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Ultrashort-lived non-Rydberg doubly excited resonances in diatomic molecules
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The CO1 emission systemsA-X andB-X have been studied using monochromatic photon excitation in the
range 20–34 eV. The vibrational branching ratios (v854,5)/(v853,2) for theA-X system were found to
remain essentially constant within this excitation range, while the (v851,2)/(v850) branching ratios for the
B-X system show a 40% variation. These results are interpreted using quasidegenerate many-body perturbation
theory in terms of non-Rydberg doubly excited resonances in CO, which rapidly autoionize to various low-
lying CO1 states. It is suggested that some earlier observed variations in the photoionization branching ratios
for the v850–2 levels of the CO1 X 2S1 have the same origin.@S1050-2947~97!02106-9#

PACS number~s!: 33.80.Eh, 33.70.Jg
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I. INTRODUCTION

In spite of the remarkable effort paid to studies of molec
lar valence-shell-excited configurations, very little is know
about the properties of non-Rydberg doubly excited re
nances~NRDER’s!. Although the existence of such stat
has been commonly anticipated, the first observation
NRDER’s has been reported very recently@1#, in contrast to
the Rydberg-like doubly excited states, which have been
tensively studied for almost twenty years~cf. Ref. @2# and
references given therein!. The small cross sections for pho
toabsorption to NRDER’s, reflecting low probabilities for s
multaneous excitation of two electrons, make the direct
servation of such states most difficult in competition w
photoabsorption to ‘‘normal’’ states. An additional obstac
to the detection of NRDER’s is their very short lifetimes~of
the order of 1 fs! giving rise to a natural broadening that
much larger than the vibrational separation. Thus, NRDE
may appear in the spectra in the form of broad irregu
features that are difficult for unequivocal identification. N
ticeably, subfemtosecond decay processes have not bee
served in molecular physics and their occurrence actu
reflects the high correlation of the electrons excited to
close-lying unoccupied valence states.

The electronic configurations of NRDER’s, in which u
to four shells may be simultaneously open, make their th
retical analysis a difficult task. The large number of intera
ing configurations in systems such as CO necessitates th
of rather elaborate models to compute the energies an
quasidegenerate many-body theory to second order
found to be both a practical and an efficient tool. In o
recent work@1# such a formalism has already been shown
work in the case of the N2 molecule. More specifically, five
broad peaks were observed in the branching ratiosv8
51)/(v850) of the N2 (B-X) dispersed fluorescence~DF!
following photoionization of N2 in the 19–34 eV excitation
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range. From many-body perturbation calulations, four
these peaks could be identified with different attract
NRDER configurations formed by excitation of two inne
shell electrons to the closest, unoccupied valence sta
These NRDER states rapidly autoionize into various vib
tional levels of the N2

1 B 2Su
2 state, which changes th

N2
1 (B-X) emission. Variations in the N2

1 (B-X) emission
branching ratios at various photon excitation energies h
also been observed earlier@3,4# but they were attributed to
the interchannel coupling between the 3sg→esu shape
resonance and 2su→esg continuum. Our calculations als
showed a number of repulsive NRDER states in N2 that
might decay by predissociation into neutral fragments rat
than by autoionization. Actually, it was suggested@1# that
two broad features observed in the fluorescence from neu
N fragments in photoionization of N2 @5# originate from pre-
dissociation of two repulsive NRDER configuration
In the present work we have performed similar measu
ments on the isolectronic CO molecule. Previous studies
theX 2S1 @6# andB 2S1 @7# states of CO1 have revealed a
strong non-Franck-Condon behavior of vibrational branch
ratios in the energy region 20–50 eV. The observed va
tions were ascribed to the interchannel coupling of the 4su
electron with the 5s21 shape resonances at an energy
about 29 eV and to the 4s21 shape resonance in the ener
region 32–37 eV. However, such strong interchannel c
pling should, in a similar way, affect the 5s21 channel for
which no evidences have been found so far. In this work
intend to show that most of the observed effects may
explained in terms of autoionization from NRDER’s in C
to the relevant CO1 states.

II. STATEMENT OF THE PROBLEM

The basic objective of the present work is to meas
vibrational branching ratios in the fluorescence from an
cited molecular ionic state, following ionization of the ne
tral molecule by synchrotron radiation. If direct ionization
the only source of the fluorescence, then the branching ra
will be equal to the ratios2 /s1 of the vibrationally resolved
o,
4221 © 1997 The American Physical Society
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4222 55P. ERMAN et al.
cross sections~cf. Fig 1!. However, there may be other pro
cesses that contribute to the observed branching ratios
particular autoionization. Figure 1 gives a diagram of t
combined process where the vibrational levelsv1 andv2 of
the fluorescent stateu f & are assumed to be populated by d
rect ionization from the ground stateu i ,v& of the neutral
molecule~cross sectionss1 ands2 , respectively! as well as
being end products of the autoionization from an exci
autoionizing stateua& ~autoionization ratesG1 and G2 , re-
spectively!.

A rather straightforward derivation based on station
conditions leads to the following expression for the bran
ing ratio (B) for the the combined process:

B5
s2

s1
F114p2av

G f

G

urWaiu2

s f
S u^auv2&u2

u^vuv2&u2
2

u^auv1&u2

u^vuv1&u2
D G .

~1!

In the expression above,a is the fine-structure constant an
v the photon energy.G f denotes the partial electronic aut
ionization rate fromua& to u f &, and G15G f u^auv1&u2, G2
5G f u^auv2&u2. G represents the total rate of autoionizati
from ua& to all energetically allowed final states of the ion.
a similar way,s f represents the electronic cross section
ionization from the initial stateu i & to the fluorescent stat
u f &, ands15s f u^vuv1&u2, s25s f u^vuv2&u2. urWaiu2 represents
the electronic transition moment fromu i & to ua&, given by

urWaiu25
1
3 ~ z^auxu i & z21 z^auyu i & z21 z^auzu i & z2!.

In Eq. ~1! the relevant quantities have to be inserted
atomic units. The two terms in parentheses in Eq.~1! contain
ratios of vibrational overlap integrals~Franck-Condon fac-
tors!.

FIG. 1. Schematic description of the population of two vibr
tional levelsu f ,v1& andu f ,v2& of an electronic statef in a molecular
ion AB1 created by direct photoionization from the ground st
u i ,v& as well as via autoionization from an upper stateua& in the
neutral moleculeAB. If only the direct process is present, th
branching ratios2 /s1 of the fluorescence fromf should be inde-
pendent of the energyhn of ionizing photons. However, whenhn is
large enough to excite stateua&, which autoionizes to the two vi-
brational levelsu f ,v1& and u f ,v2& with partial ratesG1 and G2 ,
respectively, the fluorescence branching ratio is changed acco
to Eq. ~1!. This technique has been used for discovering NRD
states in N2 @1# as well as in CO~present work!.
in
e

d

y
-
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A basic assumption underlying the derivation of Eq.~1! is
that the excited stateua& is decaying through autoionizatio
only. The autoionization rate actually determines whethe
not this condition is met. Later on~Sec. IV! we will present
ab intio computations ofG, and we will find that the associ
ated lifetimest51/G are in the range 10214–10215 s, which
is too short for either predissociation or radiation to mak
significant contribution.

Another assumption made by the derivation of Eq.~1! is
that the effect of the autoionization is dominated by that
the direct ionization, so that the second term of Eq.~1! stays
small compared to unity. From Eq.~1! we also see that the
deviation from unity of the term in square brackets may,
priciple, be positive as well as negative, depending on
ratios of the relevant vibrational overlap integrals. An e
hanced branching ratio is seen to occur when the popula
of the upper vibrational levelv2 via autoionization is rela-
tively more efficient than for the lower levelv1 . In Sec. III
we will outline a method forab initio computation of the
partial rate of autoionizationG f , the total rateG, the transi-
tion momenturWaiu2, as well as the excitation energies of th
autoionizing states~resonances!.

III. QUASIDEGENERATE MANY-BODY THEORY

In the present section, we shall give a brief outline
quasidegenerate many-body theory, which has been foun
be an efficient tool for makingab initio predictions of central
quantities of Eq.~1!, i.e., G f , G, urWaiu2, and the excitation
energy of the autoionizing states~resonances!.

In the stationary Schro¨dinger equation of a many-bod
system,

HC5EC, ~2!

we partition the HamiltonianH into an unperturbed par
H0 and a perturbationV,

H5H01V. ~3!

HereH0 is composed of one-body parts

H05(
i

@h~ i !1u~ i !# ~4!

and the perturbationV is defined by

V5
1

2 (
iÞ j

1

r i j
2(

i
u~ i !. ~5!

Solutions to the unperturbed problem~zeroth order!

H0F i5Ei
~0!F i ~6!

form a complete set of Slater determinants {F i}, with cor-
responding energiesEi

(0) . In the present case we will face
situation with a rather large set of quasidegenerate zer
order statesF i , representing autoionizing states of prop
symmetry in the experimentally interesting region. This
of states defines our model spaceP, and the remaining
zeroth-order states compose the complementary or orth

ing
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55 4223ULTRASHORT-LIVED NON-RYDBERG DOUBLY EXCITED . . .
nal spaceQ. This division of our space of zeroth-order s
lutions is best described through the projection operators

P5(
iPP

uF i&^F i u, Q512P. ~7!

We now redefine our unperturbed Hamiltonian:

H0
S5H01(

iPP
~E02H0!uF i&^F i u5H01V1 , ~8!

which leads to

H0
SF i5E0F i , all iPP,

whereE0 is an arbitrary reference energy. Thus, we see
the states in the model spaceP are exactly degenerate wit
respect toH0

S.
In the next step, the Schro¨dinger equation~2! is trans-

formed into an effective equation

HeffPC5EPC, ~9!

whereHeff is given by a perturbation expansion:

Heff5PH0
SP1P~V2V1!P

1(
iPP

PV
1

Ei
~0!2H0

QVuF i&^F i u1••• . ~10!

The correct energiesE of the system@cf. Eq.~2!# are now,
in principle, obtained by diagonalizing the effective Ham
tonian matrix with elements

Wkl5^FkuHeffuF l&, k,lPP. ~11!

Through first order the elements ofW are

Wkl
~0!1Wkl

~1!5E0dkl1^FkuV-V1uF l&,

whereas the second-order contribution is@cf. Eq. ~10!#

Wkl
~2!5 (

bPQ
^FkuVub&^buVuF l&

1

El
~0!2Eb

~0! . ~12!

The elements ofW(2) are generally expressed in terms
diagrams, a topic that we shall not pursue further here. In
present investigation the perturbation expansion will be c
ried out through second order only. To second order th
will be a total of 21 diagrams to include, whereas to the n
~third! order there will be more than 200 diagrams. We b
lieve that a second-order expansion will yield results of s
ficient accuracy for the present analysis of experimental d
Carried through second order the quasidegenerate m
body theory yields an elegant as well as an efficient tool
making ab initio predictions of quantities relevant to th
present study. The reader is referred to the literature@8–13#
for further information on quasidegenerate many-bo
theory.

In the present work our model space will consist of
series of doubly excited configurations for the CO molecu
The corresponding states will be highly excited, and mai
decay via autoionization. A characteristic feature of an
at

e
r-
re
t
-
-
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r
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.
y
-

stable, autoionizing state is that there is an imaginary con
bution2 1

2iG to the energy, whereG is the rate of autoioniz-
ation. Furthermore, the lifetimet of the state is given by
t51/G. The imaginary part is actually inherent in the el
ments of the second-order matrixW(2) of Eq. ~12!. The pro-
cess of autoionization is described by the occurrence of
gular terms in the perturbation expansion. For such sing
terms the statesub& of Eq. ~12! will represent continuum
states with a free outgoing electron. In that case the sum
tion overb should be replaced by a complex integration an
according to standard rules for evaluating complex integr
the singularity leads to an imaginary contribution@14–16#.

In the present investigation the many-body method of@16#
was implemented in the quasidegenerate procedure. The
tails of this implementation will, however, be given in
forthcoming paper. In this way, it was possible to obta
partial autoionization ratesG f for the doubly excited states o
the model space@cf. Eq. ~1!#.

The next quantity to compute is the transition mome
urWaiu2 of Eq. ~1!. In the present case the transition is from t
ground state in CO and up to doubly excited states. Thus
transition process will be a weak one, fully governed
correlation effects. Transition momentsurWaiu are included in
the present approach by adding an operator equal to on
the molecule-fixed components (Dm) of the electric dipole
moment of the molecule to the perturbationV of Eq. ~3!.
Thus, the perturbationV in the many-body expansion is re
placed byV1Du , and in Eq.~12! we will have cross terms
that are first order inV as well as inDm . These cross terms
will, in an indirect way, lead to the required transition m
ments with lowest-order correlation effects included. The
tails of this procedure will be postponed to a forthcomi
paper.

At this point it should be noted that the matrixW of Eq.
~11! will be non-Hermitian@cf. Eq.~12!#. This means that the
eigenvectors ofW or Heff will be nonorthogonal. The eigen
vectors are central to the process of computing transi
moments, and for this purpose they need to be orthogo
@8#. To obtain this we will make an approximation that ten
to be common in quasidegenerate perturbation theory~e.g.,
in nuclear physics@8#!, i.e.,W is replaced by the Hermitian
matrix

1
2 ~W1W̃!.

In the present case this approximation turned out to hav
rather insignificant effect on the eigenvalues to second or

IV. NUMERICAL RESULTS

Only excited states of1S1 and 1P symmetry are acces
sible by electric-dipole transitions from theX 1S1 ground
state. The ground-state configuration of CO
1s22s23s24s21p45s2, and our model space will consis
of all configurations generated through all double excitatio
from the shells 4s21p45s2 to the excited orbitals 6s, 7s,
and 2p. In addition, we also include single excitations fro
3s to 6s, 7s, and 2p, since the corresponding excited stat
are in the same energy range as the doubly excited ones.
leads to two separate noninteracting model spaces, one
a total of 29 states of1S1 symmetry, and another one actu
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TABLE I. Computed quantities relevant for autoionization to theA 2P excited state in CO1 ~see also
Table III!. Superscripts in the second column refer to curves in Fig. 2.

State
Excitation
energy~eV!

urWaiu2

~a.u.!
G f(A

2P)
~a.u.!

G
~a.u.!

G f

G
urWaiu2

~a.u.!
Lifetime

t51/G ~s!
Dominant

configuration

1P 20.2 0.078 0.0076 0.0425 0.014 5.73 10216 4s25s1p32p2,
4s5s21p32p2(mix)

20.8 0.012 0.0032 0.00791 0.0048 3.13 10215 9
22.3 0.016 0.00032 0.00225 0.023 1.13 10214 4s25s21p22p6s
23.2 0.021 0.0065 0.00679 0.020 3.63 10215 4s5s21p32p2

23.6 0.040 0.0018 0.00235 0.031 1.03 10214 4s25s21p22p{ 7s
6s

24.2(e) 0.11 0.0070 0.0071 0.11 3.43 10215 4s25s21p22p6s

25.4( f ) 0.32 0.0017 0.0018 0.30 1.33 10214 4s25s21p22p7s

27.6(g) 0.036 0.0025 0.0032 0.028 7.63 10215 4s25s1p36s2

29.7(h) 0.098 0.00013 0.00185 0.0067 1.33 10214 4s225s21p42p7s
1S1 34.9 0.0095 0.0026 0.00509 0.0049 4.83 10215 3s4s25s21p46s

35.9(5) 0.146 0.00049 0.00181 0.040 1.33 10214 3s4s25s21p47s
ro
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ally with the same number of1P states.
The orbitals used for the model space were obtained f

a Hartree-Fock calculation for the1P state derived from the
doubly excited configuration 1s22s23s24s21p35s6s2.
Thus we start out with most of the orbitals optimized for t
energy range in question. The ground-state energy was
calculated with this set of orbitals and, to second order, th
was no significant deviation from the energy obtained w
orbitals optimized for the ground state. The excited orbit
included in the model space were restricted to the 6s, 7s,
and 2p orbitals for several reasons. The 6s and 2p orbitals
have negative orbital energies, i.e., bound states, and th
bital energy of the 7s is also low~0.005 a.u.!. Furthermore,
all three of these orbitals are clearly localized, i.e., of vale
type, whereas the highers andp orbitals with low orbital
energies are much more delocalized, i.e., Rydberg-type
bitals. Finally, the model space tends to grow to intracta
sizes if more excited orbitals are included.
m

lso
re

s

or-

e

r-
e

The basis sets of atomic orbitals used for the present
culations were extensions of the set of Slater orbitals w
optimized exponents published by Cade and Huo@17#. Sev-
eral diffuse 2s, 2p, and 3d orbitals were added to mak
some allowance for Rydberg orbitals. Finally, a set of 11]
orbitals based on 3d orbitals in O and C were included in th
configurations representing the orthogonalQ space. All cal-
culations were carried out at the equilibrium internucle
separationRe52.132 a.u. for the CO ground state, i.e., on
vertical transitions are considered.

Some representative results of the calculations are sh
in Tables I–III. Here we list the computed excitation ene
gies ~with reference to the second-order ground-state
ergy!, the transition probabilitiesurWaiu2, the total autoioniza-
tion rate G, and the partial autoionization rateG f to the
A 2P, B 2S1, andX 2S1 states in CO1. We also list the
quantity urWaiu2(G f /G), which is of basic importance for the
variation of the branching ratios. In the tables we have
TABLE II. Computed quantities relevant for autoionization to theB 2S1 excited state in CO1 ~see also
Table III!.

State
Excitation
energy~eV!

urWaiu2

~a.u.!
G f(B

2S1)
~a.u.!

G
~a.u.!

G f

G
urWaiu2

~a.u.!
Lifetime

t51/G ~s!
Dominant

configuration

1) 22.3(b) 0.016 0.0012 0.00225 0.0086 1.13 10214 4s25s21p22p6s

23.3(c) 0.040 0.00064 0.00165 0.016 1.53 10214 4s5s1p42p7s

23.6(d) 0.040 0.00029 0.00235 0.0050 1.03 10214 4s25s21p22p{ 7s
6s

24.9 0.0070 0.00072 0.00123 0.0041 2.03 10214 strong configuration interaction
25.4( f ) 0.32 0.000052 0.00178 0.0094 1.43 10214 4s25s21p22p7s
28.4 0.0066 0.0015 0.00257 0.0040 9.43 10215 4s225s21p42p6s
29.7(h) 0.098 0.00041 0.00185 0.022 1.33 10214 4s225s21p42p7s

1( 1 23.6(1) 0.018 0.0011 0.00290 0.0068 8.33 10215 4s5s21p32p7s

24.4(2) 0.010 0.0056 0.00912 0.0063 2.63 10215 strong configuration interaction
27.3(4) 0.026 0.00021 0.00126 0.0044 1.93 10214 4s25s221p46s7s

35.9(5) 0.146 0.00060 0.00181 0.048 1.33 10214 3s4s25s21p47s
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TABLE III. Computed values relating to excited states of1P and 1S1 symmetries, respectively, in CO
and to autoionization to the CO1 X 2S1 ground state.

State
Excitation
energy~eV!

urWaiu2

~a.u.!
G f(X

2S1)
~a.u.!

G
~a.u.!

G f

G
urWaiu2

~a.u.!
Lifetime

t51/G ~s!
Dominant

configuration

1) 16.5 0.016 0.019 0.0346 0.0085 7.03 10216 4s25s1p32p2

18.1 0.0071 0.011 0.0177 0.012 1.43 10215 4s25s221p42p6s
18.6 0.013 0.0014 0.00157 0.012 1.53 10214 4s25s221p42p7s
20.2 0.078 0.018 0.0425 0.033 5.73 10216 4s25s1p32p2,

4s5s21p32p2(mix)
20.8(a) 0.012 0.0045 0.00791 0.0068 3.13 10215 9
22.3(b) 0.016 0.00073 0.00225 0.0052 1.13 10214 4s25s21p22p6s

23.3(c) 0.040 0.00088 0.00165 0.0214 1.53 10214 4s5s1p42p7s

23.6(d) 0.040 0.00022 0.00235 0.0038 1.03 10214 4s25s21p22p{ 7s
6s

1( 1 23.6(1) 0.018 0.0014 0.0029 0.0083 8.33 10215 4s5s21p32p7s

26.6(3) 0.032 0.0069 0.0087 0.026 2.83 10215 4s25s221p46s2

27.3(4) 0.026 0.00086 0.00126 0.018 1.93 10214 4s25s221p46s7s
28.5 0.020 0.00018 0.00060 0.0060 4.03 10214 4s25s221p47s2

35.9(5) 0.146 0.000094 0.00181 0.0076 1.33 10214 3s4s25s21p47s
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cluded only those excited states for which the value of t
quantity is 0.0040 a.u. or larger. From Eq.~1! we can con-
clude that even with the most favorable vibrational overla
pings, values smaller than 0.0040 a.u. will lead to variatio
in the branching ratios that are smaller than 1–2 %. For m
of the excited states the value ofurWaiu2(G f /G) is much
smaller than 0.004 a.u. and they will consequently not c
tribute to any observable deviation of the branching ra
from that of the direct ionization.

Finally, it should be mentioned that the excitation en
gies of the 291S1 states and the 291P states considered
are rather evenly distributed in the range 15.5–40.7 eV.
tential curves for internuclear separations in the range 1.
2.60 a.u. are shown in Fig. 2 for a selection of the1P and

FIG. 2. Calculated potential-energy curves of1S1 and 1P
NRDER’s in CO with significant contributions to measured bran
ing ratios. Solid lines,1P states; dashed lines,1S1 states. Letters
and numbers on the potential curves refer to the entries in Ta
I–III ~cf. excitation energies!.
s

-
s
st

-
o

-

o-
–

1S1 states that tend to make important contributions to
branching ratio.

We have also computed the partial cross section for di
ionization to theB 2S1 state in CO1, which is of particular
interest for the present investigation. The cross sections w
computed by use of many-body theory@18,19#, and the re-
sults obtained at three different internuclear separations
shown in Fig. 3, where experimental results are also inclu
for comparison@20,21#. Cross sections were actually com
puted for a series of internuclear separations in the ra
1.85–2.40 a.u. These results were then combined with vi
tional wave functions obtained from Rydberg-Klein-Re
~RKR! potential curves for the CO ground state and t
CO1 B 2S1 state@22,23# to compute vibrationally resolved
cross sections. Thus we obtain anab initio value for the
leading terms2 /s1 in Eq. ~1! for the branching ratio. The
result of this calculation is shown in Fig. 5. There is seen
be a significant difference between our newab initio ratio
and the constant ratio obtained from the Franck-Condon
proximation.

V. EXPERIMENT

The experimental equipment was the same as in our2
experiment@1#. In short, synchrotron light from the MAX
storage ring in Lund, monochromatized to about 0.4 nm
the 20–34 eV range, excited CO gas at abo
331022 Torr and the CO1 B 2S–X 2S1 fluorescence was
detected using anf519 cm grating spectrometer equippe
with a position-sensitive, liquid-nitrogen–cooled charg
coupled-device array detector. The resolution of the sp
trometer was set to 1.5 nm and the spectral coverage
170–470 nm. The studied spectral range covers the m
prominent features of the two emission systems C1

(A 2P–X 2S1) and CO1 (B 2S1–X 2S1). The vibra-
tional structure is well resolved for the wholeA-X system
and for theB-X Dv52 sequence. TheA-X ~5;0!, ~4;0!,
~3;0!, and ~2;0! bands and theB-X ~0;2!, ~1;3!, and ~2;4!

-
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bands were selected for the relative intensity measurem
from which the corresponding branching ratios were direc
obtained by division with the associated Franck-Condon f
tors.

VI. RESULTS AND DISCUSSION

Figures 4 and 5 show the deduced vibrational branch
ratios as a function of the excitation energyhn, for the
CO1 A 2P and CO1 B 2S1 states, respectively. As see
from Fig. 4, the branching ratioss4 /s3 , s5 /s3 , and
s4 /s2 of the CO

1 A 2P state remain essentially constant
the excitation range 20–32 eV. Moreover, all the measu
ratios are in fair agreement with the respective ratios of
Franck-Condon factors for ionizing transitions fro
the CO ground state q@CO X→CO1 A(v854,5)#/
q@CO X→CO1 A(v852,3)# which are 0.73, 0.47, and
0.64 for s4 /s3 , s5 /s3 , and s4 /s2 , respectively. The
variations of the branching ratios at about 23 eV and 28–
eV excitation energy are within the experimental error~esti-
mated for 8% athn520 eV and 12% athn530 eV! while
the deviation of the branching ratio from the Franck-Cond
level observed forhn>31 eV is probably significant.

In contrast to the weak changes seen in Fig.
the branching ratioss1 /s0 and s2/s0 for the
(v851,2)/(v850) CO1 (B 2S1–X 2S1) emission ~Fig.

FIG. 3. Partial cross sections for ionization to the CO1 B 2S1

state computed at three different internuclear separations usin
many-body theory. Experimental results@20,21# are included for
comparison. Long-dashed line,R52.40 a.u.; solid line, R
52.132 a.u., short-dashed line,R51.85 a.u., experimental point
^ @20#, andL @21#.
ts
y
-

g

d
e

0

n

,

5! both show a strong variation withhn and a deviation from
the calculated ratios of the Franck-Condon factors for ioni
tion from the CO ground state~0.34 and 0.065, respectively!.
Clearly, the observed deviations from the Franck-Cond
levels shown in Fig. 5~top! are much larger than the exper
mental error, which increases with the excitation ene
from 5% athn520 eV up to 8% athn530 eV ~Fig. 5, top!
and 10% athn520 eV up to 25% athn530 eV ~Fig. 5,
bottom!. Additionally, in Fig. 5~top! the dashed curve show
the result of ourab inito calculations of the ratios1 /s0 of
the vibrationally resolved cross sections, as discussed in
IV. Thus higher vibrational states are overpopulated w
respect to the Franck-Condon value as well as to our n
nonconstantab initio results around a broad peak athn
;22 eV andhn>25 eV ~Fig. 5, top!.

Before attributing the observed variations to autoioniz
tion of NRDER states in CO, we have to show that they
not originate from decays of upper, ‘‘ordinary’’ CO1 states.
Actually, high-resolution photoelectron spectroscopy@24#
has recently revealed that there are two CO1 states in the
22–24 eV range, namelyD 2P at 22.38 eV (v850), 22.56
eV (v851), 22.73 eV (v852), . . . , and 32S1 at 22.99 eV
(v850), 23.20 eV (v851), 23.39 eV (v852), . . . . An-
other CO1 state,C 2D at 21.70 eV (v850) is known from
emission spectroscopy@25#, but since photon excitation to
this state from the CO1S1 ground state andC 2D

the

FIG. 4. Measured branching ratios of the relative population
various denoted vibrational levels of the CO1 A 2P state as a func-
tion of the energyhn of the exciting photons. The energy
dependent experimental errors are indicated at 20.5 and 30 eV
the experimental points are displayed using three-point smooth
The ratios of the corresponding Franck-Condon factors for ioniz
transitions from the CO ground state are indicated as solid line
the three cases.
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2B 2S1 emission are both forbidden processes, theC 2D
state may be left out of consideration. However, we m
seriously consider the intensity of the allowed emissio
CO1 (D 2P–B 2S1) and CO1 (3 2S1–B 2S1), which
could possibly be the origin of the structure around 22–
eV in Fig. 5. If this emission occurs, it should be very we
since it has never been observed in emission spectrosco
CO1 in spite of extensive studies during the past decade
more quantitative estimate may be obtained from the hi
resolution photoelectron spectrum@24#, which shows that the
intensity ratio between the strongest populatedD-state level
and theB(v851) level is less than 2%. Moreover, since t
energy ratio@DE(D-B)/DE(D-X)#3;1/30, 97% of all ex-
citedD levels would decay to CO1 X2S1 and only 3% to
CO1 B 2S1. This indicates that less than 0.1% of the pop
lations of theB-state levels could be created via casca
from the D state. Analogous arguments exclude casca
from the CO1 3 2S1 state as the origin of the structur
around 22–24 eV in Fig. 5. Thus, we conclude that this p
and the remaining structure in Fig. 5 has another origin a
in view of our N2 studies@1# and the present calculations, w
suggest that the structure follows from autoionization of u
per NRDER CO states.

The identification of the structure observed in the vib
tional branching ratio~Figs. 4 and 5! is based on our calcu
lations of the NRDER’s performed as described in Secs.
and IV. The results presented in Table I reveal six sta
whose transition probabilities (G f /G)urWaiu2 would, in prin-
ciple, allow for their observation in Fig. 4. However, th
short lifetime of these NRDER’s suggest that the autoion

FIG. 5. Measured branching ratios of the relative populations
various denoted vibrational levels of the CO1 B 2S1 displayed in
the same way as for the CO1 A 2P state~Fig. 4!. The dashed line
in Fig. 5 ~top! follows from ab initio calculations ofs1 /s0 as
described in Sec. IV.
t
s
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ation to theA 2P state occurs within the same Franc
Condon region as the excitation process (Re52.13 a.u.). In
fact, this strongly disadvantages the decay to theA 2P level,
whose potential curve is significantly shifted~0.23 a.u.! to-
wards larger internuclear distances with respect to the gro
state of CO. Moreover, most of the calculated NRDER’s
nonbonding states and thus efficient excitation to these le
occurs at the low internuclear distances~close to the poten-
tial curve!. Importantly, the transition probabilities from th
NRDER’s to the states with shifted potential curves may
additionally reduced by interference effects. Since most
the NRDER’s are repulsive~see Fig. 2! and their natural
width is large, the excitation occurs simultaneously to s
eral vibrational~or continuum! sublevels of the NRDER’s.
Due to the short lifetime, the autoionization to the lowe
lying states takes place before the coherence induced
tween the excited levels is lost. It may be shown that
transitions to higher vibrational levels of the final sta
~which are strong in view of the different equilibrium dis
tances! the respective matrix elements may appear with
posite signs. Summing up the partial transition probabilit
for deexcitation from the various sublevels of the NRDER
strong destructive interference effects are observed that
reduce the final transition probabilities by orders of mag
tude. More detailed studies of this effect are in progre
Nothing has been found that may explain in terms
NRDER’s the apparent variations of the experimental cu
above 31 eV. We will come back to this point later in th
paper.

Table II contains the list of the NRDER’s strongly deca
ing to theB 2S1 state of CO1. Clearly the pronounced pea
at 22 eV coincides with the calculated position of the1P
state ~leading configuration 1p22p6s!. Additionally, two
1P and one1S1 states have been found at 23.3 eV, 23.6 e
and 23.6 eV, respectively, which may explain the asymm
ric shape of the feature observed in Fig. 5 in the energy ra
22–24 eV.

The dip at 24–26 eV may be attributed to the three ov
lapping NRDER states~two 1P states found at 24.9 and 25.
eV, and a single1S1 state at 24.4 eV!. The energy separa
tion that is comparable to their lifetime broadening preve
their distinct observation.

The observed continuous growth of thes1 /s0 curve
abovehn531 eV is puzzling. Although two1P states at
28.4 eV and 29.7 eV and one1S1 state at 27.3 eV may
explain the increase of the branching ratio above the Fran
Condon level at 28–30 eV, the calculated NRDER’s do n
provide the explanation forhn.31 eV. Slightly outside the
energy range of the present investigation there is an imp
tant singly excited~3s→7s! 1S1 state at 35.9 eV. We sha
compare this effect with the weak but probably significa
variations of the branching ratio of theA 2P state in the
considered energy region.

The recent photoelectron data@24# reveal a group of tran-
sitions to various vibrational levels of a singly excited CO1

state~e.g., 42S1 with the leading configuration 3s21! be-
tween 31 and 36 eV. Obviously, there should exist a num
of neutral Rydberg series converging to CO1 (4 2S1,v!
which may autoionize into both theA 2P and theB 2S1

state of CO1 and influence the measured vibrational popu
tion. Since the NRDER’s must be excluded in the ene

f
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range 30–35 eV in view of the theoretical analysis~Tables I
and II!, the experimentally observed non-Franck-Condon
havior in this range is probably due to autoionization of the
~doubly excited! Rydberg series.

A comparison of the shapes of the potential curves of
groundX 2S1 andB 2S1 states show that both of them li
in the same Franck-Condon region. Thus some of
NRDER’s that strongly decay to theB 2S1 state should also
partially autoionize to theX 2S1 state. Previous photoelec
tron studies@6# of the vibrational branching ratio of th
ground electronic state of the CO1 molecule revealed a
structure athn519–22 eV excitation energy that had be
originally attributed to the 5s shape resonance. However, t
observed features could not be reproduced by Hartree-F
calculations@26# or multiple scattering methods@27#. It was
proposed that autoionizing states may account for the
served peaks in the branching ratios. In Fig. 6 the meas
branching ratios1 /s0 of the CO1 X 2S1 state@6# is dis-
played as a dashed line together with the presently meas
s1 /s0 ratio for the CO1 B 2S1 state~Fig. 5, top!. Notice-

FIG. 6. Measured branching ratioss1 /s0 for the CO1 X 2S1

state@6# and CO1 B 2S1 state~present work!. The similarity be-
tween the two curves suggests that their shapes have the sam
gin, i.e., autoionizations from NRDER states in CO.
A

e
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m

rr
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ably, the shapes of the two curves are very similar.
Moreover, we have applied the formalism presented e

lier in this paper in order to calculate NRDER’s, which ma
decay to the ground-state continuum with sufficiently lar
probability. Our results~see Table III! show the existence o
the 1P states at 20.2 eV and 23.2 eV, which strongly a
toionize into theX 2S1 level. The excellent agreement o
the calculations with the photoelectron spectra as well as
striking similarity between both experimental curves~Fig. 6!
strongly support the explanation in terms of autoionizat
from presently computed NRDER’s. Additonally, we ha
calculated the energies and potential curves of all NRDE
that may efficiently autoionize to theX 2S1 state in the en-
ergy range up to 35 eV~cf. Table III!.

VII. CONCLUSIONS

To summarize, the present work reveals the existenc
non-Rydberg doubly excited resonances in the energy re
20–35 eV in the CO molecule that, to our knowledge, ha
escaped previous observation. In the present work NRDE
have been indirectly observed by monitoring their decay
lower-lying states of the CO1 ion. Features observed in th
vibrational branching ratio of theB 2S1 state of CO1 have
been compared to the results of theoretical calculati
showing very good agreement. Since the discovered st
may only weakly decay to theA 2P level, the vibrational
branching ratios of this state should not deviate from
Franck-Condon behavior. We have experimentally co
firmed this expectation. Finally, we have studied theore
cally NRDER’s that may strongly autoionize to the grou
CO1 X 2S1 state. An excellent agreement between the
ergy of the computed states and the previously publis
experimental data suggest that the recorded structure o
nates from the decay of NRDER’s rather than from thes
continuum coupling, as previously suggested.
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