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The Auger decay of the Csl-3p excitation in CO has been studied by means of vibrationally selective
angle-resolved electron spectroscopy. It is shown that for these highly excited Rydberg states the strict spec-
tator model works excellently in describing the Auger decay. Consequently, all the spectral features have been
identified by comparison to previous normal Auger studies. Intense lines belonging-t@ g shakeup also
accompany the main lines; together with the total absence of any participator contribution, this reveals the
atomiclike nature of the 8 Rydberg orbital. Remarkably large differences between the decay spectra recorded
on the 3(v'=0) and the ®(v'=1) resonance reveal the spatial differences in the decay paths. For transi-
tions to the final state with the lowest binding energy in the spectator region, an angular anisotropy dependent
upon the vibrational quantum number of the final state is observed. We observe different angular anisotropy for
transitions to different vibrational levels of the same electronic final state in resonant Auger spectroscopy.
[S1050-294{@7)07107-2

PACS numbegs): 33.80.Eh

I. INTRODUCTION tween the x-ray emission spectra, depending on the vibra-
tional quantum number of the excited state, was observed. A
For the CO molecule, the majority of the resonant Augersimilar effect is thus expected for the corresponding Auger
or Auger resonant Raman studies have so far concentratelcay, due to the similarities between the nonradiative and
upon the Auger decay resulting from core excitation to thethe radiative decay.
first unoccupied zZ* valence level[1-4]. There has also For small diatomic molecules, the energy splitting be-
been a considerable interest in the shape resorfdn2gs,  tween the vibrational levels of the intermediate state may
where the excited core electron can be considered to be teraxceed the natural lifetime width of thes tore hole state. If
porarily trapped in an orbital of* symmetry. Both of these the exciting photon bandwidth is sufficiently narrow, distinct
resonances have been shown to yield nonisotropic Augeribrational levels of the intermediate state can be selectively
electron emissiofil,2]. Together with normal Auger studies excited. Together with high-resolution electron decay spec-
[6—8], where the excitation energy is far above the ionizationtra, it makes it possible to obtain detailed knowledge about
threshold, considerable insight into the vibrational lifetimethe transition between the excited neutral intermediate state
interference influence on the Auger decay as well as on thend the singly ionized final state. In addition, if high resolu-
coupling strength between the excited electron and valenciéon is combined with angle-resolved measurements, impor-
electrons has been obtained. Selective excitation to distindéant complementary information can be obtained. The aim of
Rydberg levels in connection with electron spectroscopy ofhis work is thus to study the Auger decay of the core-to-
the resulting decay has recently become possible for smaRydberg excited state with angular resolution, and incorpo-
molecules, such as\and HCI[9—-11]. These studies have rate high resolution in both the exciting photon flux and the
revealed the usefulness of the strict spectator model and alectron decay spectra.
almost total absence of any participator contribution to the Within the dipole approximation the angular distribution
decay for core-to-Rydberg excitations. However, these moef the emitted electrons for completely linearly polarized
lecular studies have often suffered from moderate monochrdight is expressed &sl6]
mator and spectrometer resolution, making detailed informa-
tion about molecular vibrational progression difficult or |
impossible to obtain. For CO, the majority of the earlier (o¢)=
synchrotron-radiation-based measurements of the decay pro-
cesses from core-to-Rydberg excitations have concentratddere o is the total cross sectioif is the parameter describ-
on ion yield measuremenfd2—14; from these studies con- ing the angular dependence of the specific transition studied,
siderable insight into the molecular orientation caused by thand ¢ is the angle between the polarization plane and the
excitation process has been reached. Recently, a vibralirection of the emitted electron. Neglecting interference ef-
tionally selective x-ray emission study of both the@hd the fects, the angular distribution of Auger electrons is within
3p resonance was performdd5]. A large difference be- the two-step model described as the prodg8ietAc,, where
A is the photon-energy-dependent molecular alignment pa-
rameter, and, the parameter characterizing the intrinsic an-
*Also at the University College of Gde-Sandviken, S-80176 isotropy of the Auger decayl7]. The selectivity in the align-
Gavle, Sweden. ment is caused by the dipole selection rule for
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photoexcitation, i.e., for a €—np transition the photoab- BT
sorption is expected to be enhanced for molecules that have | ———
the molecular axis perpendicular to the electric field vector. 201
For molecules, the asymmetry of the Auger electron decay is 5 4p
in turn caused by the nonisotropic charge distribufit]. 5 s
An estimate of the alignment parameter can be obtained in- £
directly from the angular dependence of an Auger group. By =
studying the angle-resolved Auger electron spectra at photon  § 101 U
energies corresponding to the* resonance and the™ . v
shape resonance for,Nthe effect of theA parameter on the 51 |
asymmetry of the Auger decay was recently shown by Kivi- AR
mki et al.[18]. P e o ‘
293.0 293.5 294.0 294.5 295.0 295.5 296.0
Photon energy (e V)
Il. EXPERIMENT

FIG. 1. Partial electron yield spectrum covering the photon en-
The experiment was carried out at the MAX | storage ringergy region of all the (h-1e) singly excited Rydberg states except
in Lund, Sweden, at beamline 3BL51) [19]. The beamline the 3s level.
uses radiation from a short period undulator giving reason-
able photon flux in the 60—600 eV range. BL51 is providedsion correction from peaks in the decay spectra correspond-
with a modified SX-700 plane grating monochromator. Ining to final states with holes in thes4 17, or 5o orbital is
this study a photon bandwidth of approximately 150 meV atvery helpful. These three methods resulted in similar correc-
293 eV photon energy was used. Recently, an end statiotions for the transmission difference between different ana-
with the possibility of rotating the SES-200 electron energylyzer angles.
analyzer in a plane perpendicular to the direction of the in- It has also been shown that the angular anisotropy of the
coming photon beam was installed at BLEPD|. The trans- Auger decay may vary across resonanids Efforts have
mission of this spectrometer decreases rather slowly witltonsequently been made to keep track of the accurate photon
increasing kinetic energy, making it possible to record elecenergy calibration during the recordings.
trons with high initial kinetic energy at reasonable intensity.
This is of crucial importance for studies of weak resonant
processes, such as the one presented here. For this particular
study, a constant analyzer pass energy of 75 eV, resulting in The ground-state valence electron configuration of CO is
an electron spectrometer resolution of around 150 meV wagcoref(30)?(40)?(1m)*(50)2. From earlier studies of the
used. Due to the high kinetic energy of the Auger electronsAuger decay of Rydberg excitations for small molecules
a small but non-negligible Doppler broadening of approxi-[9,15], it is known that the participator contribution to the
mately 40 meV must also be taken into account. This yieldsotal decay is small or negligible. Due to the fact that the
a total experimental resolution of approximately 210 meV,participator transitions correspond to final states that also can
arising from the monochromator, Doppler and spectrometebe reached via the direct photoionization, it is difficult to
broadening. The CO gas was commercially obtained fronobtain an accurate estimate of the participator decay contri-
Alfax with a purity of ~99.9%; valence electron spectra bution. In the present study, the direct photoionization con-
were measured to check for possible contamination of théribution has been estimated by recording photoelectron
sample, and the photon flux was measured by a photodiodspectra of the three valence lines, 41w, and % with a
in the end of the gas cell. nonresonance photon energy close to the first Rydberg reso-
To account for differences in transmission between differnance, where the participator contribution can be considered
ent analyzer angles, Nep2photoelectron spectra were re- to be negligible. Comparison to the spectra recorded at the
corded at similar experimental conditions. This line was cho3p resonance revealed that the valence electron lines in the
sen since thgd parameter and the cross sections for Ne 2 off-resonance spectrum have about the same intensity as the
are well known[21]. From measurements of the Ne @ho-  corresponding lines in the resonant Auger spectra. Therefore
toelectron line together with the Negodhotoelectron line the the resonant population of valence single-h@articipatoy
degree of linear polarization was determined to be greatdinal states must be of very low probability. This immedi-
than 96% at~290 eV photon energy. Transmission correc-ately indicates a weak coupling between the excited Rydberg
tion was also made from measurements of the CO valencelectron and the core hole as well as the valence electrons
photoelectron lines using knowhiparameter§22], although  [11].
the accuracy is not as high as in the case of Ide Rurther- The absorption spectrum covering the photon energy re-
more, it was found that the participator contribution to thegion for all the singly core excited (t1e) Rydberg states
total decay was negligible. Therefore, the,4lw, and 5  except the 8 state is shown in Fig. 1. The peak assignments
photoelectron lines can be used as an inherent transmissi@me taken from a study by Domlet al. [13]. From earlier
correction for spectra recorded at different angles. To elimiimeasurements on therZ2 resonance of CQ3], it is well
nate errors induced by instabilities in the absolute intensitkknown that interference effects may greatly influence the
of the photon flux, for instance, due to mechanical instabili-structure of the Auger spectrum. To be able to distinguish
ties of the spectrometer or fluctuations of the position of thebetween lifetime vibrational interference and angular depen-
electron beam in the storage ring, such an inherent transmislence effects, efforts were made to cancel out the possible

Ill. RESULTS AND DISCUSSION
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interference effects. Firstly, the energy of the exciting pho-
tons was precisely controlled by a regular recording of the 3000 (a)
absorption spectrum. In this way, the decay spectra can be
recorded at exactly the same photon energy at both angles,
resulting in identical interference contributions. Secondly,
decay spectra from the C st:3p(v'=0) and C
1s—3p(v' =1) excitations were recorded with a photon en-
ergy slightly off resonance maxima. These measurements
showed that even with a photon energy detuning of several
tens of meV, it was not possible to reproduce the angular-
dependent effects observed between spectra recorded at 0°
and 55°. We are thus confident that the angular dependence
could be isolated. 4000 Normal Auger
The photon bandwidth of approximately 150 meV is rep- =352 eV
resented by the boxes shown in Fig. 1, which is clearly nar-
rower than the vibrational spacing of approximately 300
meV. The absorption spectrum was fitted with Voigt profiles
in order to evaluate the role of lifetime vibrational interfer-
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adjacent vibrational intermediate states. In the case of exci- inding enerey (¢V)

tation to the first vibrational state’=0, the contribution FIG. 2. Lower part: the normal Auger spectrum recorded at 352

from the second vibrational state was found to be less thagy photon energy. The binding energy scale was calibrated using
5%, so practically only the’ =0 level is populated in the the C is ionization energy of 296.08 eY13]. Upper part: the
intermediate state. Since it is known that the strength of thepectrum obtained by a weighted summation of the decay spectra
interference contribution to the decay spectra is of the samtom the 3(v'=0,1,2) intermediate states.
order of magnitude as the population of adjacent intermedi-
ate state§3], the interference is very weak in thé=0 case. normal Auger decay spectrum. As seen, the sum spectrum
For the second vibrational level; =1, the overlap with ad-  strongly resembles the CO normal Auger spectrum. This is
jacent vibrational levels is stronger, about 8% from #ie expected if the spectator electron located in a Rydberg or-
=0 level and 2% from the’ =2 level. Thus, in the case of bital does not couple with the outermost valences electrons
v' =1 the vibrational interference contribution, together with and, instead, just acts by screening due to the Coulomb in-
the direct part from adjacent vibrational intermediate statesieraction. In the strict spectator model, theh(2e) decay
should play a minor role and is hence assumed to have gpectrum associated with a core excited Rydberg state should
small impact on the decay spectra for the &43p(v'  be the same as for theh2Auger decay spectrum, but shifted
=1) excitation. When exciting the’ =2 intermediate vibra- towards lower binding energypy about 7.7 eV. Thus, struc-
tional state, the overlap with the other two vibrational levelstures in the decay spectra from different core excited vibra-
is larger than for the previous two cases. From the absorptiotional intermediate states can be identified by comparison to
spectrum the contribution from the' =0 andv'=1 inter-  the normal Auger spectrum, provided that the average over
mediate states to the total intensity of thie=2 level can be vibrational levels is made as described above. The close re-
estimated to about 20%. semblance between the normal Auger decay spectrum and
Electronic state-state interference may also occur in thene sum $(v'=0,1,2) decay spectrum in Fig. 2 also sug-
decay from the B(v'=0,1,2) intermediate states, since the gests a moderate interference contribution to the normal Au-
3p states ofr symmetry overlap with the corresponding ger decay. This is supported by the theoretical study of Cor-
3p states ofo symmetry. In a study by Domket al.[13], it  reiaet al.[8], in which the interference contribution showed
was found that the photoexcitation probability qf 8tates of  significant effects only in the finer details of the decay spec-
o symmetry is substantially lower than the correspondingrum. This further supports the conclusion that the interfer-
states ofr symmetry. In addition, the 30 resonances were ence contributions to the vibrationally selectively excited
found to be shifted approximately 0.15 eV towards higheresonant Auger spectra reported here are small.
photon energy. Due to this shift and the narrow exciting
photon bandwidth used to excite the ¥ibrational states,
any contribution to the decay spectra from intermediate
states ofoc symmetry should be very low, and will be ne- The resonant Auger decay following excitations to the
glected in the following discussion. intermediate vibrational Rydberg states=0, v'=1, and
The assignment of the structures in the decay spectra from' =2 were recorded for both 0°, i.e., the electron emission
the 3p(v'=0), 3p(v'=1), and P(v'=2) intermediate direction parallel to the polarization plane, and for the magic
states has been carried out by comparison to the normal A@ngle of 55°. In Fig. 8), the spectator part of thepgv’
ger decay spectra of C[8—8]. To justify such a comparison, =0) decay spectrum is shown. After subtraction of the inten-
thev' =0, v =1, andv’ =2 decay spectra were added, after sity of the 3r valence line, which lies in this binding energy
normalization to the intensity of the valence photoelectrorregion, an averagg value of~ — 0.2 for the whole consid-
lines. In Fig. 2 the sum spectrum is shown together with aered spectator group was determined using(Eg.lon yield

A. Auger decay of the C Is—3p(v'=0) state
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FIG. 3. (a) Spectator part of the Auger decay spectra from the
photoexcited C §3p(v’ =0) intermediate states. Solid lines rep-
resent the spectra recorded at 55° and dotted lines the spectra
corded at 0°. The variation of th@ parameter over th¥+ 3p final
state is shown as an insélb) The spectator part of the Auger decay
spectra from the photoexcited Cs1'3p(v'=1) intermediate
states. The variation of th@ parameter over th&+ 3p final state is
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for the spectator part of thep3decay. This implies that a
similar, but weaker alignment of the intermediate state
should also occur for the Csl->3p excitation. For a di-
atomic molecule a direct estimate of the alignment parameter
A can be obtained from the angular dependence parameter
(B;) of the emitted ions in an ion yield measurement. In an
ion yield study by Bozelet al. [14] it was found that the

3p resonance reveale;= —0.44, which should be com-
pared to theB;= —0.95 found for the Z* resonancé¢2].

The decay of the C 4—3p(v'=0) excitation is domi-
nated by one sharp pedlabeled 3 in Fig. 8&)]. A similar
dominant and sharp peak is also seen in the normal Auger
decay spectrurfi6—8|, and was assigned to transitions to the
dicationic B final state. Consequently, the sharp peak in the
decay spectra from the Cs1>3p(v’' =0) excitation should
be due to the same final-state configuration as in the normal
Auger case, but shifted in energy due to the presence of a
spectator electron in thep3orbital. For this (h-1e) 3p
spectator final state, we introduce the notatidin 3p. The
B+ 3p final state is a doublet with a leading configuration of
(core)(30)?(40) (17)*(50)1(3p)* [7]. The characteristic
sharpness of the structure associated withBhstate is, in
the case of normal Auger, explained by the fact that transi-
tions between vibrational levels with the same vibrational
guantum number is an order of magnitude stronger than the
other possible transitior$]. This is because the dicationic
B state has an equilibrium internuclear distancB, (
=1.097 A) similar to that of the C 4 core ionized state
(Re=1.073 A) [8,24]. Thus, the presence of a spectator
electron has a minor or at least comparable effect on the
bond length for both the intermediate state and the final state,
as expected for a Rydberg orbital with nonbonding character.
This has also been observed in absorption spectroscopy
wherefrom an equilibrium internuclear distance of 173
A has been estimated for the G4 3p# excitation[13].

At the high binding energy side of peak 3 there is a simi-
larly sharp but weaker structure, peak 6, located 3.73 eV
from theB + 3p peak. Peak 6 is interpreted as belonging to a
B+4p final state, i.e. —4p shakeup accompanying the
Auger decay. To test this identification, a resonant Auger
spectrum was recorded at the €24p resonance. From the
latter spectrum, the gt main lines were found at the same
binding energies as the lines associated with tipe-3lp
shakeup in Fig. @&), strongly supporting the shakeup inter-
pretation. TheB+4p shakeup structure is about four to five
times weaker than thB+3p main line. The observed ratio

Le-

iS comparable to the ratio predicted by Armen in a study of
the response of an electron in a hydrogenic orbital to a sud-
den change in central charge fradnto Z+ 1 [25]. To allow

such a straightforward comparison the quantum defect for

shown as an insetc) The spectator part of the Auger decay spectraCO (0.779 [13] was implemented. In addition, in R¢25] it

from the photoexcited C < 13p(v' =2) intermediate states. The IS predicted that the 3—4p should be the only allowed
variation of the parameter over th¥+ 3p final state is shown as Shakeup transition, as we observe in this study. The relative

an inset.

intensity of the shakeup transition is somewhat lower than
predicted by Armen, but the discrepancy can most certainly

studies of the excitation to the first unoccupied valence levebe explained by a weak but larger valence character of the
in CO have shown that the Cs1:2#7* excitation selects 3p Rydberg orbital than that of thepdorbital, giving rise to
molecules with an axis preferentially oriented perpendiculaie smaller overlap between the two Rydberg orbitals than
to the polarization plang2]. For this excitation, the majority would be the case for two pure atomiclike orbitals.

of the Auger transitions have been found to hgealues

The B+ 4p shakeup state is found to have nearly the same

around—0.5[23], i.e., more than a factor of two lower than B as theB+3p main line, Table I. In the ion yield study by
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TABLE |. Binding energies and angular anisotropy paramet@s for transitions from the B(v'
=0,1,2) intermediate states to ceertain electronic final states. The binding energies were determined as the
center of gravity of the spectral structure.

) Binding energy(eV)
Assignments

in Fig. 3. Identification 3p(v'=0) 3p(v'=1) 3p(v'=2) B
Spectator group —0.22(5)
1 X+3p 34.3 34.12 343 —0.24(10)
2 A+3p 35.8 35.97 36.4 —0.16(10)
3 B+3p 37.70 37.97 38.26 —-0.29(7)
4 X+4p 38.3 38.0 38.2

5 A+4p 39.7 40.0 40.3

6 B+4p 41.43 41.73 42.02 —0.24(7)

Bozeket al.[14], the molecular orientation parameter of the is most probably due to a weak valence character of fhe 3
4p resonance was found to have almost half the strength dRydberg orbital, indicating the possibility of a spin and an-
the 3p resonance;-0.25 and—0.44, respectively. Such a gular momentum coupling of the electron in the Bydberg
large difference is not observed in the present experimenbrbital and the valence holes that depends upon the final
The discrepancy is most probably due to the fact that thetate. However, interpretation of these shakeup states is ag-
molecules are selectively aligned in the &-23p excita-  gravated by the presence of ther alence photoelectron
tion, and the following shakeup has consequently a small ofine, which is located in this energy region.
negligible effect on the molecular alignment. In the normal Auger deca}6,7,24, structures belonging
The rest of the structures in Fig(e8 can be assigned in a to transitions to triplet final states have also been claimed to
similar manner with the aid of the normal Auger decay. Theexist in the energy region of interest. However, the intensi-
structures on the low-binding-energy side of the characterissies of these triplet states, which should correspond to quartet
tic B+ 3p peak, labeled 1 and 2, should be analogous to thetates in resonant Auger decay, have been found to be very
transitions to theX andA final states in normal Auger decay; low compared to the intensity of the singlet states. Therefore,
we thus denote these statesxas3p andA+3p. In normal  the intensity from transitions to quartet final states in the
Auger decay, the X state has a leading presentresonant Auger decay spectra should be insignificant,
(core)'(30)?(40)?(1m)*(50)° configuration and theA  and consequently no attempt to identify such states has been
state has a leading (coféBo)?(40)2(17)3(50)* configu- made.
ration[7]. On the high-energy side of tH&+4p peak weak Comparison between the structure belonging to transitions
structures are just seen; these are interpreted as being duettothe X+ 3p final state for 55° and 0° shows some very
transitions to the electronic final state of the interesting features. The transitions to the lower vibrational
(coref(30)%(40)%(1m)?(50)? configuration[26] plus the levels of theX+ 3p final state, labeled 1 in Fig.(8), show
3p spectator electron. Energetically this structure could als@angular dependence that differs from the other transitions in
be due to shakeup to Rydberg orbitals with a higher mairthe X+ 3p group. Our data show a trend towards a lovger
qguantum number than 4, but in that case the shape of thearameter with decreasing vibrational quantum number of
structure should reflect the overall shape of tipespectator the X+ 3p final state. For theX+3p final state, this is a
Auger decay; thus this explanation may be ruled out. strong indication that th@ parameter varies with the vibra-
Comparing Figs. 2 and(8), one observes that the number tional quantum number of the final state. Any influence from
of vibrational levels observed in thepBv’ =0) resonant Au-  the structure associated with the- 3p state, labeled 2, can
ger decay is, as expected, fewer than in the case of normak ruled out, since the angular dependence of the transitions
Auger decay. This is simply due to the difference in vibra-to the A+ 3p state is similar to the average angular depen-
tional envelopes for the intermediate state of the(:3 dence of the transitions to the+ 3p final state, as shown in
=0) resonant Auger decay compared to the core-ionizedable I. In addition, the vibrational width of the structure
Auger decay. However, it is still difficult to discern struc- belonging to theA state in normal Auger decay is 1.18 eV
tures belonging to transitions to tie+ 3p state versus the [7]. As already discussed, the number of decay paths should
X+3p, since the vibrational progressions for these twobe fewer in the vibrationally selective resonance Auger de-
states overlap. For this reason the binding energies of theay than in the normal Auger decay. Thus the influences
X+3p and A+ 3p states in Table | are not as accurately from structure associated with the+3p state should be
determined as those for tH&+ 3p and B+4p states. The very weak at the energy position for the lowest vibrational
structures on the high-binding-energy side of tBe 3p levels of theX+ 3p state. For direct photoelectron lingz7]
state[labeled 4 and 5 in Fig.(@)] are interpreted as belong- this effect of differentg parameters for different vibrational
ing to A+4p andX+4p states, using the same arguments agransitions is well known, but for resonant Auger this is the
for the B+ 4p state. The shakeup to main line intensity ratiosfirst observation of such an angular-dependent effect. In ad-
of these transitions seems to be comparable to that oBthe dition, to our knowledge this is also the first observation of
+4p state, but the energy separation from the correspondinthis effect for transitions corresponding to a final state with a
main lines is slightly higher, around 3.9 eV. This differencespectator electron in a Rydberg orbital.
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For CO, there have been many attempts to identify transition belonging to the vibrational level with lowest binding
sitions to final states with an electron in a Rydberg orbitalenergy the angular dependence is comparable to that in the
[27-29. Independent of the presence of an intermediat8p(v'=0) decay spectra; i.e., th8 parameter is clearly
state, transitions between the same ground and final statéswver (3~ —0.4) than the average value for the rest of the
must have the same energy due to energy conservation. THiaes corresponding to transitions to tbet+ 3p final elec-
holds despite differences in line profile, due to relaxation andronic states g~ —0.2). However, for the structure at bind-
lifetime broadening effects8]. For this reason, a comparison ing energies between 34 and 35 eV, a more complicated
between the present study and earlier inner valence photangular dependence pattern is observed. For this particular
electron studies is possible. However, agreement between thegion, which contains transitions to four or five different
inner valence photoelectron results and the resonant Augefibrational levels of theX+ 3p final state, the behavior of
results is poor. The binding energies qf Rydberg shakeup the structure in the decay spectra indicates thajgthparam-
states reported in the inner valences stuf#ds-29 are con-  eter decreases when the vibrational quantum number for the
sistently lower than the binding energies reported here. Ther¥+ 3p state increases.
is, however, a large scattering between values reported in
different studies. This can probably be explained by the great C. Auger decay of the C 5—3p(v’=2) state
difficulties in identifying the ® shakeup states from inner

valence spectra, arising from the very low cross section of The decay spectra for the Gs3p(v'=2) excitation

the transitions and the presence of other spectral features Eﬁ {g&%rrdeﬁoﬁggoézc?taﬁgg S?Osasbislnové? ;Eisﬁg)a.sagr?:ntge it
this energy region, such as inelastic scattering, transition P P y ’

due to Henl B radiation[27], and the broad @ valence pho- was not possible to achieve statistics comparable to the pre-

toelectron line. However, the present resonant Auger study'oYs tvvc? resonances. There is a fairly close resemblapce to
he 3p(v'=1) decay spectrum, even though some differ-

does not suffer from any of the above mentioned drawback énces, particularly for thi+3p state, are seen. The simi-
larity is expected, since the wave functions of thp(d'
=1) and the p(v' =2) intermediate states are both prefer-

As for the excitation to the (v’ =0) intermediate state, entially localized at the turning points of the potential curve
the decay spectrum of thepBv’ =1) excitation has been and should consequently yield similar decay spectra. For this
recorded at both 0° and 55°. Both spectra are displayed idecay spectrum, however, we expect to see a noticeable ef-
Fig. 3(b), and the assignment therein is the same as for théect of interference and a direct contribution mainly arising
decay spectra of theg§v’ =0) state. For the structures as- from the 3(v’'=1) intermediate state, since from the ab-
sociated with the transitions to electronic final states thasorption spectrunfFig. 1) it was found that the contribution
have been assigned &s+3p and A+3p, peak(1-2, we to thev’' =2 excitation band from the’=0 andv'=1 in-
observe major differences in line shape when comparing theermediate states is almost 20%. In addition, the relative con-
3p(v'=0) and the ®(v'=1) decay spectra. Particularly tribution from the broad & valence line to the’ =2 decay
striking is the splitting of the Auger groups belonging to spectrum is also much larger than for the two above dis-
transitions to theX+ 3p and theA+ 3p final states into two cussed decay spectra. This explains, to some extent, the
subgroups in the B(v'=1) decay spectrum, labeleda” broadness observed for tiet+3p Auger line in the (v’
and “b” in Fig. 3. This difference stems from the fact that =2) decay spectra. However, this broadness may partly
the wave function for the/’ =0 intermediate state is cen- come from the possibility of transitions between vibrational
tered close to the minimum of the potential curve, whereadevels other than the dominating transition between #he
for excitation to higher vibrational levels of the intermediate =2 levels of the final and intermediate states. Transitions to
state, the wave function is mainly localized at the turningthe v =0 andv’ =1 vibrational levels of theB-+3p final
points of the potential curve. For theéandA final states, the state, instead of the dominant transition, are then the candi-
equilibrium internuclear distance is larger than the equilib-dates to explain the extra broadening. Particularly, we expect
rium distance for the intermediate core ionized state. Transitransitions from the B(v' =2) intermediate state to the
tions to theX+3p and A+3p are thus split into two spa- =1 vibrational level of theB+ 3p final state, since both the
tially distinct decay paths, one taking place at the vicinity ofv’ =1 and thev’ =2 levels are located mainly at the turning
the outer turning point and the other taking place at the vipoints of the potential curve of the final state. Peaks arising
cinity of the inner turning point of the intermediate state from transitions between vibrational levels other than the
potential curve. For the excitations to th@(@’'=1) inter-  dominating one must be located at the low-binding-energy
mediate state, the outer turning point of the potential curve iside of the main peak, since the potential curve for Bhe
closer to the equilibrium internuclear distance for i@nd  final state in normal Auger decay has double minima and the
A final states. This suppresses the number of efficient decdyighest vibrational level supported by the inner part is the
paths and supports populations of lower vibrational levels inv’=2 level [24]. On the low-binding-energy side the con-
the final state. The enhanced population of lower vibrationatinuous distribution is also located, the continuous distribu-
levels is seen from the lower binding energy of e 3p  tion is due to decay to the dissociative part of the potential
state in the (v’ =1) decay, compared to binding energy of curve of the final state.
the X+ 3p state in the p(v' =0) decay; see Table I. Regarding the angular dependence for tip¢:8=2) de-

The decay spectra of the Cs4:3p(v’'=1) excitation cay spectrum, we notice that for transitions to e 3p
have a novel angular dependence seen in the structure binal state the observed anisotropy is similar to that observed
longing to transitions to th&X+ 3p final state. For the tran- in the 3p(v'=1) decay.

B. Auger decay of the C 5—3p(v'=1) state
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D. Angular anisotropy of the Auger decay tional level of the AugeiX+ 3p final state. This is in accor-
In the introduction we mentioned that in a two-step pic-dance with the angular dependence in tipg:3 =1) decay.

ture the Auger angular anisotropy can be described as tHdowever, for the decay of thep§v’=0) intermediate state
product of the molecular alignment parameteand the in- & trend towards decreasing parameters for lower vibra-
trinsic anisotropy parameter of the Auger deay In that tional levels is observed. In addition, for the decay spectra
way an estimate of, for the 3p(v' =0,1,2) excitation can from the_: Ij:)(u’=2) intermediate state an angular depen-
be obtained from the values of the Auger electron a\symmetlrfe”Ce S|,m|lar to the (v’ =1) decay was observed. But for
parameterg and the molecular alignment parameters takerf"® 3p(v'=2) decay, transitions occurring at the outer part
from [14]. For the complete spectator group following the of the potential curve of the intermediate state populate ad-
decay from the P resonance we obtair,~0.45. This value ditional vibrational levels of th& + 3p final state. The value

is clearly larger than the value @f,~0.15[1], determined ©Of the B parameter is similar in both thep§»’=1) and the

for the Auger decay at the* shape resonance, where the 3pt(”, .le) decaﬁ].forgransiti(_)ns_frorln the outer g_arf[ of thi
coupling between the photoelectron and the valence ele ho e'ntia fcurve. 'S? setr.vatlon. 'Sa‘:‘ﬁ m@cg;léra |f:t_|02n wit
trons should be negligible. In addition, for the shape reso- € Interierence expianation, since the p(v'=2)
hoton excitation probability is lower than for the C
nance, the, parameter has been found to vary between 0.3P ;L o | ffect is th
and — 0.3 for individual Auger decay channdlg]. Such a _1s—>3p(v =1) excitation. A larger effect is thus expected
R ; ' in the angular dependence for the decay from thpg13
large variation is not observed in the present study of the

. =2) intermediate state.
3p resonance, for which the, parameters vary roughly be- — Apqther explanation is that this vibration-dependent angu-

tween 0.3 and 0.7. However, after corrections for the differj4 anisotropy could be an effect of valence electron correla-
ences in alignment parameter, this angular anisotropy of thgyns | the ‘configuration interactiof€!) picture the elec-
Auger decay resembles more closely the Auger decay of thgon correlation is taken into account by inclusion of several
27" resonance. For the latter resonance, dhgarameters  gjaciron configurations of higher multiply excited states. For
have been found to vary between 0.3 and[@ This indi- ¢ jt is well known from theoretical studies on the double-
cates that a spectator electron in thp Rydberg orbital  pje states, particularly for thé, A, andB states, that large
couples in a similar way to the valence electrons as a Spegsrors are introduced in the calculated binding energies if Cl
tator electron in the 2* orbital, as expected from symmetry g not properly taken into accouf,7,24. For theX state
considerations. However, from coupling strength considery,e 0.66150) 0.1505040) 0.01440) 0.0053050)
ations one would expect the intrinsic anisotropy of the Augerolooé(lw) composition was used in Ref7]. The angular
decay to be similar to the values observed in shape resonanggribution of the Auger electrons depends upon the symme-
studies. This suggests that even a weak coupling between e of the intermediate as well as the final state. If the valence
3p Rydberg orbital and the valence orbitals could have &jectron configuratioiand hence the symmetry of either the
considerable effect on the angular anisotropy of the Augeftermediate or final statevaries over the potential curve,
decay. this directly influences th@ parameter of the Auger decay.
The Auger decay from the v'=0,1,2) resonances gych an explanation, which goes beyond the Born-
shows some notable features in the angular anisotropy of th@ppenheimer approximation, seems to be the most reason-
transitions to theX+3p final state. We have consistently gple one for the angular dependence of the Auger decay ob-
observed that the transitions that take place at the outermoggpyed in the present study. From earlier studies on resonant
part of the potential curves for the intermediate state hawve Auger decay in atoms, it is generally known that the angular
parameters that are lower than the transitions occurring at thgependence parameter is a very sensitive probe of electron
inner part of the potential curve. This is clearly seen in thecorrelation effects. Only by inclusion of Cl in both the inter-
3p(v'=1) and P(v'=2) decay spectra, where transitions mediate and final states could the angular dependence be
from the inner and outer parts of the intermediate state Poreasonably reproducd®0]. Therefore, additional theoretical
tential curve are split into two different subgroups in thestydies seem necessary in order to describe the angular an-

spectra. The trend towards decreasfgith decreasing vi-  jsotropy of resonant Auger decay in small molecules.
brational quantum number for thep8v' =0) to X+ 3p Au-

ger decay is also a consequence of this effect. This novel IV. CONCLUSIONS
angular effect is only observed for transitions to ¥ie 3p '
final state; the group of lindgpeak 2 Fig. 8)] correspond- Vibrationally selective resonant Auger decay of the 3

ing to the transitions to th&+ 3p final state do not exhibit Rydberg level in CO has been studied with angular resolu-
this angular effect even though the group is split into twotion. It is found that the participator contribution to the reso-
subgroups. nant Auger decay for an excitation to thp Rydberg level is
One explanation could be interference between a direategligible. The spectator decay has been analyzed within the
photoionization channel populating tie- 3p singly ionized  framework of the strict spectator model and comparison to
state and the corresponding resonant channel. The diretarmer studies of the normal Auger decay. Features belong-
channel should have both an angular dependence similar iog to a 3p—4p shakeup have been observed in the decay
the 5 valence photoelectron line and a similar vibrational spectra. Depending on the vibrational level of the intermedi-
progression. The & valence line is known to be populated ate core excited state, distinct differences in the decay spec-
mainly by the lowest vibrational level with g parameter tra are observed; this is particularly striking when comparing
slightly below 2[22]. Interference with the direct channel deexcitation spectra of the G4 3p(v’ =0) excitation with
would then influence mainly transitions to the lowest vibra-C 1s— 3p(v' = 1,2) excitations. This is a consequence of the
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differences in decay paths, where the wave function of theipon the vibrational level of thX+3p final state is ob-
3p(v' =0) intermediate state is located mainly at the equi-served. This behavior has been interpreted as being due to
librium internuclear distance of the potential curve, whereaglectron correlation effects.

the 3p(v' = 1,2) intermediate states are located at the turning

points of the potential curves. The angular anisotropy of the

resonant Auger decay has been found to show a weak depen- ACKNOWLEDGMENTS

dence upon the final electronic states. Together with the val-

ues of the intrinsic Auger anisotropy parameters, this re- The authors wish to thank the staff of the MAX laboratory
sembles the angular anisotropy found earlier for the Augefor assistance during measurements. The work of Ing. J.-O.
decay at the 2* resonancd2]. We interpret this as evi- Forsell in the design of equipment is acknowledged. This
dence that the 8 Rydberg orbital has a weak but non- work has been supported by the Nordic Academy for Ad-
negligible valence character. For transitions to e 3p  vanced StudyNorFA) and the Swedish Natural Science Re-
state, an angular anisotropy of the Auger decay dependestarch Counci(NFR).

[1] U. Becker, R. Htzel, H. G. Kerkhoff, B. Langer, D. Szostak, [17] D. Dill, J. R. Swanson, S. Wallace, and J. L. Dehmer, Phys.

and R. Wehlitz, Phys. Rev. Lets6, 1455(1986. Rev. Lett.45, 1393(1980.
[2] O. Hemmers, F. Heiser, J. Eiben, R. Wehlitz, and U. Becker[18] A. Kivimaki, M. Neeb, B. Kempgens, H. M. Kape, and A. M.
Phys. Rev. Lett71, 987 (1993. Bradshaw, Phys. Rev. B4, 2137(1996.

[3] S. J. Osborne, A. Ausmees, S. Svensson, A. Kikim@.-P. [19] S. Aksela, A. Kivimi, A. Naves de Brito, O.-P. Sairanen, S.
Sairanen, A. Naves de Brito, H. Aksela, and S. Aksela, J. Svensson, and J."Yeynen, Rev. Sci. Instrun65, 831(1994).

Chem. Phys102 7317(1995. [20] S. Svensson, J.-O. Forsell, H. Siegbahn, A. Ausmees, G. Bray,
[4] L. Ungier and T. D. Thomas, J. Chem. Ph§g, 3148(1984). S. Salergren, S. Sundin, S. J. Osborne, S. Aksela, EnNo
[5] D. L. Lynch, Phys. Rev. A3, 5176(199). miste, J. Jauhiainen, M. Jurvansuu, J. Karvonen, P. Barta, W.
[6] R. Cello and S. Simonucci, Phys. Rev.48, 392 (1993. R. Salaneck, A. Evaldsson, M. bdlund, and A. Fahiman,
[7] L. S. Cederbaum, P. Campos, F. Tarantelli, and A. Sgamellotti, Rev. Sci. Instrum67, 2149(1996.
J. Chem. Phys95, 6634(199). [21] J. M. Bizau and F. J. Wuilleumier, J. Electron Spectrosc. Relat.
[8] N. Correia, A. Flores-Riveros, H. gken, K. Helenelund, L. Phenom.71, 205 (1995.
Asplund, and U. Gelius, J. Chem. Ph#8, 2035(1985. [22] O. Hemmers, S. B. Whitfield, N. Berrah, B. Langer, R. Wehl-
[9] E. Kukk, H. Aksela, O.-P. Sairanen, E. Mmiste, S. Aksela, itz, and U. Becker, J. Phys. B3, 693 (1995.
S. J. Osborne, A. Ausmees, and S. Svensson, Phys. Red,.. A [23] U. Becker and A. Menzel, Nucl. Instrum. Methods Phys. Res.
2121(1996. B 99, 68 (1995.
[10] M. Neeb, A. Kivim&ki, B. Kempgens, H. M. Kppe, J. [24] M. Larsson, B. J. Olsson, and P. Sigray, Chem. Ph$8, 457
Feldhaus, and A. M. Bradshaw, Phys. Rev. L&, 2250 (1989.
(1996. [25] G. B. Armen, J. Phys. B9, 677(1996.
[11] W. Eberhardt, J.-E. Rubensson, K. J. Randall, J. Feldhaug26] A. G. Kochur, V. L. Sukhorukov, V. F. Demekhin, and S. A.
A. L. D. Kilcoyne, A. M. Bradshaw, Z. Xu, P. D. Johansson, Novikov, J. Electron Spectrosc. Relat. Phenor§, 329
and Y. Ma, Phys. SciT41, 143(1991). (1995.
[12] P. Erman, A. Karawajczyk, U. Kile, E. Rachlew-Kine, and  [27] P. Baltzer, M. Lundqvist, B. Wannberg, L. Karlsson, M. Lars-
K. Y. FranzZe, Phys. Rev. A53, 1407(1995. son, M. A. Hayes, J. B. West, M. R. F. Siggel, A. C. Parr, and

[13] M. Domke, C. Xue, A. Puschmann, T. Mandel, E. Hudson, J. L. Dehmer, J. Phys. BY, 4915(1994).
D. A. Shirley, and G. Kaindl, Chem. Phys. Lett73 122 [28] L. Asbrink, C. Fridh, E. Lindholm, and K. Codling, Phys. Scr.

(1990. 10, 183(1974.

[14] J. D. Bozek, N. Saito, and I. H. Suzuki, J. Chem. PHy&0, [29] Z. F. Liu, G. M. Bancroft, L. L. Coatsworth, and K. H. Tan,
393(1993. Chem. Phys. Lett203 337(1993.

[15] P. Skytt, P. Glans, K. Gunnelin, J.-H. Guo, J. Nordgren, Y.[30] H. Aksela, S. Aksela, and N. Kabachnik, WJV and Soft
Luo, and H. Agren, Phys. Rev. A5, 134 (1997. X-Ray Photoionization Studiesdited by U. Becker and D. A.

[16] V. Schmidt, Rep. Prog. Phys5, 1483(1992. Shirley (Plenum, New York, 1996



