27 509 40y,

is 2my. tor fitted to another 2D multi-hit readout delay-line anode
The direct shake-up transition consists of the dipole ion- (Roentdek HEX-8(23]). A magnetic field parallel to the
ization of a core electron &y, 204 — eoy, ey, Or loy — TOF axis is applied, in order to confine the electrons within
gog, emrg) and the monopole excitation of a valence electron the spectrometer. The particles detected are registered in
(Imy — 2my; note that 3y — 27y and Irg — 27y are coincidence. From the measured TOF and position of de-
monopole forbidden). Thus the direct shake-up can be bothtection, the momentum vector of each particle is extracted.
parallel &y — X) and perpendicularXy — I1,) transi- The TOF axis is perpendicular to the photon beam and the

tions in which the dipole moment is parallel and perpendic- molecular beam.

ular, respectively, to the polarization vector of incident radi-  To extract the photoelectron spectra for the parallel and
ationE. Here Xy is the symmetry of the ground state abg perpendicular transitions from the coincidence data, we
and 1, are the symmetry of the continuum state consisting count electrons emitted in the “reaction plane” perpendic-
of the core-ionized molecule and the satellite photoelectron. ular to the TOF axis, with an acceptance 6#0°. The
The direct shake-up satellite exhibits the shape resonance aparallel transition is selected in such a way that the angle
about the same kinetic energy as that of the mairjii©3. between the direction between E and the molecular axis de-

The conjugate shake-up, on the other hand, predominantlytermined by the linear momenta of the"@nd CO" ions,
consists of the dipole excitation of a core electroarg(l measured in coincidence, is smaller thari.Zbhe perpen-
20, — 2m,) and the monopole ionization of a valence elec- dicular transition is selected in such a way that the direction
tron (4og — eog, 3oy — eoy, Iny — emy, lrg — emg). of the molecular axis and E make an angle 70 and’110
The conjugate shake-up is therefore predominantly a per-
pendicular transitionXy — I1y). As a result, the transition
occurs mainly for the molecules perpendicular to the direc- 3. Results
tion of polarization.

In contrast, the internal inelastic scattering mechanism The O 1s photoelectron satellite spectra for the parallel
causes the satellite excitations whose strength are roughlyand perpendicular transitions, recorded at552.5, 557.5,
proportional to the SHI cross section and thus the satel- 561.8 and 569.9 eV, are presentedrig. 1 The spectra are
lite excitations are enhanced by the shape resonance of thglotted as functions of the satellite state binding energy
SHI cross-section, the enhancement of the satellites and theelative to the O 1s ionized state. The uncertainty of this rel-
mainline occurs at about the same photon energy. In addi-ative energy scale is’1 eV. The spectra are normalized to
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Fig. 1. O 1s photoelectron satellite spectra of ,Cfor the molecular
axis fixed in space parallel3fy — X\,) and perpendicularXy — IT,)

to the direction of polarization of the radiation, excited by (a) 552.5eV,
(b) 557.5¢eV, (c) 561.8eV and (d) 569.9 eV photons. The binding energy
(satellite state energy) is relative to the O 1s ionized state. The integrated
intensity for each spectrum is normalized to unity. The vertical bars and
the labels 8¢—S°4 refer to the labelling of the satellite bands taken from
reference[6].

Fig. 2. C 1s photoelectron satellite spectra of 0@ the molecular axis
fixed in space parallel¥y — X,) and perpendicular Xy — I1y) to

the direction of polarization of the radiation excited by (a) 307.1eV, (b)
311.9eV, (c) 319.4eV, and (d) 329.3eV photons. The vertical bars and
the labels 8y—SC, refer to the labelling of the satellite bands taken from
referencel5].

direct shake-up satellites, because the shape resonances of
the direct shake-up satellites are expected to be at photon
make each integrated intensity equal to unity. The O 1s satel-energy higher by more tha10eV than that of the SHI
lite spectra were investigated by Maier et [&l}, at higher cross-section. The observed symmetry dependence and res-
resolution, without taking the coincidence with ions and onant behaviour strongly support that the observed bands
thus without resolving the transition symmetry. The present are excited predominantly by the internal inelastic scattering
symmetry-resolved spectra show reasonable general agreemechanism.
ment in the spectral behaviour with those observed by Maier  The photoelectron satellite spectra for the parallel and per-
et al. at similar energies. Maier et al. resolved five satellite pendicular transitions, recorded/at ~ 307.1, 311.9, 319.4
bands 80—, ate ~ 85, 11.5, 12.4, 13.8 and 16.8eV, as and 329.3 eV, are presentediiy. 2 The satellite spectra ac-
indicated by bars irfFig. 1 companying the C 1s mainline were investigated by Schmid-
Maier et al. investigated the photon energy-dependence ofbauer et al[5], at higher resolution, without taking the co-
the satellite bands and found that the overlapping bafds S incidence with ions and thus without selecting the transi-
and 5 are strongly enhanced at kinetic energy=ot eV, tion symmetry. The present symmetry-resolved spectra show
but the changes in the intensities &fsSand ¥4 are much reasonable general agreement with the spectra observed by
weaker. Thus, they identified®s and ¥, as the conjugate ~ Schmidbauer et al. at similar energies. Schmidbauer et al.
shake-up and% and 4 as direct shake-up. Accordingto  observed five satellite band§§&-S°4 at energies between
our symmetry-resolved spectra, however, the satellite bands10.9 and 18.0eV. These bands are only partly resolved in
SP; and ¥, at ~12eV seems to be excited more effec- the symmetry-resolved spectra recordediat~ 3194 eV
tively for the parallel transition (seeig. 13, casting doubts  (Fig. 29 and hardly resolved in the spectra recordedat
on the identification of these bands as due to the conjugatex~329.3 eV Fig. 2d. Only S°; and ¥4 can exist ativ ~
shake-up process, because the conjugate shake-up satellite8119 eV (Fig. 2b), and none of the -S4 bands are en-
are expected to be more intense for the perpendicular tran-ergetically accessible abv ~ 307.1 eV (Fig. 29. The satel-
sition. Furthermore, the present symmetry-resolved spectralite band | ate ~ 7 eV observed atv ~ 307.1eV (Fig. 29
indicate that the observed satellite bands in the parallel tran-was observed also previoudh].
sition are enhanced by ther¢ shape resonance of the SHI Schmidbauer et a[5] observed the band<*g S¢o and
cross section (seEig. 1b. This resonant behaviour rules S%; ate ~ 12.3, 15.3 and 18.0 eV, in the photoelectron spec-
out the general identification of the observed bands to thetra at high photon energies, and the banfls 8nd £, at
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¢ ~ 16.2 and 10.9 eV, when thiev was close to the thresh- ate ~ 115 and 12.4 eV, respectively, could be associated
old: the intensities of & and §4 quickly decreased withan  with excited electronic states of GIbcated at 10.98, 11.05,
increase irhv. Thus, they identified §, S5y and > to the 11.16 and 11.40 eV in the energy-loss spef@#d. The spec-
direct shake-up satellites an&$and $, to the conjugate  troscopic assignments of these satellite bands are not sug-
shake-up satellitd®]. According to our symmetry-resolved gested here because the excited electronic states ph@&O
spectra, however, both®g and $4 seems to be more in-  only tentatively assigned if24]. In principle, other satel-
tense in the parallel transition than in the perpendicular one, lite bands prominent in the parallel transition can also be
casting doubts on the identification of these bands as duecorrelated to other excited electronic states 0L,CO
to conjugate shake-up process. These bands, as well as the The integrated cross-secti@nof satellite excitations due
other bands $;, S, S°» and |, are very likely excited by  to the internal inelastic scattering behaves resonantly when
the internal inelastic scattering mechanism. Note also thativ is scanned through the shape resonaiigd. The hv
we can expect the enhancement of the direct shake-up independence of the satellite cross-sectign, for s°; and
the parallel transition by the shape resonance in the rangeS®,, as measured by Maier et {8], peaks at about the same
319< hv < 329eV. photon energy as the O 1540, shape resonance in the SHI
cross section, supporting our conclusion on the importance
of the internal inelastic scattering in the excitation of the
4. Discussion S°; and ¥, bands.
Recently, Hatherly et al7] measured the C 1s satellite
If the internal inelastic scattering is negligible, the photoe- structure using threshold photoelectron spectroscopy, and
mission reaction contributing to the 1s mainline is expressed suggested a satellite band labelled S'satc 14 eV. This
as band could be attributed to the direct knock-out from the
441 _ highest occupied molecular orbital of the C 1s ionized state,
hv+CO = CO7 (1575 + epe (E). @) since the ionization energy of GQGs 13.78 eV[25].
This includes only the elastic channel in transmission of
the primary photoelectron with kinetic energythrough the
molecular region. However, if the internal inelastic scattering 5. Conclusion
is considered, the inelastic channels will also accompany the

transmission of the primary photoelectron: Satellite excitations accompanying the O and C 1s pho-
1 toionization in CQ differ for the parallel and perpendicular
hv + CO, - CO; P (1) + epe (E) transitions in the vicinity of the#y, shape resonance. These
— C02+(1s‘1Vf1 le) + epe (E), ) satellites are generally more intense for the parallel transition

and enhanced by the shape resonance. These results provide
clear evidence that the internal inelastic scattering plays a
hv 4+ CO, — CO " (1s™H) + €e (E) significant role in the satellite formation. The importance of
— C022+(1S_1Vi_1) + epet (E') + pe2 (E). the internal inelastic scattering calls for a reconsideration of
3) the independent-particle picture for the molecular shape res-
onances, in which valence electrons behave as independent
These channels represent the photoelectron transmissiorspectators. Recall that atomic shape resonances are more
accompanied by excitation and ionization of valence elec- generally called the giant resonances because the inidepen-
trons. The initial kinetic energy lost by the primary photo- dent particle picture does not hold here. The relation of the
electron is accumulated in the residual ion and contributes satellite excitation due to internal inelastic scattering and the
to valence excitations or ionizations. The photoelectrons low-energy electron impact excitation was elucidated and
epe (E), epe1 (E) and ez (E”) with kinetic energieE’ the assignments of the satellite structures were discussed.
andE” contribute to the satellite formation.
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