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Ultrashort-lived non-Rydberg doubly excited resonances in diatomic molecules
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The CO" emission system&-X andB-X have been studied using monochromatic photon excitation in the
range 20—34 eV. The vibrational branching raties €4,5)/(v'=3,2) for the A-X system were found to
remain essentially constant within this excitation range, while tHe=(1,2)/(v'=0) 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 CO" states. It is suggested that some earlier observed variations in the photoionization branching ratios
for thev'=0-2 levels of the CO X?3* have the same origifS1050-294797)02106-9

PACS numbeps): 33.80.Eh, 33.70.Jg

I. INTRODUCTION range. From many-body perturbation calulations, four of
these peaks could be identified with different attractive
In spite of the remarkable effort paid to studies of molecu-NRDER configurations formed by excitation of two inner-
lar valence-shell-excited configurations, very little is knownshell electrons to the closest, unoccupied valence states.
about the properties of non-Rydberg doubly excited resoThese NRDER states rapidly autoionize into various vibra-
nances(NRDER’s). Although the existence of such states tional levels of the N™ B2Y state, which changes the
has been commonly anticipated, the first observation oN,* (B-X) emission. Variations in the N (B-X) emission
NRDER'’s has been reported very receritly, in contrast to  branching ratios at various photon excitation energies have
the Rydberg-like doubly excited states, which have been exalso been observed earlig3,4] but they were attributed to
tensively studied for almost twenty yeafsf. Ref.[2] and  the interchannel coupling between therg-eo, shape
references given therginThe small cross sections for pho- resonance and®,— eoy continuum. Our calculations also
toabsorption to NRDER's, reflecting low probabilities for si- showed a number of repulsive NRDER states ip tNat
multaneous excitation of two electrons, make the direct obmight decay by predissociation into neutral fragments rather
servation of such states most difficult in competition withthan by autoionization. Actually, it was sugges{dd that
photoabsorption to “normal” states. An additional obstacletwo broad features observed in the fluorescence from neutral
to the detection of NRDER's is their very short lifetimegg N fragments in photoionization of N5] originate from pre-
the order of 1 f§ giving rise to a natural broadening that is dissociation of two repulsive NRDER configurations.
much larger than the vibrational separation. Thus, NRDER’dn the present work we have performed similar measure-
may appear in the spectra in the form of broad irregularments on the isolectronic CO molecule. Previous studies of
features that are difficult for unequivocal identification. No-the X 23" [6] andB 23 * [7] states of CO have revealed a
ticeably, subfemtosecond decay processes have not been altrong non-Franck-Condon behavior of vibrational branching
served in molecular physics and their occurrence actuallyatios in the energy region 20-50 eV. The observed varia-
reflects the high correlation of the electrons excited to theions were ascribed to the interchannel coupling of tg, 4
close-lying unoccupied valence states. electron with the 5! shape resonances at an energy of
The electronic configurations of NRDER’s, in which up about 29 eV and to thedt ! shape resonance in the energy
to four shells may be simultaneously open, make their theoregion 32—-37 eV. However, such strong interchannel cou-
retical analysis a difficult task. The large number of interact-pling should, in a similar way, affect theo5 * channel for
ing configurations in systems such as CO necessitates the uaich no evidences have been found so far. In this work we
of rather elaborate models to compute the energies and iatend to show that most of the observed effects may be
quasidegenerate many-body theory to second order waskplained in terms of autoionization from NRDER'’s in CO
found to be both a practical and an efficient tool. In ourto the relevant CO states.
recent work 1] such a formalism has already been shown to
work in the case of the Nmolecule. More specifically, five
broad peaks were observed in the branching ratios (
=1)/(v’'=0) of the N, (B-X) dispersed fluorescend®F) The basic objective of the present work is to measure
following photoionization of N in the 19-34 eV excitation vibrational branching ratios in the fluorescence from an ex-
cited molecular ionic state, following ionization of the neu-
tral molecule by synchrotron radiation. If direct ionization is
*Permanent address: Instytut Fizyki Mariana Smoluchowskiegothe only source of the fluorescence, then the branching ratios
Jagiellonian University, Reymonta 4, KrakpPoland. will be equal to the ratier, /oy of the vibrationally resolved

II. STATEMENT OF THE PROBLEM
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A basic assumption underlying the derivation of Eb.is
that the excited statg@) is decaying through autoionization
only. The autoionization rate actually determines whether or
not this condition is met. Later ofSec. I\) we will present
ab intio computations of”, and we will find that the associ-

a> = __ Autoionization

1Tl — | £, v2> ated lifetimesr=1/T are in the range 10"-10"'° s, which
| £, vi > is too short for either predissociation or radiation to make a
,g significant contribution.
Fluorescence Another assumption made by the derivation of Eb.is
+ that the effect of the autoionization is dominated by that of
Direct AB the direct ionization, so that the second term of 8g.stays
iv>— ionization small compared to unity. From E¢l) we also see that the
’ AB deviation from unity of the term in square brackets may, in

priciple, be positive as well as negative, depending on the
. o ) ) ratios of the relevant vibrational overlap integrals. An en-
~ FIG. 1. Schematic description of the population of two vibra- hanced branching ratio is seen to occur when the population
Floniéivelsﬁltvg gnd(|j_f,vzt> o:,atn 'EIe'Ctrct)'mc ?taté |tr;1a molecglart t of the upper vibrational leved, via autoionization is rela-
i?n> i x;iaaz Vigalﬁ;nﬁ’za"tig:}o?r'z?n";?] Lomer ;é;oi%nthes tively more efficient than for the lower level;. In Sec. IlI
v . pper we will outline a method forab initio computation of the
neutral moleculeAB. If only the direct process is present, the . L .
partial rate of autoionizatioh's, the total ratd", the transi-

branching ratioo, /o, of the fluorescence frorh should be inde- i 7. |2 I th itati . f th
pendent of the enerdyv of ionizing photons. However, whew is lon ,mo,m,en IFail®, as well as the excitation energies of the
autoionizing stategresonances

large enough to excite stafa), which autoionizes to the two vi-
brational levels|f,v,) and |f,v,) with partial ratesI’; and ',
respectively, the fluorescence branching ratio is changed according 1ll. QUASIDEGENERATE MANY-BODY THEORY
to Eqg. (1). This technique has been used for discovering NRDER

states in N [1] as well as in CQpresent work In the present section, we shall give a brief outline of

quasidegenerate many-body theory, which has been found to

cross sectiongcf. Fig 1). However, there may be other pro- be an_gfficient tool for makingb ini;ciozpredictions of c_ent.ral
cesses that contribute to the observed branching ratios, fuantities of Eq(1), i.e., I'r, T, |7|%, and the excitation
particular autoionization. Figure 1 gives a diagram of the€nergy of the autoionizing statéesonances

combined process where the vibrational lewejsandv , of In the stationary Schrbnger equation of a many-body
the fluorescent statd) are assumed to be populated by di- SyStem,
rect ionization from the ground staté,v) of the neutral
molecule(cross sections; ando,, respectively as well as

being end products of the autoionization from an excited e partition the HamiltoniarH into an unperturbed part
autoionizing statga) (autoionization rated’; andT',, re- we partit iton ! unpertu P

spectively. Ho and a perturbatioV,

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

5 ¢ |Fail? (1(alu2)|? |<a|v1>|2”
B=—|1+47%0w — — .
o1 “T o Kool Kooy

HUT =EWV, (2

H=Ho+V. @)

HereH, is composed of one-body parts

Ho=2i [h(i)+u(i)] (4)

In the expression above is the fine-structure constant and 2Nd the perturbatiol is defined by
o the photon energyl’; denotes the partial electronic auto-
ionization rate from|a) to |f), and I';=T|(alv,)|% T, V:EZ i_z u(i). (5)
=T'¢|(alv,)|? T represents the total rate of autoionization 2 nij T
from |a) to all energetically allowed final states of the ion. In
a similar way, o represents the electronic cross section for ~Solutions to the unperturbed proble@eroth ordex
ionization from the initial statdi) to the fluorescent state o
[f), andoy= o [(v]|v1)|?, 0o=0{v|v2)|?. |Fai|? represents Ho®;=E{*®; (6)
the electronic transition moment frofi) to |a), given by
form a complete set of Slater determinantB;}, with cor-
IFail2= 3 (a|x[i)|?+ Kaly|i )2+ [Kalz]i)]?). responding energieB(” . In the present case we will face a
situation with a rather large set of quasidegenerate zeroth-
In Eqg. (1) the relevant quantities have to be inserted inorder statesb;, representing autoionizing states of proper
atomic units. The two terms in parentheses in @gcontain ~ symmetry in the experimentally interesting region. This set
ratios of vibrational overlap integrald-ranck-Condon fac- of states defines our model spaBe and the remaining
tors). zeroth-order states compose the complementary or orthogo-
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nal spaceQ. This division of our space of zeroth-order so- stable, autoionizing state is that there is an imaginary contri-
lutions is best described through the projection operators bution — 3iT" to the energy, wherE is the rate of autoioniz-
ation. Furthermore, the lifetime of the state is given by
_ _ =1/T". The imaginary part is actually inherent in the ele-
P=> |®X®i], Q=1-P. o7
igP [Pi{®il, Q Y ments of the second-order matkix®) of Eq. (12). The pro-
cess of autoionization is described by the occurrence of sin-

We now redefine our unperturbed Hamiltonian: gular terms in the perturbation expansion. For such singular
terms the state$8) of Eq. (12) will represent continuum
ng Ho+_2 (Eo—Ho)| @ (@] =Ho+ V4, (8) s_tates with a free outgoing electron. In that case the_ summa-
iep tion over B should be replaced by a complex integration and,

according to standard rules for evaluating complex integrals,
which leads to the singularity leads to an imaginary contributid®—16.
s , In the present investigation the many-body methofL6{
Ho®i=Eo®;, all ieP, was implemented in the quasidegenerate procedure. The de-

ails of this implementation will, however, be given in a
orthcoming paper. In this way, it was possible to obtain
partial autoionization ratds; for the doubly excited states of
the model spacgcf. Eq. (1)].

The next quantity to compute is the transition moment
|F.i|? of Eq. (1). In the present case the transition is from the

whereE, is an arbitrary reference energy. Thus, we see th
the states in the model spaPeare exactly degenerate with
respect taH3.

In the next step, the Schilimger equation(2) is trans-
formed into an effective equation

HePW =EPW, 9) grour_1c_i state in CO a_nd up to doubly excited states. Thus the
transition process will be a weak one, fully governed by
whereH  is given by a perturbation expansion: correlation effects. Transition momerits;| are included in
the present approach by adding an operator equal to one of
Hei= PH(S,P+ P(V-V,)P the molecule-fixed component®() of the electric dipole
1 moment of the molecule to the perturbatishof Eg. (3).
_ T Thus, the perturbatioN in the many-body expansion is re-
+i§P PV EY—H, QVI® N Pi[+--- . (10 placed byV+D,,, and in Eq.(12) we will have cross terms

that are first order irv as well as inD, . These cross terms
The correct energieis of the systenicf. Eq.(2)] are now,  will, in an indirect way, lead to the required transition mo-
in principle, obtained by diagonalizing the effective Hamil- ments with lowest-order correlation effects included. The de-
tonian matrix with elements tails of this procedure will be postponed to a forthcoming
paper.
Wig=(Py[He 1), kil eP. 1D At this point it should be noted that the mathiX of Eq.
(112) will be non-Hermitiar cf. Eq.(12)]. This means that the

Through first order the elements Wf are eigenvectors ofV or H will be nonorthogonal. The eigen-

V\ﬁktl))Jr k}):E05k|+<q)k|V'Vl|(Dl>v vectors are central to the process of computing transition
moments, and for this purpose they need to be orthogonal
whereas the second-order contributiorids Eq. (10)] [8]. To obtain this we will make an approximation that tends

to be common in quasidegenerate perturbation théewy.,

1 in nuclear physic$8]), i.e., W is replaced by the Hermitian
W(k?):BEE:Q (®VIB)YBIVI®)) EfOTE(BO)' (120 matrix

The elements ofV(?) are generally expressed in terms of 3(W+W).
diagrams, a topic that we shall not pursue further here. In the
present investigation the perturbation expansion will be carin the present case this approximation turned out to have a
ried out through second order only. To second order thereather insignificant effect on the eigenvalues to second order.
will be a total of 21 diagrams to include, whereas to the next
(.third) order there will be more than ZQO (_:iiagrams. We be- IV. NUMERICAL RESULTS
lieve that a second-order expansion will yield results of suf-
ficient accuracy for the present analysis of experimental data. Only excited states of% " and *II symmetry are acces-
Carried through second order the quasidegenerate mangible by electric-dipole transitions from thé¢'>* ground
body theory yields an elegant as well as an efficient tool foistate. The ground-state configuration of CO is
making ab initio predictions of quantities relevant to the 10?20%30%40%17*502, and our model space will consist
present study. The reader is referred to the literaft@el3]  of all configurations generated through all double excitations
for further information on quasidegenerate many-bodyfrom the shells 4217%542 to the excited orbitals & 7o,
theory. and 2r. In addition, we also include single excitations from
In the present work our model space will consist of a3o to 60, 70, and 2r, since the corresponding excited states
series of doubly excited configurations for the CO moleculeare in the same energy range as the doubly excited ones. This
The corresponding states will be highly excited, and mainlyleads to two separate noninteracting model spaces, one with
decay via autoionization. A characteristic feature of an un-a total of 29 states ofS* symmetry, and another one actu-
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TABLE |. Computed quantities relevant for autoionization to téll excited state in CO (see also
Table Ill). Superscripts in the second column refer to curves in Fig. 2.

r
Excitation  |Fy|?2  T(A 2I) r Tf|rai|2 Lifetime Dominant
State energy(eV) (a.u) (a.u) (a.u) (a.u) =1 (9 configuration
Rl 20.2 0.078  0.0076  0.0425 0.014 5710'®  40°5017°277,
40502132 w2(mix)
20.8 0.012 0.0032 0.00791 0.0048 3110°'° "
22.3 0.016 0.00032  0.00225 0.023 X110 40%50°1 722760
23.2 0.021 0.0065 0.00679  0.020 361071° 405021 w327
23.6 0.040  0.0018  0.00235 0.031 010 *  40250%1722m{S”
24.29 0.11 0.0070 0.0071 0.11 34107 405021722760
25.4" 0.32 0.0017 0.0018  0.30 1810  40%56°17%27T0

27.69 0.036 0.0025 0.0032 0.028 7610715 45°501 7607

29.7M 0.098 0.00013 0.00185 0.0067 1R10 ¥ 40 25602172770
Is* 34.9 0.0095 0.0026 0.00509 0.0049 4810  3040%50°17%60

35.99 0.146 0.00049  0.00181  0.040 2810 30405021770

ally with the same number ofIl states. The basis sets of atomic orbitals used for the present cal-
The orbitals used for the model space were obtained frongulations were extensions of the set of Slater orbitals with
a Hartree-Fock calculation for thd1 state derived from the optimized exponents published by Cade and IfLid. Sev-
doubly excited configuration @?20?30240?17350602.  eral diffuse &, 2p, and 3 orbitals were added to make
Thus we start out with most of the orbitals optimized for thesome allowance for Rydberg orbitals. Finally, a set ofgll
energy range in question. The ground-state energy was alswbitals based on@orbitals in O and C were included in the
calculated with this set of orbitals and, to second order, thereonfigurations representing the orthogo@akpace. All cal-
was no significant deviation from the energy obtained withculations were carried out at the equilibrium internuclear
orbitals optimized for the ground state. The excited orbitalsseparatiorR,=2.132 a.u. for the CO ground state, i.e., only
included in the model space were restricted to the Fo, vertical transitions are considered.
and 27 orbitals for several reasons. Ther @nd 2 orbitals Some representative results of the calculations are shown
have negative orbital energies, i.e., bound states, and the drir Tables I-IIl. Here we list the computed excitation ener-
bital energy of the & is also low(0.005 a.u. Furthermore, gies (with reference to the second-order ground-state en-
all three of these orbitals are clearly localized, i.e., of valenceergy), the transition probabilitief”,;|?, the total autoioniza-
type, whereas the higher and 7 orbitals with low orbital tion rate I', and the partial autoionization rafé; to the
energies are much more delocalized, i.e., Rydberg-type oA %I, B 23 %, andX 23" states in CO. We also list the
bitals. Finally, the model space tends to grow to intractableguantity || (I /"), which is of basic importance for the
sizes if more excited orbitals are included. variation of the branching ratios. In the tables we have in-

TABLE Il. Computed quantities relevant for autoionization to 8183 * excited state in CO (see also

Table IlI).
Ff o 2

Excitation |F|? T{(B2SH) r T|rai| Lifetime Dominant

State energy(eV) (a.u) (a.u) (a.u) (a.u) =1 (9 configuration

Sl 223"  0.016 0.0012 0.00225 0.0086 1x110 4 46°5021 722 w60
23.39  0.040 0.00064 0.00165 0.016 1610 4501l 2nT0
23.69 0040 0.00029 0.00235 0.0050 2010 ** 4025021 w22 7{ 87
24.9 0.0070 0.00072 0.00123 0.0041 X010 ** strong configuration interaction
2540 032 0.000052 0.00178 0.0094 1410 % 465021727l o
28.4 0.0066 0.0015 0.00257 0.0040 41071 407250172760
297" 0.098 0.00041 0.00185 0.022 13810 4 4o 552072770

Iy + 23.6Y  0.018 0.0011 0.00290 0.0068 8310 %° 465021732070
24.4%  0.010 0.0056 0.00912 0.0063 2610 '° strong configuration interaction
27.3% 0.026 0.00021 0.00126 0.0044 21910 46°50 2176070

35.9%  0.146 0.00060 0.00181 0.048 13810 4 3c40%50%1 7o
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TABLE Ill. Computed values relating to excited states'df and 13 * symmetries, respectively, in CO,
and to autoionization to the COX 23 * ground state.

r
Excitation  |Fyl? Ty(X237) r Tf|rai|2 Lifetime Dominant
State energy(eV) (a.u) (a.u) (a.u) (a.u) =1T (9 configuration
o 16.5 0.016 0.019 0.0346 0.0085 7010716 450173272
18.1 0.0071  0.011 0.0177 0.012 241075 40%50 21a*2760
18.6 0.013 0.0014 0.00157 0.012 D610 46250 Aa 2770
20.2 0.078 0.018 0.0425 0.033 5710°1'° 46°50 173272,

40502173272 (mix)
20.89 0.012 0.0045 0.00791 0.0068 3«10 % "
22.3Y 0.016 0.00073 0.00225 0.0052 1410 % 4¢%506°17%2760
23.39 0.040 0.00088 0.00165 0.0214 1610 Y 450172770
23.69 0.040  0.00022  0.00235 0.0038 12010 * 4025021722 m(S?
I+ 23.6Y 0.018 0.0014 0.0029  0.0083 8810 ¥ 4056172770
26.6% 0.032 0.0069 0.0087 0.026 2810715 40250 %17%607
27.39 0.026 0.00086 0.00126 0.018 1910 ¥ 40?50 *17*6070
28.5 0.020 0.00018 0.00060 0.0060 X010 * 40?50 217*70?
35.99 0.146 0.000094 0.00181 0.0076 2B10°* 3040?5021 7*7o

cluded only those excited states for which the value of this'3 * states that tend to make important contributions to the
quantity is 0.0040 a.u. or larger. From Hd) we can con- branching ratio.
clude that even with the most favorable vibrational overlap- We have also computed the partial cross section for direct
pings, values smaller than 0.0040 a.u. will lead to variationsonization to theB 23" state in CJ, which is of particular
in the branching ratios that are smaller than 1-2 %. For modhterest for the present investigation. The cross sections were
of the excited states the value ¢f,|3(I';/T) is much computed by use of many-body thedr8,19, and the re-
smaller than 0.004 a.u. and they will consequently not consults obtained at three different internuclear separations are
tribute to any observable deviation of the branching ratioshown in Fig. 3, where experimental results are also included
from that of the direct ionization. for comparison[20,21]. Cross sections were actually com-
Finally, it should be mentioned that the excitation ener-puted for a series of internuclear separations in the range
gies of the 293 states and the 2311 states considered 1.85-2.40 a.u. These results were then combined with vibra-
are rather evenly distributed in the range 15.5—-40.7 eV. Paidonal wave functions obtained from Rydberg-Klein-Rees
tential curves for internuclear separations in the range 1.85¢RKR) potential curves for the CO ground state and the
2.60 a.u. are shown in Fig. 2 for a selection of tHé and CO" B 23" state[22,23 to compute vibrationally resolved
cross sections. Thus we obtain ab initio value for the
leading termo, /o in Eq. (1) for the branching ratio. The
J ' ' ' result of this calculation is shown in Fig. 5. There is seen to
] be a significant difference between our nal initio ratio
and the constant ratio obtained from the Franck-Condon ap-
proximation.

N
=

W
(=

V. EXPERIMENT

The experimental equipment was the same as in gur N
experiment[1]. In short, synchrotron light from the MAX
storage ring in Lund, monochromatized to about 0.4 nm in
the 20-34 eV range, excited CO gas at about
3x10 2 Torr and the CO B 25 -X 23 fluorescence was
detected using afi=19 cm grating spectrometer equipped
with a position-sensitive, liquid-nitrogen—cooled charge-
coupled-device array detector. The resolution of the spec-
trometer was set to 1.5 nm and the spectral coverage was
170-470 nm. The studied spectral range covers the most

FIG. 2. Calculated potential-energy curves tt* and i1 Prominent features of the two emission systems ‘co
NRDER’s in CO with significant contributions to measured branch-(A 2[I-X?%*) and CO" (B?2"-X?37). The vibra-
ing ratios. Solid linesII states; dashed line$s * states. Letters tional structure is well resolved for the whoke-X system
and numbers on the potential curves refer to the entries in Tablegand for theB-X Av=2 sequence. Thé-X (5;0), (4;0),

I-1I (cf. excitation energigs (3;0), and (2;0) bands and thé3-X (0;2), (1;3), and (2;4)

EXCITATION ENERGY (eV)
[\
S

ot
<
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FIG. 4. Measured branching ratios of the relative population of
various denoted vibrational levels of the €@ 2IT state as a func-

FIG. 3. Partial cross sections for ionization to the CTB 23, * tion of the energyhv of the exciting photons. The energy-
state computed at three different internuclear separations using thgspendent experimental errors are indicated at 20.5 and 30 eV and
many-body theory. Experimental resu[t80,21] are included for  the experimental points are displayed using three-point smoothing.
comparison. Long-dashed lineR=2.40 a.u.; solid line, R The ratios of the corresponding Franck-Condon factors for ionizing
=2.132 a.u., short-dashed linB=1.85 a.u., experimental points transitions from the CO ground state are indicated as solid lines in
® [20], and ¢ [21]. the three cases.

bands were selected for the relative intensity measurement hoth show a strong variation withw and a deviation from
from which the corresponding branching ratios were directlythe calculated ratios of the Franck-Condon factors for ioniza-
obtained by division with the associated Franck-Condon factjon from the CO ground stat®.34 and 0.065, respectivgly
tors. Clearly, the observed deviations from the Franck-Condon
levels shown in Fig. %top) are much larger than the experi-
mental error, which increases with the excitation energy
VI- RESULTS AND DISCUSSION from 5% athy=20 eV up to 8% ahv=30 eV (Fig. 5, top

Figures 4 and 5 show the deduced vibrational branchingnd 10% athy=20eV up to 25% ahv=30 eV (Fig. 5,
ratios as a function of the excitation energy, for the  bottom). Additionally, in Fig. 5(top) the dashed curve shows
CO" AZIl and CO B 23" states, respectively. As seen the result of ourab inito calculations of the ratiar, /o of
from Fig. 4, the branching ratiosr,/o3, os/03, and the vibrationally resolved cross sections, as discussed in Sec.
o4l0, of the CO™ A 2l state remain essentially constant in IV. Thus higher vibrational states are overpopulated with
the excitation range 20—32 eV. Moreover, all the measurediespect to the Franck-Condon value as well as to our new
ratios are in fair agreement with the respective ratios of thenonconstantab initio results around a broad peak lp
Franck-Condon factors for ionizing transitions from ~22 eV andhv=25 eV (Fig. 5, top.
the CO ground state q[CO X—CO" A(v'=4,5)]/ Before attributing the observed variations to autoioniza-
g[CO X—CO" A(v'=2,3)] which are 0.73, 0.47, and tion of NRDER states in CO, we have to show that they do
0.64 for o4/03, osloz, and o4/0,, respectively. The not originate from decays of upper, “ordinary” CGOstates.
variations of the branching ratios at about 23 eV and 28—3@ctually, high-resolution photoelectron spectrosco24]
eV excitation energy are within the experimental ef@sti-  has recently revealed that there are two ‘CQates in the
mated for 8% ahr=20eV and 12% ahr=30eV) while ~ 22-24 eV range, namel 2II at 22.38 eV (' =0), 22.56
the deviation of the branching ratio from the Franck-CondoreV (v’ =1), 22.73 eV ('=2), ..., and > at 22.99 eV
level observed fohy=31 eV is probably significant. (v'=0), 23.20 eV ('=1), 23.39 eV ('=2),... . An-

In contrast to the weak changes seen in Fig. 4pther CO state,C ?A at 21.70 eV {'=0) is known from
the branching ratiosr;/ocqy and o,/0, for the emission spectroscopy25], but since photon excitation to
(v'=1,2)/(v'=0) CO" (B23*—X23*) emission(Fig. this state from the CO'S" ground state andC 2A
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ation to the A Il state occurs within the same Franck-
Condon region as the excitation proce8&€2.13 a.u.). In
fact, this strongly disadvantages the decay toAtdI level,
whose potential curve is significantly shift€¢d.23 a.u). to-
wards larger internuclear distances with respect to the ground
state of CO. Moreover, most of the calculated NRDER's are
nonbonding states and thus efficient excitation to these levels
occurs at the low internuclear distandetose to the poten-

tial curve. Importantly, the transition probabilities from the
NRDER's to the states with shifted potential curves may be
additionally reduced by interference effects. Since most of
the NRDER's are repulsivésee Fig. 2 and their natural
width is large, the excitation occurs simultaneously to sev-
eral vibrational(or continuum sublevels of the NRDER'’s.
Due to the short lifetime, the autoionization to the lower-
lying states takes place before the coherence induced be-
tween the excited levels is lost. It may be shown that for
transitions to higher vibrational levels of the final state

k- (which are strong in view of the different equilibrium dis-
"t e tance$ the respective matrix elements may appear with op-
0.04 i g L L i L : posite signs. Summing up the partial transition probabilities
20 2 24 26 28 30 32 34 for deexcitation from the various sublevels of the NRDER's,
strong destructive interference effects are observed that may
EXCITATION ENERGY (eV) reduce the final transition probabilities by orders of magni-
tude. More detailed studies of this effect are in progress.
FIG. 5. Measured branching ratios of the relative populations ofNothing has been found that may explain in terms of
various denoted vibrational levels of the C® 23 * displayed in  NRDER'’s the apparent variations of the experimental curve
the same way as for the COA 21 state(Fig. 4). The dashed line above 31 eV. We will come back to this point later in the
in Fig. 5 (top) follows from ab initio calculations ofo, /0y as  paper.
described in Sec. IV. Table Il contains the list of the NRDER'’s strongly decay-
ing to theB 23 * state of CO. Clearly the pronounced peak
—~B23* emission are both forbidden processes, @A  at 22 eV coincides with the calculated position of the
state may be left out of consideration. However, we musstate (leading configuration *?2mw60). Additionally, two
seriously consider the intensity of the allowed emissions'II and one'S * states have been found at 23.3 eV, 23.6 eV,
CO* (D 2[I-B 23*) and CO™ (323*-B 23*), which and 23.6 eV, respectively, which may explain the asymmet-
could possibly be the origin of the structure around 22-24ic shape of the feature observed in Fig. 5 in the energy range
eV in Fig. 5. If this emission occurs, it should be very weak22-24 eV.
since it has never been observed in emission spectroscopy of The dip at 24—26 eV may be attributed to the three over-
CO" in spite of extensive studies during the past decades. Aapping NRDER state@wo 1 states found at 24.9 and 25.4
more quantitative estimate may be obtained from the higheV, and a single'S * state at 24.4 e/ The energy separa-
resolution photoelectron spectrd24], which shows that the tion that is comparable to their lifetime broadening prevents
intensity ratio between the strongest populafedtate level their distinct observation.
and theB(v'=1) level is less than 2%. Moreover, since the The observed continuous growth of the /o curve
energy ratig AE(D-B)/AE(D-X)]3~1/30, 97% of all ex- abovehv=31eV is puzzling. Although two'll states at
cited D levels would decay to COX23 " and only 3% to 28.4 eV and 29.7 eV and on& " state at 27.3 eV may
CO" B 23 *. This indicates that less than 0.1% of the popu-explain the increase of the branching ratio above the Franck-
lations of theB-state levels could be created via cascade£ondon level at 28—30 eV, the calculated NRDER’s do not
from the D state. Analogous arguments exclude cascadegrovide the explanation fany>31 eV. Slightly outside the
from the CO 3237 state as the origin of the structure energy range of the present investigation there is an impor-
around 22—24 eV in Fig. 5. Thus, we conclude that this peakant singly excited3c—70) '3 state at 35.9 eV. We shall
and the remaining structure in Fig. 5 has another origin andgompare this effect with the weak but probably significant
in view of our N, studieg 1] and the present calculations, we variations of the branching ratio of th& 2I1 state in the
suggest that the structure follows from autoionization of up-considered energy region.
per NRDER CO states. The recent photoelectron ddt24] reveal a group of tran-
The identification of the structure observed in the vibra-sitions to various vibrational levels of a singly excited CO
tional branching ratidFigs. 4 and bis based on our calcu- state(e.g., 423 % with the leading configuration @ 1) be-
lations of the NRDER'’s performed as described in Secs. llitween 31 and 36 eV. Obviously, there should exist a number
and IV. The results presented in Table | reveal six statesf neutral Rydberg series converging to €@423",v)
whose transition probabilitiesI'¢ /T")|F,;|? would, in prin-  which may autoionize into both tha 2IT and theB 23+
ciple, allow for their observation in Fig. 4. However, the state of CO and influence the measured vibrational popula-
short lifetime of these NRDER'’s suggest that the autoioniztion. Since the NRDER’s must be excluded in the energy
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ably, the shapes of the two curves are very similar.
Moreover, we have applied the formalism presented ear-
lier in this paper in order to calculate NRDER'’s, which may
decay to the ground-state continuum with sufficiently large
probability. Our resultgsee Table 1l show the existence of
the I states at 20.2 eV and 23.2 eV, which strongly au-

toionize into theX 23" level. The excellent agreement of
the calculations with the photoelectron spectra as well as the
striking similarity between both experimental cur€ay. 6)

N strongly support the explanation in terms of autoionization
from presently computed NRDER'’s. Additonally, we have
calculated the energies and potential curves of all NRDER’s
that may efficiently autoionize to thé 23" state in the en-
ergy range up to 35 e\kf. Table IlI).

BRANCHING RATIO
A N

20 25
EXCITATION ENERGY (eV)

VII. CONCLUSIONS

To summarize, the present work reveals the existence of
non-Rydberg doubly excited resonances in the energy region
20-35 eV in the CO molecule that, to our knowledge, have
§caped previous observation. In the present work NRDER'’s
ave been indirectly observed by monitoring their decay to
lower-lying states of the COion. Features observed in the
range 30—35 eV in view of the theoretical analy@iables |  vibrational branching ratio of thB 23 * state of CO have
and ll), the experimentally observed non-Franck-Condon bebeen compared to the results of theoretical calculations
havior in this range is probably due to autoionization of theseshowing very good agreement. Since the discovered states
(doubly excitedl Rydberg series. may only weakly decay to thé 2I1 level, the vibrational

A comparison of the shapes of the potential curves of théranching ratios of this state should not deviate from the
groundX 23" andB 23" states show that both of them lie Franck-Condon behavior. We have experimentally con-
in the same Franck-Condon region. Thus some of thdirmed this expectation. Finally, we have studied theoreti-
NRDER'’s that strongly decay to tH& 23, * state should also cally NRDER’s that may strongly autoionize to the ground
partially autoionize to th& 23" state. Previous photoelec- CO* X 23 state. An excellent agreement between the en-
tron studies[6] of the vibrational branching ratio of the ergy of the computed states and the previously published
ground electronic state of the COmolecule revealed a experimental data suggest that the recorded structure origi-
structure athv=19-22 eV excitation energy that had beennates from the decay of NRDER’s rather than from tlee 5
originally attributed to the & shape resonance. However, the continuum coupling, as previously suggested.
observed features could not be reproduced by Hartree-Fock
calculationg26] or multiple scattering method7]. It was
proposed that autoionizing states may account for the ob-
served peaks in the branching ratios. In Fig. 6 the measured Financial support from The Swedish Natural Science Re-
branching ratioo; /o, of the CO™ X 23" state[6] is dis- search CounciNFR), the Gaan Gustafsson Foundation,
played as a dashed line together with the presently measurdthe Swedish Institute, and the Nordisk Forskerutdannenings-
ol ratio for the CO B 237" state(Fig. 5, top. Notice-  eakademiNORFA) is gratefully acknowledged.

FIG. 6. Measured branching raties /o, for the CO" X 23,*
state[6] and CO™ B 23+ state(present work The similarity be-
tween the two curves suggests that their shapes have the same cﬁ
gin, i.e., autoionizations from NRDER states in CO.
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