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Vibrationally selective resonant Auger spectroscopy of the 3p core-to-Rydberg excitation in CO
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The Auger decay of the C 1s→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 to 3p→4p shakeup also
accompany the main lines; together with the total absence of any participator contribution, this reveals the
atomiclike nature of the 3p Rydberg orbital. Remarkably large differences between the decay spectra recorded
on the 3p(y850) and the 3p(y851) 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.
@S1050-2947~97!07107-2#
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I. INTRODUCTION

For the CO molecule, the majority of the resonant Aug
or Auger resonant Raman studies have so far concentr
upon the Auger decay resulting from core excitation to
first unoccupied 2p* valence level@1–4#. There has also
been a considerable interest in the shape resonance@1,2,5#,
where the excited core electron can be considered to be
porarily trapped in an orbital ofs* symmetry. Both of these
resonances have been shown to yield nonisotropic Au
electron emission@1,2#. Together with normal Auger studie
@6–8#, where the excitation energy is far above the ionizat
threshold, considerable insight into the vibrational lifetim
interference influence on the Auger decay as well as on
coupling strength between the excited electron and vale
electrons has been obtained. Selective excitation to dis
Rydberg levels in connection with electron spectroscopy
the resulting decay has recently become possible for s
molecules, such as N2 and HCl @9–11#. These studies hav
revealed the usefulness of the strict spectator model an
almost total absence of any participator contribution to
decay for core-to-Rydberg excitations. However, these m
lecular studies have often suffered from moderate monoc
mator and spectrometer resolution, making detailed inform
tion about molecular vibrational progression difficult
impossible to obtain. For CO, the majority of the earl
synchrotron-radiation-based measurements of the decay
cesses from core-to-Rydberg excitations have concentr
on ion yield measurements@12–14#; from these studies con
siderable insight into the molecular orientation caused by
excitation process has been reached. Recently, a v
tionally selective x-ray emission study of both the 3s and the
3p resonance was performed@15#. A large difference be-

*Also at the University College of Ga¨vle-Sandviken, S-80176
Gävle, Sweden.
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tween the x-ray emission spectra, depending on the vib
tional quantum number of the excited state, was observe
similar effect is thus expected for the corresponding Au
decay, due to the similarities between the nonradiative
the radiative decay.

For small diatomic molecules, the energy splitting b
tween the vibrational levels of the intermediate state m
exceed the natural lifetime width of the 1s core hole state. If
the exciting photon bandwidth is sufficiently narrow, distin
vibrational levels of the intermediate state can be selectiv
excited. Together with high-resolution electron decay sp
tra, it makes it possible to obtain detailed knowledge ab
the transition between the excited neutral intermediate s
and the singly ionized final state. In addition, if high reso
tion is combined with angle-resolved measurements, imp
tant complementary information can be obtained. The aim
this work is thus to study the Auger decay of the core-
Rydberg excited state with angular resolution, and incor
rate high resolution in both the exciting photon flux and t
electron decay spectra.

Within the dipole approximation the angular distributio
of the emitted electrons for completely linearly polariz
light is expressed as@16#

I ~s,w!5
s

4p F11
b

2 S 121
3

2
cos 2w D G . ~1!

Heres is the total cross section,b is the parameter describ
ing the angular dependence of the specific transition stud
and w is the angle between the polarization plane and
direction of the emitted electron. Neglecting interference
fects, the angular distribution of Auger electrons is with
the two-step model described as the productb5Aca , where
A is the photon-energy-dependent molecular alignment
rameter, andca the parameter characterizing the intrinsic a
isotropy of the Auger decay@17#. The selectivity in the align-
ment is caused by the dipole selection rule f
480 © 1997 The American Physical Society
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56 481VIBRATIONALLY SELECTIVE RESONANT AUGER . . .
photoexcitation, i.e., for a 1s→np transition the photoab
sorption is expected to be enhanced for molecules that h
the molecular axis perpendicular to the electric field vec
For molecules, the asymmetry of the Auger electron deca
in turn caused by the nonisotropic charge distribution@17#.
An estimate of the alignment parameter can be obtained
directly from the angular dependence of an Auger group.
studying the angle-resolved Auger electron spectra at ph
energies corresponding to thep* resonance and thes*
shape resonance for N2, the effect of theA parameter on the
asymmetry of the Auger decay was recently shown by K
mäki et al. @18#.

II. EXPERIMENT

The experiment was carried out at the MAX I storage ri
in Lund, Sweden, at beamline 51~BL51! @19#. The beamline
uses radiation from a short period undulator giving reas
able photon flux in the 60–600 eV range. BL51 is provid
with a modified SX-700 plane grating monochromator.
this study a photon bandwidth of approximately 150 meV
293 eV photon energy was used. Recently, an end sta
with the possibility of rotating the SES-200 electron ener
analyzer in a plane perpendicular to the direction of the
coming photon beam was installed at BL51@20#. The trans-
mission of this spectrometer decreases rather slowly w
increasing kinetic energy, making it possible to record el
trons with high initial kinetic energy at reasonable intensi
This is of crucial importance for studies of weak reson
processes, such as the one presented here. For this part
study, a constant analyzer pass energy of 75 eV, resultin
an electron spectrometer resolution of around 150 meV
used. Due to the high kinetic energy of the Auger electro
a small but non-negligible Doppler broadening of appro
mately 40 meV must also be taken into account. This yie
a total experimental resolution of approximately 210 me
arising from the monochromator, Doppler and spectrome
broadening. The CO gas was commercially obtained fr
Alfax with a purity of '99.9%; valence electron spect
were measured to check for possible contamination of
sample, and the photon flux was measured by a photod
in the end of the gas cell.

To account for differences in transmission between diff
ent analyzer angles, Ne 2p photoelectron spectra were re
corded at similar experimental conditions. This line was c
sen since theb parameter and the cross sections for Nep
are well known@21#. From measurements of the Ne 2s pho-
toelectron line together with the Ne 2p photoelectron line the
degree of linear polarization was determined to be gre
than 96% at'290 eV photon energy. Transmission corre
tion was also made from measurements of the CO vale
photoelectron lines using knownb parameters@22#, although
the accuracy is not as high as in the case of Ne 2p. Further-
more, it was found that the participator contribution to t
total decay was negligible. Therefore, the 4s, 1p, and 5s
photoelectron lines can be used as an inherent transmis
correction for spectra recorded at different angles. To eli
nate errors induced by instabilities in the absolute inten
of the photon flux, for instance, due to mechanical instab
ties of the spectrometer or fluctuations of the position of
electron beam in the storage ring, such an inherent trans
ve
r.
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sion correction from peaks in the decay spectra correspo
ing to final states with holes in the 4s, 1p, or 5s orbital is
very helpful. These three methods resulted in similar corr
tions for the transmission difference between different a
lyzer angles.

It has also been shown that the angular anisotropy of
Auger decay may vary across resonances@1#. Efforts have
consequently been made to keep track of the accurate ph
energy calibration during the recordings.

III. RESULTS AND DISCUSSION

The ground-state valence electron configuration of CO
(core)4(3s)2(4s)2(1p)4(5s)2. From earlier studies of the
Auger decay of Rydberg excitations for small molecu
@9,15#, it is known that the participator contribution to th
total decay is small or negligible. Due to the fact that t
participator transitions correspond to final states that also
be reached via the direct photoionization, it is difficult
obtain an accurate estimate of the participator decay co
bution. In the present study, the direct photoionization c
tribution has been estimated by recording photoelect
spectra of the three valence lines 4s, 1p, and 5s with a
nonresonance photon energy close to the first Rydberg r
nance, where the participator contribution can be conside
to be negligible. Comparison to the spectra recorded at
3p resonance revealed that the valence electron lines in
off-resonance spectrum have about the same intensity a
corresponding lines in the resonant Auger spectra. There
the resonant population of valence single-hole~participator!
final states must be of very low probability. This immed
ately indicates a weak coupling between the excited Rydb
electron and the core hole as well as the valence elect
@11#.

The absorption spectrum covering the photon energy
gion for all the singly core excited (1h-1e) Rydberg states
except the 3s state is shown in Fig. 1. The peak assignme
are taken from a study by Domkeet al. @13#. From earlier
measurements on the 2p* resonance of CO@3#, it is well
known that interference effects may greatly influence
structure of the Auger spectrum. To be able to distingu
between lifetime vibrational interference and angular dep
dence effects, efforts were made to cancel out the poss

FIG. 1. Partial electron yield spectrum covering the photon
ergy region of all the (1h-1e) singly excited Rydberg states exce
the 3s level.
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482 56S. SUNDINet al.
interference effects. Firstly, the energy of the exciting ph
tons was precisely controlled by a regular recording of
absorption spectrum. In this way, the decay spectra can
recorded at exactly the same photon energy at both an
resulting in identical interference contributions. Second
decay spectra from the C 1s→3p(y850) and C
1s→3p(y851) excitations were recorded with a photon e
ergy slightly off resonance maxima. These measurem
showed that even with a photon energy detuning of sev
tens of meV, it was not possible to reproduce the angu
dependent effects observed between spectra recorded
and 55°. We are thus confident that the angular depend
could be isolated.

The photon bandwidth of approximately 150 meV is re
resented by the boxes shown in Fig. 1, which is clearly n
rower than the vibrational spacing of approximately 3
meV. The absorption spectrum was fitted with Voigt profil
in order to evaluate the role of lifetime vibrational interfe
ence ~LVI !. LVI is caused by the overlap of the excitin
photon energy distribution and the Lorentzian tails of t
adjacent vibrational intermediate states. In the case of e
tation to the first vibrational statey850, the contribution
from the second vibrational state was found to be less t
5%, so practically only they850 level is populated in the
intermediate state. Since it is known that the strength of
interference contribution to the decay spectra is of the sa
order of magnitude as the population of adjacent interme
ate states@3#, the interference is very weak in they850 case.
For the second vibrational level,y851, the overlap with ad-
jacent vibrational levels is stronger, about 8% from they8
50 level and 2% from they852 level. Thus, in the case o
y851 the vibrational interference contribution, together w
the direct part from adjacent vibrational intermediate sta
should play a minor role and is hence assumed to hav
small impact on the decay spectra for the C 1s→3p(y8
51) excitation. When exciting they852 intermediate vibra-
tional state, the overlap with the other two vibrational lev
is larger than for the previous two cases. From the absorp
spectrum the contribution from they850 andy851 inter-
mediate states to the total intensity of they852 level can be
estimated to about 20%.

Electronic state-state interference may also occur in
decay from the 3p(y850,1,2) intermediate states, since t
3p states ofp symmetry overlap with the correspondin
3p states ofs symmetry. In a study by Domkeet al. @13#, it
was found that the photoexcitation probability of 3p states of
s symmetry is substantially lower than the correspond
states ofp symmetry. In addition, the 3ps resonances were
found to be shifted approximately 0.15 eV towards high
photon energy. Due to this shift and the narrow exciti
photon bandwidth used to excite the 3p vibrational states,
any contribution to the decay spectra from intermedi
states ofs symmetry should be very low, and will be ne
glected in the following discussion.

The assignment of the structures in the decay spectra f
the 3p(y850), 3p(y851), and 3p(y852) intermediate
states has been carried out by comparison to the normal
ger decay spectra of CO@6–8#. To justify such a comparison
they850, y851, andy852 decay spectra were added, aft
normalization to the intensity of the valence photoelect
lines. In Fig. 2 the sum spectrum is shown together wit
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normal Auger decay spectrum. As seen, the sum spect
strongly resembles the CO normal Auger spectrum. This
expected if the spectator electron located in a Rydberg
bital does not couple with the outermost valences electr
and, instead, just acts by screening due to the Coulomb
teraction. In the strict spectator model, the (2h-1e) decay
spectrum associated with a core excited Rydberg state sh
be the same as for the 2h Auger decay spectrum, but shifte
towards lower binding energy~by about 7.7 eV!. Thus, struc-
tures in the decay spectra from different core excited vib
tional intermediate states can be identified by compariso
the normal Auger spectrum, provided that the average o
vibrational levels is made as described above. The close
semblance between the normal Auger decay spectrum
the sum 3p(y850,1,2) decay spectrum in Fig. 2 also su
gests a moderate interference contribution to the normal
ger decay. This is supported by the theoretical study of C
reiaet al. @8#, in which the interference contribution showe
significant effects only in the finer details of the decay sp
trum. This further supports the conclusion that the interf
ence contributions to the vibrationally selectively excit
resonant Auger spectra reported here are small.

A. Auger decay of the C 1s˜3p„y850… state

The resonant Auger decay following excitations to t
intermediate vibrational Rydberg statesy850, y851, and
y852 were recorded for both 0°, i.e., the electron emiss
direction parallel to the polarization plane, and for the ma
angle of 55°. In Fig. 3~a!, the spectator part of the 3p(y8
50) decay spectrum is shown. After subtraction of the inte
sity of the 3s valence line, which lies in this binding energ
region, an averageb value of'20.2 for the whole consid-
ered spectator group was determined using Eq.~1!. Ion yield

FIG. 2. Lower part: the normal Auger spectrum recorded at 3
eV photon energy. The binding energy scale was calibrated u
the C 1s ionization energy of 296.08 eV@13#. Upper part: the
spectrum obtained by a weighted summation of the decay spe
from the 3p(y850,1,2) intermediate states.
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56 483VIBRATIONALLY SELECTIVE RESONANT AUGER . . .
studies of the excitation to the first unoccupied valence le
in CO have shown that the C 1s→2p* excitation selects
molecules with an axis preferentially oriented perpendicu
to the polarization plane@2#. For this excitation, the majority
of the Auger transitions have been found to haveb values
around20.5 @23#, i.e., more than a factor of two lower tha

FIG. 3. ~a! Spectator part of the Auger decay spectra from
photoexcited C 1s213p(y850) intermediate states. Solid lines re
resent the spectra recorded at 55° and dotted lines the spect
corded at 0°. The variation of theb parameter over theX13p final
state is shown as an inset.~b! The spectator part of the Auger deca
spectra from the photoexcited C 1s213p(y851) intermediate
states. The variation of theb parameter over theX13p final state is
shown as an inset.~c! The spectator part of the Auger decay spec
from the photoexcited C 1s213p(y852) intermediate states. Th
variation of theb parameter over theX13p final state is shown as
an inset.
el

r

for the spectator part of the 3p decay. This implies that a
similar, but weaker alignment of the intermediate sta
should also occur for the C 1s→3pp excitation. For a di-
atomic molecule a direct estimate of the alignment param
A can be obtained from the angular dependence param
(b i) of the emitted ions in an ion yield measurement. In
ion yield study by Bozeket al. @14# it was found that the
3p resonance revealedb i520.44, which should be com
pared to theb i520.95 found for the 2p* resonance@2#.

The decay of the C 1s→3p(y850) excitation is domi-
nated by one sharp peak@labeled 3 in Fig. 3~a!#. A similar
dominant and sharp peak is also seen in the normal Au
decay spectrum@6–8#, and was assigned to transitions to t
dicationicB final state. Consequently, the sharp peak in
decay spectra from the C 1s→3p(y850) excitation should
be due to the same final-state configuration as in the nor
Auger case, but shifted in energy due to the presence
spectator electron in the 3p orbital. For this (2h-1e) 3p
spectator final state, we introduce the notationB13p. The
B13p final state is a doublet with a leading configuration
(core)4(3s)2(4s)1(1p)4(5s)1(3p)1 @7#. The characteristic
sharpness of the structure associated with theB state is, in
the case of normal Auger, explained by the fact that tran
tions between vibrational levels with the same vibration
quantum number is an order of magnitude stronger than
other possible transitions@6#. This is because the dicationi
B state has an equilibrium internuclear distance (Re
51.097 Å) similar to that of the C 1s core ionized state
(Re51.073 Å) @8,24#. Thus, the presence of a spectat
electron has a minor or at least comparable effect on
bond length for both the intermediate state and the final st
as expected for a Rydberg orbital with nonbonding charac
This has also been observed in absorption spectrosc
wherefrom an equilibrium internuclear distance of 1.073~1!
Å has been estimated for the C 1s→3pp excitation@13#.

At the high binding energy side of peak 3 there is a sim
larly sharp but weaker structure, peak 6, located 3.73
from theB13p peak. Peak 6 is interpreted as belonging to
B14p final state, i.e. 3p→4p shakeup accompanying th
Auger decay. To test this identification, a resonant Au
spectrum was recorded at the C 1s→4p resonance. From the
latter spectrum, the 4p main lines were found at the sam
binding energies as the lines associated with the 3p→4p
shakeup in Fig. 3~a!, strongly supporting the shakeup inte
pretation. TheB14p shakeup structure is about four to fiv
times weaker than theB13p main line. The observed ratio
is comparable to the ratio predicted by Armen in a study
the response of an electron in a hydrogenic orbital to a s
den change in central charge fromZ to Z11 @25#. To allow
such a straightforward comparison the quantum defect
CO ~0.775! @13# was implemented. In addition, in Ref.@25# it
is predicted that the 3p→4p should be the only allowed
shakeup transition, as we observe in this study. The rela
intensity of the shakeup transition is somewhat lower th
predicted by Armen, but the discrepancy can most certa
be explained by a weak but larger valence character of
3p Rydberg orbital than that of the 4p orbital, giving rise to
a smaller overlap between the two Rydberg orbitals th
would be the case for two pure atomiclike orbitals.

TheB14p shakeup state is found to have nearly the sa
b as theB13p main line, Table I. In the ion yield study by
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TABLE I. Binding energies and angular anisotropy parameters~b! for transitions from the 3p(y8
50,1,2) intermediate states to ceertain electronic final states. The binding energies were determine
center of gravity of the spectral structure.

Assignments
in Fig. 3. Identification

Binding energy~eV!

b3p(y850) 3p(y851) 3p(y852)

Spectator group 20.22(5)
1 X13p 34.3 34.12 34.3 20.24(10)
2 A13p 35.8 35.97 36.4 20.16(10)
3 B13p 37.70 37.97 38.26 20.29(7)
4 X14p 38.3 38.0 38.2
5 A14p 39.7 40.0 40.3
6 B14p 41.43 41.73 42.02 20.24(7)
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Bozeket al. @14#, the molecular orientation parameter of th
4p resonance was found to have almost half the strengt
the 3p resonance,20.25 and20.44, respectively. Such
large difference is not observed in the present experim
The discrepancy is most probably due to the fact that
molecules are selectively aligned in the C 1s→3p excita-
tion, and the following shakeup has consequently a sma
negligible effect on the molecular alignment.

The rest of the structures in Fig. 3~a! can be assigned in
similar manner with the aid of the normal Auger decay. T
structures on the low-binding-energy side of the characte
tic B13p peak, labeled 1 and 2, should be analogous to
transitions to theX andA final states in normal Auger decay
we thus denote these states asX13p andA13p. In normal
Auger decay, the X state has a leading
(core)4(3s)2(4s)2(1p)4(5s)0 configuration and theA
state has a leading (core)4(3s)2(4s)2(1p)3(5s)1 configu-
ration @7#. On the high-energy side of theB14p peak weak
structures are just seen; these are interpreted as being d
transitions to the electronic final state of th
(core)4(3s)2(4s)2(1p)2(5s)2 configuration@26# plus the
3p spectator electron. Energetically this structure could a
be due to shakeup to Rydberg orbitals with a higher m
quantum number than 4, but in that case the shape of
structure should reflect the overall shape of the 3p spectator
Auger decay; thus this explanation may be ruled out.

Comparing Figs. 2 and 3~a!, one observes that the numb
of vibrational levels observed in the 3p(y850) resonant Au-
ger decay is, as expected, fewer than in the case of no
Auger decay. This is simply due to the difference in vibr
tional envelopes for the intermediate state of the 3p(y8
50) resonant Auger decay compared to the core-ioni
Auger decay. However, it is still difficult to discern stru
tures belonging to transitions to theA13p state versus the
X13p, since the vibrational progressions for these t
states overlap. For this reason the binding energies of
X13p and A13p states in Table I are not as accurate
determined as those for theB13p andB14p states. The
structures on the high-binding-energy side of theB13p
state@labeled 4 and 5 in Fig. 3~a!# are interpreted as belong
ing toA14p andX14p states, using the same arguments
for theB14p state. The shakeup to main line intensity rati
of these transitions seems to be comparable to that of thB
14p state, but the energy separation from the correspond
main lines is slightly higher, around 3.9 eV. This differen
of
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is most probably due to a weak valence character of thep
Rydberg orbital, indicating the possibility of a spin and a
gular momentum coupling of the electron in the 3p Rydberg
orbital and the valence holes that depends upon the fi
state. However, interpretation of these shakeup states is
gravated by the presence of the 3s valence photoelectron
line, which is located in this energy region.

In the normal Auger decay@6,7,24#, structures belonging
to transitions to triplet final states have also been claimed
exist in the energy region of interest. However, the inten
ties of these triplet states, which should correspond to qua
states in resonant Auger decay, have been found to be
low compared to the intensity of the singlet states. Therefo
the intensity from transitions to quartet final states in t
present resonant Auger decay spectra should be insignific
and consequently no attempt to identify such states has b
made.

Comparison between the structure belonging to transiti
to the X13p final state for 55° and 0° shows some ve
interesting features. The transitions to the lower vibratio
levels of theX13p final state, labeled 1 in Fig. 3~a!, show
angular dependence that differs from the other transition
theX13p group. Our data show a trend towards a lowerb
parameter with decreasing vibrational quantum number
the X13p final state. For theX13p final state, this is a
strong indication that theb parameter varies with the vibra
tional quantum number of the final state. Any influence fro
the structure associated with theA13p state, labeled 2, can
be ruled out, since the angular dependence of the transit
to theA13p state is similar to the average angular depe
dence of the transitions to theX13p final state, as shown in
Table I. In addition, the vibrational width of the structu
belonging to theA state in normal Auger decay is 1.18 e
@7#. As already discussed, the number of decay paths sh
be fewer in the vibrationally selective resonance Auger
cay than in the normal Auger decay. Thus the influen
from structure associated with theA13p state should be
very weak at the energy position for the lowest vibration
levels of theX13p state. For direct photoelectron lines@27#
this effect of differentb parameters for different vibrationa
transitions is well known, but for resonant Auger this is t
first observation of such an angular-dependent effect. In
dition, to our knowledge this is also the first observation
this effect for transitions corresponding to a final state wit
spectator electron in a Rydberg orbital.
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56 485VIBRATIONALLY SELECTIVE RESONANT AUGER . . .
For CO, there have been many attempts to identify tr
sitions to final states with an electron in a Rydberg orb
@27–29#. Independent of the presence of an intermedi
state, transitions between the same ground and final s
must have the same energy due to energy conservation.
holds despite differences in line profile, due to relaxation a
lifetime broadening effects@8#. For this reason, a compariso
between the present study and earlier inner valence ph
electron studies is possible. However, agreement betwee
inner valence photoelectron results and the resonant A
results is poor. The binding energies of 3p Rydberg shakeup
states reported in the inner valences studies@27–29# are con-
sistently lower than the binding energies reported here. Th
is, however, a large scattering between values reporte
different studies. This can probably be explained by the g
difficulties in identifying the 3p shakeup states from inne
valence spectra, arising from the very low cross section
the transitions and the presence of other spectral feature
this energy region, such as inelastic scattering, transit
due to HeII b radiation@27#, and the broad 3s valence pho-
toelectron line. However, the present resonant Auger st
does not suffer from any of the above mentioned drawba

B. Auger decay of the C 1s˜3p„y851… state

As for the excitation to the 3p(y850) intermediate state
the decay spectrum of the 3p(y851) excitation has been
recorded at both 0° and 55°. Both spectra are displaye
Fig. 3~b!, and the assignment therein is the same as for
decay spectra of the 3p(y850) state. For the structures a
sociated with the transitions to electronic final states t
have been assigned asX13p andA13p, peak~1–2!, we
observe major differences in line shape when comparing
3p(y850) and the 3p(y851) decay spectra. Particularl
striking is the splitting of the Auger groups belonging
transitions to theX13p and theA13p final states into two
subgroups in the 3p(y851) decay spectrum, labeled ‘‘a’’
and ‘‘b’’ in Fig. 3. This difference stems from the fact tha
the wave function for they850 intermediate state is cen
tered close to the minimum of the potential curve, where
for excitation to higher vibrational levels of the intermedia
state, the wave function is mainly localized at the turni
points of the potential curve. For theX andA final states, the
equilibrium internuclear distance is larger than the equi
rium distance for the intermediate core ionized state. Tra
tions to theX13p andA13p are thus split into two spa
tially distinct decay paths, one taking place at the vicinity
the outer turning point and the other taking place at the
cinity of the inner turning point of the intermediate sta
potential curve. For the excitations to the 3p(y851) inter-
mediate state, the outer turning point of the potential curv
closer to the equilibrium internuclear distance for theX and
A final states. This suppresses the number of efficient de
paths and supports populations of lower vibrational levels
the final state. The enhanced population of lower vibratio
levels is seen from the lower binding energy of theX13p
state in the 3p(y851) decay, compared to binding energy
theX13p state in the 3p(y850) decay; see Table I.

The decay spectra of the C 1s→3p(y851) excitation
have a novel angular dependence seen in the structure
longing to transitions to theX13p final state. For the tran
-
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sition belonging to the vibrational level with lowest bindin
energy the angular dependence is comparable to that in
3p(y850) decay spectra; i.e., theb parameter is clearly
lower (b'20.4) than the average value for the rest of t
lines corresponding to transitions to theX13p final elec-
tronic states (b'20.2). However, for the structure at bind
ing energies between 34 and 35 eV, a more complica
angular dependence pattern is observed. For this partic
region, which contains transitions to four or five differe
vibrational levels of theX13p final state, the behavior o
the structure in the decay spectra indicates that theb param-
eter decreases when the vibrational quantum number for
X13p state increases.

C. Auger decay of the C 1s˜3p„y852… state

The decay spectra for the C 1s→3p(y852) excitation
are recorded at both 0° and 55° as shown in Fig. 3~c!. Due to
the lower photon excitation probability of this resonance
was not possible to achieve statistics comparable to the
vious two resonances. There is a fairly close resemblanc
the 3p(y851) decay spectrum, even though some diffe
ences, particularly for theX13p state, are seen. The sim
larity is expected, since the wave functions of the 3p(y8
51) and the 3p(y852) intermediate states are both prefe
entially localized at the turning points of the potential cur
and should consequently yield similar decay spectra. For
decay spectrum, however, we expect to see a noticeabl
fect of interference and a direct contribution mainly arisi
from the 3p(y851) intermediate state, since from the a
sorption spectrum~Fig. 1! it was found that the contribution
to the y852 excitation band from they850 andy851 in-
termediate states is almost 20%. In addition, the relative c
tribution from the broad 3s valence line to they852 decay
spectrum is also much larger than for the two above d
cussed decay spectra. This explains, to some extent,
broadness observed for theB13p Auger line in the 3p(y8
52) decay spectra. However, this broadness may pa
come from the possibility of transitions between vibration
levels other than the dominating transition between they8
52 levels of the final and intermediate states. Transitions
the y850 and y851 vibrational levels of theB13p final
state, instead of the dominant transition, are then the ca
dates to explain the extra broadening. Particularly, we exp
transitions from the 3p(y852) intermediate state to they8
51 vibrational level of theB13p final state, since both the
y851 and they852 levels are located mainly at the turnin
points of the potential curve of the final state. Peaks aris
from transitions between vibrational levels other than
dominating one must be located at the low-binding-ene
side of the main peak, since the potential curve for theB
final state in normal Auger decay has double minima and
highest vibrational level supported by the inner part is
y852 level @24#. On the low-binding-energy side the con
tinuous distribution is also located, the continuous distrib
tion is due to decay to the dissociative part of the poten
curve of the final state.

Regarding the angular dependence for the 3p(y852) de-
cay spectrum, we notice that for transitions to theX13p
final state the observed anisotropy is similar to that obser
in the 3p(y851) decay.



ic
t

et
e
e

e
le
so
.3

th
-
er
th
th

pe
y
e
ge
an
n

ge

s
f t
ly
o
e
t t
th
s
p
he

v

wo

re

ire
r
a
d

l
ra

-
tra
n-
r
art
ad-

he
ith

C
d

gu-
la-

ral
or
le-

CI

me-
ce
e
,
.
rn-
son-
ob-
nant
lar
tron
r-
e be
l
r an-

lu-
o-

the
to
ng-
cay
di-
pec-
ing

he

486 56S. SUNDINet al.
D. Angular anisotropy of the Auger decay

In the introduction we mentioned that in a two-step p
ture the Auger angular anisotropy can be described as
product of the molecular alignment parameterA and the in-
trinsic anisotropy parameter of the Auger decayca . In that
way an estimate ofca for the 3p(y850,1,2) excitation can
be obtained from the values of the Auger electron asymm
parametersb and the molecular alignment parameters tak
from @14#. For the complete spectator group following th
decay from the 3p resonance we obtainca'0.45. This value
is clearly larger than the value ofca'0.15 @1#, determined
for the Auger decay at thes* shape resonance, where th
coupling between the photoelectron and the valence e
trons should be negligible. In addition, for the shape re
nance, theca parameter has been found to vary between 0
and20.3 for individual Auger decay channels@2#. Such a
large variation is not observed in the present study of
3p resonance, for which theca parameters vary roughly be
tween 0.3 and 0.7. However, after corrections for the diff
ences in alignment parameter, this angular anisotropy of
Auger decay resembles more closely the Auger decay of
2p* resonance. For the latter resonance, theca parameters
have been found to vary between 0.3 and 0.6@2#. This indi-
cates that a spectator electron in the 3p Rydberg orbital
couples in a similar way to the valence electrons as a s
tator electron in the 2p* orbital, as expected from symmetr
considerations. However, from coupling strength consid
ations one would expect the intrinsic anisotropy of the Au
decay to be similar to the values observed in shape reson
studies. This suggests that even a weak coupling betwee
3p Rydberg orbital and the valence orbitals could have
considerable effect on the angular anisotropy of the Au
decay.

The Auger decay from the 3p(y850,1,2) resonance
shows some notable features in the angular anisotropy o
transitions to theX13p final state. We have consistent
observed that the transitions that take place at the outerm
part of the potential curves for the intermediate state havb
parameters that are lower than the transitions occurring a
inner part of the potential curve. This is clearly seen in
3p(y851) and 3p(y852) decay spectra, where transition
from the inner and outer parts of the intermediate state
tential curve are split into two different subgroups in t
spectra. The trend towards decreasingb with decreasing vi-
brational quantum number for the 3p(y850) to X13p Au-
ger decay is also a consequence of this effect. This no
angular effect is only observed for transitions to theX13p
final state; the group of lines@peak 2 Fig. 3~b!# correspond-
ing to the transitions to theA13p final state do not exhibit
this angular effect even though the group is split into t
subgroups.

One explanation could be interference between a di
photoionization channel populating theX13p singly ionized
state and the corresponding resonant channel. The d
channel should have both an angular dependence simila
the 5s valence photoelectron line and a similar vibration
progression. The 5s valence line is known to be populate
mainly by the lowest vibrational level with ab parameter
slightly below 2 @22#. Interference with the direct channe
would then influence mainly transitions to the lowest vib
-
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tional level of the AugerX13p final state. This is in accor-
dance with the angular dependence in the 3p(y851) decay.
However, for the decay of the 3p(y850) intermediate state
a trend towards decreasingb parameters for lower vibra
tional levels is observed. In addition, for the decay spec
from the 3p(y852) intermediate state an angular depe
dence similar to the 3p(y851) decay was observed. But fo
the 3p(y852) decay, transitions occurring at the outer p
of the potential curve of the intermediate state populate
ditional vibrational levels of theX13p final state. The value
of theb parameter is similar in both the 3p(y851) and the
3p(y852) decays for transitions from the outer part of t
potential curve. This observation is also in contradiction w
the interference explanation, since the C 1s→3p(y852)
photon excitation probability is lower than for the
1s→3p(y851) excitation. A larger effect is thus expecte
in the angular dependence for the decay from the 3p(y8
52) intermediate state.

Another explanation is that this vibration-dependent an
lar anisotropy could be an effect of valence electron corre
tions. In the configuration interaction~CI! picture the elec-
tron correlation is taken into account by inclusion of seve
electron configurations of higher multiply excited states. F
CO it is well known from theoretical studies on the doub
hole states, particularly for theX, A, andB states, that large
errors are introduced in the calculated binding energies if
is not properly taken into account@6,7,24#. For theX state
the 0.661~5s! 0.150~5s4s! 0.014~4s! 0.005~3s5s!
0.004~1p! composition was used in Ref.@7#. The angular
distribution of the Auger electrons depends upon the sym
try of the intermediate as well as the final state. If the valen
electron configuration~and hence the symmetry of either th
intermediate or final state! varies over the potential curve
this directly influences theb parameter of the Auger decay
Such an explanation, which goes beyond the Bo
Oppenheimer approximation, seems to be the most rea
able one for the angular dependence of the Auger decay
served in the present study. From earlier studies on reso
Auger decay in atoms, it is generally known that the angu
dependence parameter is a very sensitive probe of elec
correlation effects. Only by inclusion of CI in both the inte
mediate and final states could the angular dependenc
reasonably reproduced@30#. Therefore, additional theoretica
studies seem necessary in order to describe the angula
isotropy of resonant Auger decay in small molecules.

IV. CONCLUSIONS

Vibrationally selective resonant Auger decay of the 3p
Rydberg level in CO has been studied with angular reso
tion. It is found that the participator contribution to the res
nant Auger decay for an excitation to the 3p Rydberg level is
negligible. The spectator decay has been analyzed within
framework of the strict spectator model and comparison
former studies of the normal Auger decay. Features belo
ing to a 3p→4p shakeup have been observed in the de
spectra. Depending on the vibrational level of the interme
ate core excited state, distinct differences in the decay s
tra are observed; this is particularly striking when compar
deexcitation spectra of the C 1s→3p(y850) excitation with
C 1s→3p(y851,2) excitations. This is a consequence of t
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differences in decay paths, where the wave function of
3p(y850) intermediate state is located mainly at the eq
librium internuclear distance of the potential curve, where
the 3p(y851,2) intermediate states are located at the turn
points of the potential curves. The angular anisotropy of
resonant Auger decay has been found to show a weak de
dence upon the final electronic states. Together with the
ues of the intrinsic Auger anisotropy parameters, this
sembles the angular anisotropy found earlier for the Au
decay at the 2p* resonance@2#. We interpret this as evi-
dence that the 3p Rydberg orbital has a weak but non
negligible valence character. For transitions to theX13p
state, an angular anisotropy of the Auger decay depen
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upon the vibrational level of theX13p final state is ob-
served. This behavior has been interpreted as being du
electron correlation effects.

ACKNOWLEDGMENTS

The authors wish to thank the staff of the MAX laborato
for assistance during measurements. The work of Ing. J
Forsell in the design of equipment is acknowledged. T
work has been supported by the Nordic Academy for A
vanced Study~NorFA! and the Swedish Natural Science R
search Council~NFR!.
ys.

.

ray,

, W.

lat.

l-

es.

.

s-
nd

r.

,

.

@1# U. Becker, R. Ho¨lzel, H. G. Kerkhoff, B. Langer, D. Szostak
and R. Wehlitz, Phys. Rev. Lett.56, 1455~1986!.

@2# O. Hemmers, F. Heiser, J. Eiben, R. Wehlitz, and U. Beck
Phys. Rev. Lett.71, 987 ~1993!.

@3# S. J. Osborne, A. Ausmees, S. Svensson, A. Kivima¨ki, O.-P.
Sairanen, A. Naves de Brito, H. Aksela, and S. Aksela,
Chem. Phys.102, 7317~1995!.

@4# L. Ungier and T. D. Thomas, J. Chem. Phys.82, 3148~1984!.
@5# D. L. Lynch, Phys. Rev. A43, 5176~1991!.
@6# R. Cello and S. Simonucci, Phys. Rev. A48, 392 ~1993!.
@7# L. S. Cederbaum, P. Campos, F. Tarantelli, and A. Sgamell

J. Chem. Phys.95, 6634~1991!.
@8# N. Correia, A. Flores-Riveros, H. A˚ gren, K. Helenelund, L.

Asplund, and U. Gelius, J. Chem. Phys.83, 2035~1985!.
@9# E. Kukk, H. Aksela, O.-P. Sairanen, E. No˜mmiste, S. Aksela,

S. J. Osborne, A. Ausmees, and S. Svensson, Phys. Rev. A54,
2121 ~1996!.
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