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Near-threshold behavior of the E-shell satellites in CO
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The study of photoelectron satellites in the near-threshold region is important for differentiating
among various electron correlation mechanisms. For CO, which is a prominent test case for theories
describing electron correlation effects, the threshold and near-threshold branching ratios (BR s) of the
K-shell satellites were measured. Eight different C 1s satellite states were identified, showing very com-
plex threshold behavior. The resonancelike behavior of the {20.) '(1n. ) '(2~ )'(5'=1) satellite BR
agrees with recent theoretical calculations. The observed energy dependence of the singlet
(2o. ) '(1m) '(2m. *)' satellite compares less well with the calculations. Three X+ satellites with a
(2o. ) '(50 ) '(no. )' configuration have a constant satellite BR over the energy range studied. Three 20.

satellites, which have been assigned as pure conjugate shake-up states, have intensity only near thresh-
old. The threshold spectrum above the 0 1s ionization threshold consists of two distinct groups of satel-
lites. Conjugate shake-up transitions contribute to the intense feature centered at 551-eV binding ener-

gy, which is not observed above its threshold. Two 'X+ satellites, which have been described by
configuration interaction of (1') '(50. ) '(no. )' states with a singlet mm. * state, show indications of
shape-resonance-like behavior.

PACS number(s): 33.60.Fy, 33.80.—b

I. INTRODUCTION

During the past two decades, a great deal of experi-
mental and theoretical work was devoted to the study of
the core-shell photoionization in diatomic molecules.
Among them, CO has been used as an important test case
for understanding the complex processes involving the
ionization of core-shell electrons. The ionization of K-
shell electrons in CO is accompanied by excitation and
ionization of valence electrons, which manifest them-
selves in the photoelectron spectrum as pronounced
shake-up and shake-off structure at energies near the cor-
responding 1s main line. A high-resolution C 1s satellite
spectrum of CO excited by monochromatized Al Ka x
rays shows more then ten discrete lines of different
widths, with intensities varying between 0.4—4.8% of the
main-line intensity [1,2]. The first two, and by far the
most intense, C ls satellite peaks lie 8.34 and 14.88 eV
above the C 1s line with relative intensities of 2.3% and
4.8% and widths of 1.3 and 2.0 eV, respectively [2]. On
the basis of extended configuration-interaction calcula-
tions [3], these two satellite peaks have been assigned to
(2o ) '(1~) '(2ir*)' transitions with the spin of the n.

and ~* electrons coupled to an intermediate triplet
(S'=1) or singlet (S'=0) state. A fourth-order Green's-
function method predicted the relative intensities of the
triplet and singlet ~+* satellites, in agreement with ex-
periment [4]. At high excitation energies, the satellite in-
tensity is determined solely by the bound-state wave func-
tions and is proportional to the spectroscopic factor.

At excitation energies close to the satellite threshold,

(e, 2e) coincident measurements showed a strong increase
of up to 10% in the relative intensity of the triplet ttm

satellite [5]. This surprising result was explained by a
conjugate shake-up transition, e.g. , a dipole excitation of
the 20 electron to the 2m* orbital accompanied by a
monopole shakeoff of the 1~ electron. Depending on the
amount of overlap between the continuum and ground
states, a conjugate shake-up transition can contribute
significantly to the satellites intensity near threshold. Its
role will decrease quickly with increasing photon energy.
Near-threshold studies of the C 1s satellite intensities
were performed with variable photon energy at a syn-
chrotron light source [6]. Over the photon energy range
of 350—400 eV, the intensity of the singlet mm' satellite
decreases monotonically with decreasing photon energy.
The triplet m.m' satellite shows an increase of its relative
intensity with decreasing photon energy in the range of
320-400 eV, goes through a maximum at =320 eV, and
decreases toward threshold. In contrast to the high-
energy limit, the triplet m.m' satellite has a greater intensi-

ty at threshold than the singlet satellite. The crossing
point is at about 363 eV. In Ref. [6], the enhanced rela-
tive intensity of the ~a* satellite was attributed to a
shape resonance rather than to a conjugate shake-up pro-
cess. Later experiments in the same photon-energy range
did not confirm the resonancelike structure of the triplet
~tr' satellite intensity [7]. Instead, a monotonic increase
of the relative satellite intensity was observed as the pho-
ton energy decreases toward the satellite threshold. In
Ref. [8], the experimental data were compared with cal-
culations based on the relaxed-core Hartree-Fock ap-

1050-2947/94/49(6)/4570(8)/$06. 00 49 4570 1994 The American Physical Society



49 NEAR-THRESHOLD BEHAVIOR OF THE K-SHELL. . . 4571

proximation. The energy-dependent intensities of the
singlet and triplet ~~* satellite were explained by strong
interference effects between the direct and conjugate con-
tributions to the transition moment in the threshold re-
gion. Constructive interference in the km. subchannel led
to a dramatic increase of the triplet m.~* satellite intensi-

ty. For the singlet mm. * satellite, destructive inteference
led to a small satellite intensity near threshold. The cal-
culations show strong o shape resonances in both satel-
lite channels about 10 eV above threshold, which is in
clear disagreement with the experiments. It was, howev-

er, mentioned by the authors of Ref. [8] that the calculat-
ed position and even the occurrence of these resonances
may well be artifacts of their calculation.

Zero electron kinetic-energy (ZEKE) spectra taken
across the C 1s ionization threshold of CO showed a rela-
tive intensity of the triplet ~n.* satellite nearly five times
larger than at 1487-eV photon energy [9]. No peak was
detected at the photon energy of the singlet mm. * satellite
and its threshold intensity was estimated to be less than
2%. A small shoulder on the high-binding-energy side of
the triplet mm. * satellite was attributed to the appearance
of satellite states of other than X+ symmetry, which are
absent at high photon energies. High-resolution ZEKE
spectra of the energy region of the triplet ~m.* satellite re-
vealed a peak lower in energy than the lowest-energy X+
state [10]. It was concluded that the observed intensity
increase in the region of the triplet m.m' satellite results in

part from the opening of channels to other electronic
states.

The high-resolution spectrum of the 0 1s satellites ex-
cited with 1487-eV photons has a completely different
structure than the corresponding part of the C 1s spec-
trum [2]. The 0 ls satellite spectrum is dominated by
three closely spaced satellite lines centered at 17 eV
above the main line. A fourth-order Green's function
calculation of the intensities and shake-up energies pre-
dicted the triplet (ln) '(2n')' satellite to lie 14.9 eV
above the 0 1s line, with such a small intensity that it
will not be observed at high photon energies [4]. More-
over, at least two intense satellite states of (5o ) '(no')'
character with large m-m' admixtures were calculated, in-

stead of one distinct singlet-coupled m.m' state. The
configuration interaction between the n.m" (S'=0) and
o.o* states was explained qualitatively on the basis of the
electron density distributions of the 1~ and 5cr orbitals
[4]. For the nnexcitatio. -n,.a charge transfer from 0 to
C results in an antiscreening of the 0 1s hole and a larger
shake-up energy for the corresponding satellite state.
The 5o orbital in CO is localized more toward C. Thus,
the 5o-no. * excitation led to a screening of the 0 1s hole
and lowering of the shake-up energy in this satellite chan-
nel. As a consequence, the singlet m.sr* and o.o.* are
pushed closer together in energy.

The branching ratio (BR) of this group of satellites has
been studied in the range of 20—100 eV above threshold
with low resolution [11]. The data showed a slight de-
crease of the BR toward threshold. At 80 eV above
threshold, the unresolved group of satellites reached the
combined intensity of the first three satellite states ob-
served at 1487 eV, indicating a behavior between the adi-

abatic and sudden limits.
In the earlier near-threshold studies [6,7] of the C ls

triplet ~+* satellite, the monochromator resolution pre-
cluded the observation of distinct electronic states. It
was the aim of this work to study the near-threshold
behavior of the C 1s triplet and singlet ~m.* satellite states
with high resolution. In addition to the m.~* satellites, we

report on the near-threshold behavior of additional C 1s
satellites at higher binding energy. The 0 1s satellites in
CO were also studied in the near-threshold region.

The outline of this paper is as follows. Section II de-
scribes the experiment. Section III contains the results
and discussion of the C 1s and 0 1s satellites. Finally,
Sec. IV gives the conclusions.

II. EXPERIMENT

The experiments were performed at the spherical grat-
ing monochromator (SGM) [12], BL 6-1, installed at a
54-pole wiggler-undulator at the Stanford Synchrotron
Radiation Laboratory (SSRL}. During our experimental
run, SSRL operated in the 4 X 1 timing mode, where four
electron bunches in the storage ring were spaced by ap-
proximately 195 ns. To cover the complete threshold re-
gion, low kinetic-energy electrons were studied with the
time-of-flight (TOF} method. The threshold time-of-
flight (TTOF) analyzer, which is described in detail in

Ref. [13],was used in two particular modes. In the first

one, photoelectrons with a kinetic energy of 0-30 meV
were extracted by a weak electric field from the interac-
tion region and energy analyzed according to their flight
times from the interaction region to the detector. In the
second mode, photoelectron spectra were taken, in which
the electrons travel through a field-free region to the
detector. In this case, the TOF analyzer has a slowly
varying transmission function, which is determined for
every experimental run [14]. In order to measure elec-
tron intensities which are independent from angular dis-
tribution effects, the angle between the electric vector and
the analyzer axis was fixed at 54.7'.

To calibrate the energy scale and to deter~inc the
resolution of the monochromator, a photoionization (PI)
spectrum was recorded simultaneously with the ZEKE
scan. The PI spectra was measured as the total PI
current, using a two-plate ionization gas cell mounted
downstream from the chamber [15]. Two 1000-A-thick
Ti windows separated the chamber from the gas cell and
the ultrahigh vacuum of the monochromator. No correc-
tion was made for the weak Ti 2s absorption edge at
560.9 eV, which fell in the experimental energy range.
The spectra were normalized to the photoemission
current measured from a Au grid upstream from the
chamber.

With a backing pressure of 50 torr in the effusive gas
source, the background pressure in the chamber was less
than 5 X 10 torr. A pressure of 10—20 mtorr was main-
tained in the photoionization gas cell.

The vertical openings of the entrance and exit slits of
the SGM were 100 and 75 pm, respectively, which corre-
sponds to a theoretical resolution of 170 meV at 296 eV.
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A fit of the PI and ZEKE spectrum gave a Gaussian con-
tribution of 170 and 225 meV, respectively. The TOF
analyzer resolution, AE, was 3% of the electron kinetic
energy.

Before making the peak analysis of the photoelectron
spectrum, the TOF spectrum was converted into a
kinetic-energy spectrum and corrected for the analyzer
efficiency. The kinetic energies of the photoelectron lines
in the TOF spectrum were determined on the basis of the
corresponding binding energies of C 1s, 0 1s, 30., 4o. , and
5cr in CO which are 296.19, 542.57 [2], 38.3 [16], 19.67,
and 14.01 eV [17], respectively. The kinetic energies of
the C EVV B-1 and 0 XVV B-5 Auger lines in CO were
taken from Ref. [18].

The analyzer efficiency was determined by dividing the
C ls:C XVV intensity ratios from Refs. [19] and [20] by
the values from our measurement. The two data sets for
the analyzer efficiency agreed within 3%.

To obtain a consistent fit for all ZEKE and TOF spec-
tra, we used an asymmetric Gaussian line shape for the
satellite peaks. The asymmetry takes account of vibronic
structure and the post-collision interaction. The intensity
of the 1s lines was determined by integrating over the
corresponding spectral range.

III. RESULTS AND DISCUSSION

A. C 1s satellites

Figure 1 shows the ZEKE and PI scans across the C 1s
ionization threshold. Figure 2 contains photoelectron
spectra taken at several photon energies above this
threshold. The energies of the satellite peaks observed at
a photon energy of 1486.6 eV appear as vertical bars [2].
We also note that C 1s photoelectron spectra at 320 and
340 eV with high resolution in the triplet ~a* satellite re-
gion have been measured recently [21]. The assignments
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FIG. 1. ZEKE spectrum across the C 1s threshold in CO and
the corresponding PI spectrum (solid line). The solid line in the
ZEKE spectrum is the fit to the data points. The individual
peaks are shown as dashed lines. The vertical lines above the
ZEKE spectrum mark the experimental and theoretical satellite
thresholds from Refs. [2] and [4], respectively.
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FIG. 2. TOF photoelectron spectra of CO at 315.1-, 320.1-,
and 325.1-eV photon energy. All spectra are normalized to
equal C 1s line intensity. The solid line is a fit to the data. The
individual peaks are shown as dashed lines.

of the satellite peaks are based on the comparison of their
energy and intensity variations with theoretical results.
The satellites which are observable at high photon ener-
gies must have X+ symmetry —the same symmetry as
the main C 1s line. According to the model of the sudden
limit [22], satellites of other than X+ symmetry should
have no intensity at high photon energies. These
"monopole-allowed" satellite states have been assigned
previously on the basis of large configuration-interaction
(CI) calculations [3] and a fourth-order-perturbation
Green's-function calculation [4]. The assignment of the
monopole satellites and a comparison of the theoretical
and experimental shake-up energies is given in Table I. It
is interesting to note that the satellites assigned as m.~*
correlation states have a much broader and more asym-
metric line shape than the 0.0' satellites.

As can be seen from Fig. 3, the five observed satellites
with X+ symmetry show difFerent threshold behavior.
Within the accuracy of our measurement, the intensities
of the (20 ) '(5 )tr'(nrr)' satellites at 314.3, 315.7, and
316.6 eV does not change with photon energy and is
about the same as was reported in Ref. [2] for 1486.6-eV
photon energy. Specifically, the average BR values for
these three satellites over the photon energy range
315—340 eV (the last four points in Fig. 3) are 1.5%,
l. 1%%uo, and 1.3%%uo, respectively, compared with 1.9%,
1.1%, and 1.6% from Ref. [2]. This behavior is predicted
for satellites arising due to CI in the neutral ground state
and/or the final ionic state [23,24] and has been observed,
for example, in the case of some Ne valence and E-shell
satellites [25—27].

The different threshold behavior of the two mw* satel-
lites at 304.1 and 311.4 eV, in which where the two elec-
trons in the ~ and m' orbitals form an intermediate trip-
let (S'= 1) and singlet (S'=0) state, respectively, has been
explained by calculations using the relaxed-core Hartree-
Fock (RCHF) approximation [8]. For both satellite
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TABLE I. Binding energy of the C ls electron correlation states in CO.

Peak Assignment

)
—1 2y+

(2o. ) '(5o. ) '(2m) '(S' = 1) II
(2o. ) '(1m. ) '(2m. ) '(S' = 1) X+

(2o ) '(1m. ) '(2n. )' b, X
(2' ) '(4o ) '(2m) ' II
(2o. ) '(1a) '(2m) '(S' =0) X+

(2o ) '(5o. ) '(6o. )'(S'= 1) X+
(2o ) '(5o. ) '(6o )'(S'=0) X+
(2o ) '(5o ) '(7o )'(S'= 1) X+

This work

296.2(1)
304.13(8)
304.86(6)
306.4(3)
309.29(8)
311.4(1)
314.29(5)
315.68(4)
316.62(5)

Ref. [2]

296.19

304.53(6)

311.07(6)
314.04(5)
315.41(5)
316.28

Experiment Theory

Ref. [4]

296.08
304.52
305.19

305.82—307.50
309.66—310.42

313.20
315.97
317.26
317.72

states, the ko channel shows a cr' shape resonance asso-
ciated with quasibound double excitations of the type
( ls) '( ltr) '(2n )'(o')', where cr' is the unoccupied
valence-type cr orbital derived from the 2p atomic orbit-
als. At threshold, negative and positive interference in
the kn channel between the direct and conjugate parts of
the transition moment causes a substantial reduction of
the S'=0 ~m' satellite and a dramatic enhancement of
the S'= 1 mw' satellite.

In the energy region of the triplet m.~* satellite, only
the satellite peak at 304.9 eV shows the same threshold
behavior as predicted by calculations [8,28] and therefore
has been assigned as the S'=1 m.m* satellite. In Fig. 4,
the BR of the triplet m.m.* satellite is compared with other
experimental and theoretical data. Previously measured
BR's are much larger than our data because the earlier
resolution was not sufficient to separate the different corn-
ponents of the group of satellites centered at 305 eV. The
combined intensity of all three satellite states agrees with
the data from Ref. [7]. The measured height and width
of the o.* shape resonance in the BR of the triplet satel-

lite channel appear to agree with the RCHF calculations
[8], although our experimental evidence comes from one
high point. The position of the cr* shape resonance
differs by 5 eV. In Ref. [8] it was mentioned that the
theoretical position of the 0 shape resonance in the C 1s
channel and therefore in the corresponding satellite chan-
nel is about 2-3 eV too high. More recent calculations in
a multichannel configuration-interaction (MCCI) approx-
imation [28] predicted the position of the o' shape reso-
nance around 318 eV with a much greater asymmetry to-
ward higher photon energy. The theoretical position of
the 0.* shape resonance in the 2o core hole channel is
also about 4 eV higher than the experimental value [20].
Possible strong modulations of the BR near threshold due
to autoionizing Rydberg states cannot be excluded by our
experimental results because of the low density of mea-
sured points.

In Fig. 5, the experimental and theoretical BR for the
singlet ~m.* satellite at 311.4 eV are shown. Our data
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FIG. 3. Satellite branching ratios of the C 1s satellites at
304.1 (R), 304.9 (a), 306.4 (f), 309.3 ( ), 311.4 (E ), 314.3 (o),
315.7 (hourglass symbol), and 316.6 (bowtie symbol) eV. The
branching ratios derived from the ZEKE spectra were scaled to
the C 1s intensity at the photon energy of the satellite's thresh-
old by using the data from Ref. [33].

Photon Energy (eV)

FICx. 4. Comparison of the present experimental
(2o.) '( ln. ) '(2~)' (S'=1) satellite branching ratio with other
experimental and theoretical data. Experiment: solid curve
with circle, satellite at 304.9 eV; dashed curve with circle, sum

of the satellites at 304.1, 304.9, and 306.4 eV; o, Ref. [9]; 2,
Ref. [6]; 0, Ref. [7]. Theory: ———,relaxed-core Hartree-
Fock, Ref. [8];,multichannel configuration interaction,
Ref. [28].
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FIG. 5. Comparison of the present experimental
(20. ) '(1~) '(2~)' (S'=0) satellite branching ratio with other
experimental and theoretical data. Experiment: solid curve
with circle, satellite at 311.4 eV; 6, Ref. [6]; C', Ref. [7].
Theory: ———,relaxed-core Hartree-Fock, Ref. [8];
multichannel configuration interaction, Ref. [28].

show a weak resonance close to the position predicted by
calculations [8,28]. But the amplitude of the resonance is
much smaller in the experiment than that calculated by
the RCHF and the MCCI methods.

The satellite state 0.7 eV below the triplet me* satellite
("peak 1"), which has a large intensity enhancement to-
ward threshold (see Fig. 3), could be of II symmetry, as-
sociated with the configuration (2cr ) '(5o ) '(2m )

'

(S'= 1). For this electronic state, the fourth-order
Green's-function calculations [4] gave a shake-up energy
0.56 eV below the first monopole-allowed satellite.
Within the equivalent-core model, a Franck-Condon
analysis of the lowest binding energy satellite supports its
assignment as a II state [10]. The separation between
the triplet and singlet II satellites is predicted to be 0.76
eV, much smaller than for satellites of X+ symmetry.

It is not possible to assign the satellite state at 306.4 eV
unambiguously without calculations of its intensity near
threshold. In Ref. [4], the shake-up energies of four
monopole-forbidden satellite states associated with the
(2cr) '(lvr) '(2n. )' configuration are given as 9.7, 9.8,
11.1, and 11.4 eV for b(S'= I), 2 (S'=1), b(S'=0),
and X (S'=0), respectively. According to the results in
Ref. [8], the cross section for these states are given by
60 0 30 o 20 p and a o, respectively, where o o is the
effective conjugate cross section for the singlet m.m* satel-
lite of X+ symmetry. Since the value of o.

o is an order of
magnitude smaller than the value for the triplet ma* sa-
tellite of X+ symmetry and decreases quickly above
threshold, it seems quite likely that only the most intense
A(S'=1) satellite at 9.7 eV might be observed experi-

mentally, and/or that one or more of the other three sa-
tellites in this group might be combined with this peak.

Based on the statistical ratios of the satellite multiplets
given above, the satellite peak observed at 309.3 eV is

probably of II symmetry [29]. The theoretical shake-up
energies of 13.6 and 14.3 eV for the triplet and singlet sa-
tellites associated with a (2cr ) '(4o ) '(2vr )

' config-
uration, respectively, are close to the experimental value
of 13.1 eV.

B. 0 1s satellites
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FIG. 6. ZEKE spectrum across the 0 1s threshold in CO and

the corresponding PI spectrum (solid line). The solid line in the

ZEKE spectrum is the fit to the data points. The individual

peaks are shown as dashed lines. The vertical lines mark the ex-

perimental and theoretical satellite thresholds from Refs. [2]
and [4], respectively.

Figure 6 shows the ZEKE and PI scans across the 0 1s
ionization threshold. The main feature in the ZEKE
spectrum is the 0 1s main line, which is asymmetrically
broadened and shifted toward higher photon energy by
post-collision interaction. Below the 0 1s threshold,
several electron-hole (lh-le) Rydberg states can be ob-
served in both the ZEKE and PI spectra. According to
Ref. [30], these states can be assigned with increasing
photon energy as 3p~, 4pm. , and higher unresolved num

members of the Rydberg series. Above the 0 1s thresh-
old, two-electron —two-hole (2e-2h) doubly excited neu-
tral states can be seen as weak structures very close to
threshold. Their positions coincide with weak structures
in the PI signal which lie on top of the broad o' shape
resonance. The CI calculations of Ref. [31] predicted
several doubly-excited states with a 10. '50. '2m''nm''

configuration at photon energies near threshold.
The broad structure between 547 and 553 eV in the

ZEKE spectrum has more than one contribution. A
weak peak at 8 eV above the 0 1s threshold observed
with Al Ea excitation has been identified not as a satel-
lite state but as an inelastic-loss feature [2). The
10- '50- '2m''nm' Rydberg series will lead to an ioniza-
tion threshold of the corresponding 2h-le satellite state.
A fourth-order Green's-function calculation gave a
shake-up energy of 5.03 and 8.71 eV for the two lowest
correlation state satellites of II symmetry with a
lo '5o 2n' configuration [4]. Thus the intensity of the
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8 eV structure can be explained partly by the appearance
of correlation satellites of II symmetry. As in the case
for the C 1s conjugate shake-up satellites, these states can
have considerable intensity at their threshold and are not
observed at higher photon energies. If only two satellite
states were contributing to the intensity of the 8 eV struc-
ture, one would expect two asymmetric lines with several
eV separation. The poorly resolved observed structure
might be caused by another 2h-2e Rydberg series coin-
ciding in energy with the conjugate shake-up satellite
states. This conclusion is supported by a recent
symmetry-resolved 0 K-shell photoabsorption measure-
ment of free CO molecules. The conventional photoab-
sorption spectrum was decomposed into the X and II
symmetry channels of the dipole-allowed E-shell excita-
tions of CO [32]. The O„spectrum showed an approxi-
mately 3-eV-wide full width at half maximum (FWHM)
resonance centered at 551-eV photon energy with even
more intensity than in the o & channel. A CI calculation
predicts a 10 'Scr 2n. configuration of II symmetry as
the main component of the 2h-2e states [31]. The
theoretical peak position of 555 eV is 4 eV higher than
the experimental peak position. With the overlap of
2h-2e and 2h-le states, a conjugate shake-up satellite in-

tensity can be estimated to be between 2—5 % for each sa-
tellite. The total relative intensity of the 8 eV structure
at its threshold is 16%. Above threshold, only a weak
peak of 1 —2% intensity is observed, at 551.2-eV binding
energy (see Fig. 7}. In Ref. [2], this peak was attributed
to an inelastic scattering effect, which should not contrib-
ute significantly to our spectra.

Three peaks were partially resolved at 558.4, 559.7,
and 560.5 eV in the ZEKE spectrum. These energies
agree well with the shake-up energies for the three most
intense satellites at 1487-eV photon energy [2]. In the
photoelectron spectra of Fig. 7, the spectral range from
556 to 563 eV was fitted assuming the same number of sa-
tellite states, relative energy separation, and correspond-
ing linewidths as observed in the high-resolution spec-
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FIG. 7. TOF photoelectron spectra of CO at 558.9-, 569.4-,

573.4-, and 583.2-eV photon energy. All spectra are normalized
to equal 0 1s line intensity. The solid line is a fit to the data.
The individual peaks are shown as dashed lines.
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lite branching ratios with other experimental data. Experiment:
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of the individual satellite states from this experiment, dashed
curve with open square. The marks in the lower right corner in-

dicate the BR for the corresponding satellites with Al Ea exci-
tation [2].

IV. CONCLUSION

We have studied the near-threshold behavior of the K-
shell satellites in CO with high resolution. Eight C E-

trum with Al Ea excitation [2]. According to the
Green's-function calculation of Ref. [4], these satellite
states are characterized by strong configuration interac-
tion between (So } '(no )' states and singlet-coupled me'
states. For this reason, it is not possible to assign a dis-
tinct state of mostly mm' character, as could be done for
the C 1s satellites. Within our experimental error, the
BR's of these satellites at threshold are the same or
slightly less than at high photon energies (see Fig. 8).
The intensity variation of the satellite states around 560
eV has been studied previously in the range of 20-100 eV
above threshold [11]. The BR of the unresolved group of
satellites showed only a small increase from 14% to 17%
over this energy range (see Fig. 8). Our higher-resolution
measurements cover the range below the previous mea-
surements and show indication of a resonance-like struc-
ture in the satellite BR at about 8-10 eV above the corre-
sponding satellite threshold. This is similar to the results
found for some of the C 1s satellites. It is interesting to
note that the satellite states at 558.6- and 560.8-eV bind-
ing energy, which show the largest m.~* admixture in the
CI calculation, have the strongest shape resonance
among the observed 10. satellites. The next-neighbor sa-
tellite states at lower binding energy show only a small
variation of their BR with photon energy, which is close
to the value for the BR at high photon energy.
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shell satellite states were identified, showing a very com-
plex energy dependence. Three (2o ) '(5o ) '(no. )' satel-
lites are weakly energy dependent and probably arise
from intrinsic electron correlations. Two satellites at
304.1 and 306.4 eV, which are not observed at high pho-
ton energies, are characterized by increasing satellite in-
tensity toward threshold as is typical for dynamic corre-
lation states. The first one has been associated with the
(2o') '(5cr ) '(2m)' (S'=1) II configuration. The sec-
ond could originate from a conjugate shake-up process
with a (2cr) '(lm. ) '(2~)' configuration of 6, and/or

symmetry.
Most of the previous experimental and theoretical

work on the E-shell satellites in CO was focused on the
triplet and singlet (2o ) '(2m) '(2m. )' satellites of X+
symmetry. In the region of the triplet ~~* satellite, we
were able to distinguish among three electronic states.
Of these, only the state at 304.9-eV binding energy has
the same threshold behavior as predicted for the triplet
mm' satellite. The relative intensity of this satellite chan-
nel goes through a maximum near 310 eV and has been
interpreted as a o resonance. The resonance in the triplet
em* satellite occurs 5 —6 eV above its threshold, which is
2 —3 eV closer than for the (2o )

' core-hole channel.
Two other satellites, at 309.3- and 311.4-eV binding ener-

gy, show a resonancelike structure as well, at approxi-
mately 11 eV above their threshold, although for the
singlet msgr* satellite at 311.4-eV binding energy the reso-
nance is less pronounced than predicted by theory.

The ZEKE spectrum across the 0 1s edge in CO
showed a surprisingly intense feature around 551-eV
binding energy, which is not observed at high photon en-

ergy. Based on calculations of the satellite thresholds
and symmetry-resolved photoabsorption measurements,
this structure has been assigned to overlapping contribu-

tions of conjugate shake-up states and 2h-2e Rydberg
states of H symmetry. This structure seems to lose its in-
tensity much faster as any other conjugate shake-up state
in CO. Two satellite states at 558.6- and 560.8-eV bind-
ing energies, which previously have been attributed to the
configuration mixing of a (5o ) '(no )' transitions with a
singlet (Im. ) '(2m. )' state, show a shape resonancelike
structure at 10 eV above threshold. In this case, the rela-
tive position of the resonance from threshold is close to
that of the cr shape resonance in the ( lo )

' channel.
In summary, the K-shell satellites in CO show a com-

plex intensity variation near threshold, including intrinsic
and dynamic electron correlation effects and resonances
in several satellite channels. For a better understanding
of the involved processes, more theoretical calculations
are clearly needed for the 2o. satellites other than
(2o) '(lrr) '(2m')' (S'=0, 1) and for all the Icr satel-
lites. Further experimental mapping of satellite branch-
ing ratios and angular asymmetry parameters in small
energy increments near threshold are also desirable, in
order to obtain additional information for the assignment
of the satellites and to observe narrow autoionizing struc-
tures, which have been predicted for the
(2o ) '(lm) '(2'')' (S'=1) satellite channel.
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