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Rotationally cold absorption and two-photon ionization spectra of CO in the 90—100 nm region
have been recorded at a resolution of 0.3—1.0crfihe analyses of up to four isotopomers seek to
clarify the observations in regions where the Rydberg levels built on the groundXstate of the

ion interact with valence states t¥ © and'Il symmetry. Previous observations of th&s3 B 13"
Rydberg state, reviewed by Tchang-Brillet al. [J. Chem. Phys96, 6735 (1992], have been
extended to energies above its avoided crossing with the repulsive partdf ¥ valence state
where resonances of varying intensities and widths have been attributed to the fully costypled 3
4sg and D’ potentials, and where thB state approaches a second avoided crossing with the
C’ 3% valence stat¢Cooper and Kirby, J. Chem. Phy&7, 424 (1987); 90, 4895(1989; Chem.
Phys. Lett.152 393 (1988]. Fragments of a progression of weak and mostly diffuse bands,
observed for all four isotopomers, have been assigned t€theX transition. The least-squares
modeling of the 4 and 5 complexes reveals thep3r, E Il Rydberg state to be one of the
perturbers, violating thdav =0 selection rule for Rydberg—Rydberg interactions on account of its
rapid transition with increasing from Rydberg to valence state. A secohid perturber, very
loosely bound and clearly of valence type, contributes to the confusion in the published literature
surrounding the p, v=0 complex. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1756579

I. INTRODUCTION number of absorption features in the 80—120 nm regions of
12C1%0 and *C'®0. Apart from room temperature spectra,
Casey had at his disposal rotationally cold spectra, all of

(12.4 eV}, with the dissociation process dominated by dis-tNém Photographically recorded at the National Research
crete rather than continuous absorption, renewed efforts hajeouncil in Ottawa using a 10 m grating spectrographith
been made to refine the early analyses of the CO absorptigi estimated resolution of 0.7 cth This unpublished work
spectrum by Ogawa and Ogafwaand to apply modern high has significantly contributed to a more recent review by Ei-
resolution techniques to the study of the many interactionslelsberg and Rostdsof absorption and photodissociation
that shape the rovibronic structure at energies where the Rylata for the four main isotopomers of CO. The effective pa-
dberg series built on the?S ™ ion core converge to the first rameters for many of the CO states are now fairly well es-
ionization potenti_éi‘s at 113027.5:0.3 cm ™. . tablished, owing primarily to the work of Eba al*7213
Ten years prior to the study by Letzelteral, Casey  who use state specific triple-resonant photoionization and ion
had already undertaken detailed rotational analyses of a IarQﬁp methods to probe higher members in thep, d, andf
series from the 8¢, B3 or 3po, C13* lowest Rydberg
dpresent address: Hydr_otreating_CataIysis Group, Resea_lrch Ipstitute fagtates of CO. The Rydberg levels are, however, not without
%ﬁﬁgogy r}%‘fg)N?S'zﬂiL;nsgzagf Asdyva:f:f_ ci 'nﬂggﬁ" S?fjffb:’ndanomalies. Frequently, molecular constants and isotope shifts
Ibaraki 305-8565, Japan. are found to be incompatible with expectations based on the
bﬁ;\esznt had?rezs: ASM Lithography, De Run 6501, 5504 DR Veldhovenparameters of the ion core, and the RydkeRydberg tran-
C)AufhorEttoe\rNé;:r;r'r?.correspondence should be addressed. Electronic maiﬁitions tend to violate not only the one-electron atomic selec-

klaus.huber@nrc-cnrc.gc.ca tion rule Al==1, but also the selection ruldv=0 that

Ever since Letzelteet al! showed the photodestruction
of CO to occur primarily at energies above 100000 ém

0021-9606/2004/121(1)/292/17/$22.00 292 © 2004 American Institute of Physics

Downloaded 29 Jun 2004 to 130.37.34.24. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1756579

J. Chem. Phys., Vol. 121, No. 1, 1 July 2004 Rydberg-valence interactions of CO 293
120 cussed in Sec. lllA. The perturbations persist in higher
members of thenso series where the interactions are ex-
pected to scale according o %2

The D’ state displays a potential maximum at
~1.98 A with a barrier height of close to 1048 crhrela-
tive to the®P + 3P dissociation limit at 89592 cnt.*® It is
considered to be the product of a strongly avoided crossing
of a bound!> " staté® arising from the'D +1D limit by a

1D+1D

likely the ab initio predictedC’ 13" state of Cooper and
Kirby.2* The calculation¥"?® place its minimum at about
107 600 cm? above the minimum of the CO ground state
and predict an internuclear distance of close to 1.8 A. In the
106 600—110 400 citt region of four isotopomers, we iden-
e tify fragments of a progression of strongly red shaded and
mostly diffuse 'S 3 bands which seem to support the
expectations. Section Il B links the upper-state levels of the
bands to theC’ potential, pointing out similarities with th&
states of the alkali hydrid&swhich also represent the upper
1.0 1.2 14 16 18 20 ! adiabatic component of an avoided crossing of a strongly
bound state by a repulsive potential from ground-state prod-
nA) ucts. The analysis shows tlaé initio calculations to under-
_ _ o, estimate the depth of the’ potential, possibly by as much
FIG. 1. Diabatic potentials of theso Rydberg states converging ¥°3,* _1
of CO" and of the interacting valence sta@$'S* andC’ 'S * (adapted as 5400 cm".
from Fig. 1 of Ref. 18. Energies are relative to the minimum of the neutral Section Il C investigates the low-p complexes at en-
ground state. Theb initio calculated 4" and 'S "1l curves (see Sec.  ergies between 103000 and 109 600 éniThe 4p(v =0)
NB) havg been used, ip conjunct_ion_ wiiH, to construct the e}pproximate complex with its component at 103 054 ¢m has been
C’ potential. Short vertical bars indicate the mtemuclear distances of Seaescribed befor® Here. we resume the modeling of this
lected 30 and 4o levels. Crosses mark the energies andglues of four )
C' levels. complex and of the allegedd3r(v=1) level long notedi'!
for its anomalously small rotational constant, assuming both
I1 levels to interact with onéll perturber of mixed Rydberg-
ought to govern the transitions from tlBeand C states to \{glfzgi ;{l%elg;‘ gG%Z?ﬁ?ztearggtﬁi(tl;n tvic))llcior;eprlteuﬁ;:[

Rydberg levels built on the same ion core. . .
- . .one diff nd clearly of valen h her of mix
The most striking aspect of the absorption spectrum |s0 e diffuse and clearly of valence type, the other o ed

the diffuseness of many of its features. Line widths vary incharacter and -resembling the perturber involved with

seemingly random fashion from one band to the next and arépw(sz) and dm(v=1). The result is a very complex

strongly affected by isotopic substitutiofib initio studies by spectrum that has lead to conflicting band assignments by

Cooper and Kirb{~1® suggest that this behavior, like the earlier investigator$!! Finally, the narrow interval from
anomalies mentioned in the previous paragraph, has its orfLoz 300 ?11035620 et contains trfar;15|t|fons top(v=3)
gin in widespread interactions of the lowest Rydberg stateé“?h (o= r)l 1t+ec|rco|mponent of the hormer Interacting
with valence configurations. Because of their large internu?/Ith 2 Prlg t°X7 level assumed to avr(zﬂmlxedsd
clear distances, the valence states are not readily accessible® > character. Also involved is a dardl state of

from the neutral ground state. The one exception is th&inknown origin. . . _
.. 17350227, D' 'S+ state, shown in Fig. 1, which has Considerable confusion rules the labeling of the singlet

been characterized by Wolk and Riéfrom ultraviolet(Uv) ~ Rydberg states of CO. Some authors adhere to the familiar

laser induced fluorescence studies of vibrationally exciteduStom of using capital letters, others prefer ddehocnum-
CO. Tchang-Brilletet al'®'° were able to show that the in- Per indices from Refs. 1 and 11, or they chose a combination

teraction with the repulsive part of the weakly boubd of the two schemes. We retain the lett&sC, andE for the

potential accounts for large changes to the vibrational angso, 3po, and 37 lowest Rydberg states. Fdeperturbed
rotational parameters of thesd, B1S* Rydberg state and levels of highern, we prefer the notatiorX™ (v)nI\ or

for the increasingly large predissociation widths ofits2 A" (v)nI\ adopted from Ref. 26 and now well established
and 3 levels. At energies above 99 000 ¢pithe strong cou-  for Rydberg states of the Nmolecule?’ A shorter notation,
pling of theB andD’ potentials leads to the appearance innl\(v) ornl(v), may also be used. The obseryeetturbed
absorption of 13" resonances that are distinguished byvibronic levels included in a least-squares fit will be referred
widely varying intensities and line widths. Three such levels o by their symmetry, numbered in order of increasing energy
observed in the spectra of four isotopomers, will be dis{(1%3",213*---111,211...).

'g purely repulsivé! or only slightly bound stafé of the same
> v symmetry from®P+ 3P ground-state products. The second
Y; // adiabatic potential resulting from the interaction is most
o

®

=

i
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Il. EXPERIMENT racy of the CO line wave numbers is estimated=0.13

Rotationally cold absorption spectra in the 87.5—111.O.Cm.71'3T Finally, the rotational temperature of the two-photon
nm region of four CO isotopomerd2—16, 13—16, 12—18, |9n|zat|on spectra can be. controlled. by varying the stagna-
13-18 have been photographically recorded on Kodak swr'on pressure of the CO. Jet expansion, the distance OT the
plates using the pulsed supersonic free jet expansion irp_ozzle or|.f|ce from the interaction region, and/or the time
stalled at the 10.6 m vacuum ultraviol@UV) spectrograph delay settings.
of the Observatoire de Paris in MeudthThe background
continuum was emitted from a three-electrode vacuum spark
appropriately synchronized with the pulsed jet expansionl!l. RESULTS AND DISCUSSION
With a 30um slit, and working in first order of a holographic

normal-incidence concave grating having 3600 lines/mm, we _The observed, Q, _and P brancr_\ _tran3|t|0n§, properly
achieved a resolution of marginally better than 1 &nThe weighted, have been fitted to transition energies calculated

rotational temperature of weak bands was estimated ffom the known ground state constants of ©& and from
P 6% e eigenvalues of simple Hamiltonian matrices which model

round 10-20 K, the uncertaint ing greater for stron - . .
a ou_c_JI 0 O. e uncertainty _be g greater for stro g1he Rydberg complexes and their interactions with the per-
transitions, which tend to exhibit tails of highlines owing X .
turber states. The diagonal matrix elements,

to absorption by warmer CO gas along the light path of the
experiment. The spectra, measured against Cu Il lines rén,v,A|Hg,+H|n,v,A)
corded in the same order, have been calibrated with the help 2 272

of the Ar resonance lines at 104.82199 and 106.66599 nm 1o B.[J(J+1)=AT=D,[J(I+1) = AT, (1)

and N, impurity lines of known wavelengtti€ We have also  are complemented by off-diagonal elements representing the
made use of room temperature spectra recorded €anlief  homogeneous interactions with the perturbers,

der equilibrium conditions. .,

Photographic jet absorption spectra for the main isotope (.o, AfHe[n"v",A), @
were also recorded using a continuous jet expansion at thend thel uncoupling interaction between tledevels of ap
6.65 m VUV spectrogragii on beamline 12-B of the Photon complex,

Fac;ory syr_wchrotron f_acility in Tsuku_ba. Details regarding(n,u,l,A,e|H,|n,v,I,At1,e)

the interfacing of the jet expansion with the synchrotron ra-
diation may be found in Ref. 30. Taking advantage of the =-B,[2I(1+1)]¥]J(J+1)]*?
zero-dispersion order sorter described bystal,?® and us- 12

ing a slit width of 10 um, we recorded the spectra in the =—a[JI+D] 3
sixth order of a 1200 lines/mm concave grating at a resolu-  The A-type doubling of théIl perturbers, before allow-
tion of ~0.5 cm . They were measured against CO fourthing for their interactions with the Rydberg levels, is assumed
positive emission lines recorded in the overlapping third orto be negligibly small. Also, the homogeneous interactions
der. Where well-defined lines can be compared with cali-between Rydberg levels built on the same core, but differing
brated two-photon ionization measuremetitghe required  in the vibrational quantum number are expected to be very
corrections turn out to be of the order 0.40 cm . Other  small and will be neglected for the purpose of this work.
data are used without correction. Most of the line wave numbers and term values treated

Information complementary to the photographic datain the following sections have been collected in Tables A-l to
comes from resonance enhanced two-photon ionization speg-VI of an unpublished Appendix to this paper. They have
tra recorded in 1993 and 1995 at the Laser Center of theeen deposited with the Electronic Physics Auxiliary Publi-
Vrije Universiteit in Amsterdam. The VUV laser setup and cation Service (EPAPS of the American Institute of
its application to spectroscopic studies of CO has been dePhysics®® Copies are also available from one of the authors
scribed by Eikemaet al®! Very briefly, the coherent VUV (K.P.H).
radiation is produced by nonlinear upconversion of the vis- : ,
ible output from a tunable dye laser using frequency doqu" Levels of mixed B '%*~D’ "™ character
bling in a crystal and subsequent frequency tripling of the ~ Tchang-Brillet et al1®!° have applied nonperturbative
generated UV light in a pulset~10 H2) rare-gas jet. The close coupling methods to the modeling of the interaction of
VUV light crosses a skimmed CO jet at right angles, excitingthe 3so, B 'S Rydberg with the repulsiv®’ 13 * valence
the CO molecules to a Rydberg level from where they arestate. At energies below the crossing of the diabatic potential
transferred to the ionization continuum by the powerful UV curves, they find good agreement of the calculated with the
light that overlaps the VUV beam both spatially and tempo-observed level shifts, relative band intensities, and predisso-
rally. The resulting 1VUW- 1UV signal is registered by de- ciation widths. Extrapolations of the calculatidhso ener-
tecting the time-of-flight mass selected C@ns. The VUV  gies above the crossing foresee large variations in these
band width is close to 0.30 cm, increasing slightly with quantities for resonances which, instead of being associated
decreasing wavelength to 0.44 chat 90.5 nnt? the short-  with one state or the other, relate to the fully coupled poten-
est wavelength attainable with the frequency doubledials of both states. A treatment by Atabek and Lefeff/of
Nd:YAG pump laser. The visible output of the dye laser at itsan avoided crossing of an attractive by a repulsive state of
fundamental frequency is used for on-line calibration of theSe, comes to similar conclusions. Here, we report observa-
VUV spectra against iodine standartishe absolute accu- tions on threeB state levels of strongly mixed Rydberg-
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FIG. 2. Jet and room temperature absorption spectra of transitions to two

I3 levels arising from the interaction &(6) andX"(0)3d of *C®0.  FiG. 3. Jet and room temperature absorption spectra of transitions to two
(a) Jet absorption spectrurth)—(d) room temperaturi spectra gecorded with 13+ |avels arising from the interaction &(6) andX*(0)3da of $2C0.

a PaEq length of~20 m at CO pressures of*610"%, 5X10°%, and 1.5 (5 Jet absorption spectrurtp) and (c) room temperature spectra recorded
X107 Torr. with a path length of~20 m at CO pressures of 16 and 3x 102 Torr.

valence type at energies above the avoided crossing. For simerded at a pressure ob3L0™ 2 Torr, is also seen in trace
plicity, they will be identified by their Rydberg character of Fig. 2 where it arises from absorption by the 12—18 and
only. 13-16 isotopomers in natural abundance at a combined par-
Casey points out that a diffusé¢S "—'3* band of tial pressure of X10 3 Torr.
12C160 near 99 745 cit, tentatively assigned by Ogawa and ~ With the help of low temperature spectra, the assignment
Ogawa to X' (0)3de, is accompanied by a sharper and of rotational quantum numbers is straightforward, except for
weaker!S " 13" transition at 99970 cit, and that the *3C®0 where the input data consist of a small group of lbw-
upper states are coupled by a matrix element of 112'cm jet absorption lines and a series of unrelated highdines
Figure 2 reproduces the spectrum 8€'°0. The stronger from room temperature spectra. The correct numbering of
band of lower energy displays a clear zero gap in the jethe latter was established by systematically changing the as-
absorption spectrum of tracg& and the room temperature signedJ values in search for the best fit of the calculated to
spectrum of tracd reveals a series of brod@lbranch lines, the observed line wave numbers.
their intensities reaching a maximum fB(6) or P(7) be- Term values for the two interactin®. * states of three
fore rapidly falling off for higher rotation. At the tenfold isotopomers are collected in Table A Figure 4 displays
increased pressure of traceconsiderably narrower lines of the reduced terms fo?C!%0. The deperturbed leveB(6)
high J begin to appear in th® branch of the weaker band, andX*(0)3do are calculated with parameters from Table I,
together with a linelike feature at 99994.4 chthat con-  taking into account theuncoupling interaction of the with
tains the corresponding highR lines. In traced, finally,  the 7 componentof the 3d complex. For the main isotope,
with the pressure increased by yet another factor of 30Pthe the deperturbed terms cross betwekn7 and 8, close to
andR lines of the weaker band can be followed right down predictions made from the disappearancé>06) andP(7)
to the zero gap, except fét(6) andP(7) which seem to be in the band at 99 970 cnt.
absent. The very different relative intensities of the bands, as The molecular parameters in Table |, together with the
well as the prevalence of highever low-] transitions in the  quantum defect of 0.1160, unambiguously identify the dep-
less saturated band at 99970 ¢mare readily understood erturbed™S " level at 99 846 cm' asX " (0)3do. TheB(6)
(see, e.g., Ref. 3dn terms of transition amplitudes from the level at 99 868 cm! with an effectiveB value of only 1.6376
X3 (v=0) ground state to two interactint® " levels cm! fits expectations for a level of mixeBi~D' character.
which the deperturbation shows to be mixturedB¢6) and Its internuclear distance 0f1.23 A is close to the crossing
X" (0)3do, the former having substantiBl’ character. The of the diabatic potential curv&sat 1.31 A, suggesting that
observed amplitudes arise from constructive and destructivine radial wave function is concentrated, very roughly, in the
interference of the unperturbed and nearly equal amplitudesegion of the well formed by the upper adiabatic curve. The
in the bands of lower and higher energies, respectivelychoice ofv =6 comes from a comparison with the vibra-
strengthening the former at the expense of the latter wRose tional levels calculated for B state potential identical to that
branch lines are seen to disappear at around 99948 fon  of the X 23" ion core and with its minimum fixed &f,
rotational quantum numbers close to the crossing of the un=86926.9 cm®.*° The v=6 level, deperturbed from the
perturbed levels. interaction with 310(0), but notwith D’ 137, is found to
Figure 3 reproduces the corresponding bands@¥°0. be at 271 cm! above its calculated energy of 99597 ¢m
The discrete structure is confined to the band of lower en- A very weak band consisting of narrow lines, which are
ergy, and the band of higher energy appears as a broad coreadily assigned to a strongly red shadednd its corre-
tinuum with P andR branch maxima at-99 865 and 99935 spondingP branch, appears at 101556 chof the 12C*%0
cm™ L. Similar spectra were recorded for the 13—16 isoto-spectrum on the shortward wing of the much stronger and
pomer. The diffuse peak near 99 935 ¢thof tracec, re-  very diffuseX*(0)4so band. Ogawa and Ogawaescribe
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FIG. 4. Reduced observetlll circles) and deperturbed term valuésolid
lines) for the interactingd(6) andX*(0)3do levels of'?C'®0. The deper-
turbation takes into account theincoupling interaction of the- with the

component of 8.

J(J+1)

FIG. 5. Jet absorption spectra of the¢"(0)4so«X(0) transition of
BCl®0. The upper-state levels near3 are weakly perturbed bB(7).
Two impurity lines, marked by triangles in tra¢®, represent th&(1) and
Q(1) lines of theC+—X 1-0 band of H at 101 456.50 and 101 337.89
cm L. The spectrum of tracéb) contains a*C'®0 impurity.

this feature as linelike. Caséyeports theQ(1) line, an ob-

servation we do not confirm. Thi& " upper state is also
seen fromB(0) at 14 640 cr* of the CEP) photofragment
spectrumsee Fig. 8a) of Ref. 41]. We assign it aB(7) on
the basis of its energy at 1688 cfnaboveB(6) and at only
43 cmit below its calculated energy. The effectiBevalue
of 1.543 cm! andr=1.26 A are compatible with expecta-
tions for a level of mixedB~D’ character.

The corresponding transition 6fC*0 is hidden inside
the diffuse, though partly resolveXX* (0)4so band repro-

figure emerged from a careful search for known ground-state
combination differences. Figure 6 shows the crossing of the
4s0(0) and B(7) rotational levels atl=3 to be weakly
avoided with a matrix element of 1.3 ¢th In 12C'%0, the
B(7) perturber has shifted to lower energies, leaving no
signs of an interaction with g(0). The rovibronic term
values and derived molecular parameters for all three isoto-
pomers can be found in Table Il where, incidentally, the ro-
tational constants foX™ (0)4so are seen to be substantially

duced in Fig. 5. The line assignments in the lower part of thesmaller thanB=1.8810 or 1.8738 cim' for the 13—-16 or

TABLE |. The homogeneous interaction 8(6) with X" (0)3do of CO. The parameterem 1) for three
isotopomers derive from nonlinear least-squares fits to the obsé&vaad P branch transitions. Adjusted
parameters are given witholerror limits (in parenthesgsin units of the last-quoted decimal place. Other
parameters were kept fixed at their estimated values.

12-16 13-16 12-18

B(6) Te 99 868.3829) 99 792.26) 99 787.4432)

B 1.637612) 1.56468) 1.558 0433)

DgX 10° 1.48) 1.0 1.0
X*(0)3do To 99 845.7830) 99 835.111) 99 834.9937)

By 1.961124) 1.8809 1.8738

DoX 10° 0.81(11) 0.57 0.57
X*(0)3dw To 101 032.827)2 101 030.0 101 030.0

By 1.92339)% 1.8809 1.8738

DX 10° 0.7520)2 0.57 0.57
(B(6)|He,| X (0)3do) 111.95619) 91.4 91.4212)
(X*(0)3do|H,|X(0)3d) 6.82 6.52 6.49
Tt 0.16 0.12 0.12

#Term values fore parity levels derived from data in Ref. 3.
bJ-independent electronic facter of the matrix elemenfEq. (3)].
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FIG. 6. Reduced term values fot*(0)4so and B(7) of 3C!%0 and
12C180. Full circles and solid lines refer to the observed and recalculatedX* (1)4po are labeleds, b, ¢, andd, respectively.

data, respectively.

12—18 ion core, a sure sign thét (0)4so, too, mixes with

D! 12+.
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b 12-18

105700

105500

105300 105100 ™t

FIG. 7. Absorption spectra of four CO isotopomers in the 104 900—105 700
cm ! region. The transitions toX™(0)4do, X™(1)4pw, B(9) and

identified the weaker and narrower bashdith the transition
to X*(1)4po, arguing that its separation from the well es-
tablished 0—0 band at 103055 chas well as its isotope

Figure 7 reproduces the jet absorption spectra of foushift and upper-statB value in*3C*®0 are all very close to
isotopomers in the region from 104 900—105 700 ¢nOf
two structureless features seen at 105268 and 105 219 cmditional confirmation comes from the 12—18 and 13-18 pa-
of the ’C'®0 spectrum, labeledandd, Casey convincingly

expectations for a Rydberg level built &°3 ", v=1. Ad-

rameters in Table lIl.

TABLE Il. The B(7)~X"(0)4sc interaction of CO; term values and molecular parame(enrs ). Numbers
in parentheses give the differences olealc for levels used in the least-squares fit, eretror limits for the
derived parameters, both in units of the last-quoted decimal place.

12-16 13-16 12-18
B(7) B(7)~X"(0)4so X*(0)4sc
J T(J) TQ) T(J) T()
0 101 556.0—1) 101 437.28-3) 101 434.69-1)
1 101 559.20) 101 441.18+19) 101 438.38+2)
2 101 565.2—2) 101 448.05—25) 101 445.65—4)
3 101 574.60) 101 457.94 101 460.52 101 456(6(®)
4 101 586.6—3) 101 470.69 101 474.149) 101 471.36+2)
5 101 602.8-1) 101 485.38 101 492.46-3) 101 489.68+3)
6 101 621.5+7) 101 514.69+21) 101 511.89+29)
7 101 642.5+1) 101 540.06—12) 101 537.11-9)
8 101 667.2+2) 101 569.40-13) 101 566.37—6)
9 101 694.7+1) 101 602.47-5) 101 599.32+4)
10 101 725.1-2) 101 639.32+18) 101 635.66-9)
11 101 758.8-2) 101 679.48+5) 101 675.67—14)
12 101 795.6-2) 101 722.98—25) 101 719.70+23)
13 101 835.2-2) 101 770.71+3) 101 766.50—20)
14 101 878.4+3) 101 821.86+16) 101 817.34-14)
15 101 876.27-1) 101 871.76-5)
16 101 934.36-5) 101 930.08+42)
17 101 991.020)
18 102 055.71—15)
T, 101 556.1013) 101 441.8 101 437.263)° 101 434.707)
B, 1.543736) 1.453 1.840416)° 1.833713)
D,x10° 4,718 4.6661)° 4.9439)
(B(7)|Hey|4s0(0))~1.3
Tt 0.27 0.16 0.17

gParameters foB(7), estimated from its deperturbeld=3 and observed=5 levels(see Fig. &.

PParameters foX ™ (0)4so.
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TABLE lIl. Rovibronic term values and molecular parameténscm™?) from jet absorption data fa8(9) and
X*(1)4po of four CO isotopomers; residuals ebsalc and & error limits (both in parenthesgsre given in

units of the last-quoted decimal place.

J 12-16 13-16 12-18 13-18
B(9) 0 105 268° 105 150> 105 140.704 104 995.98-11)°
1 104 999.26+18)
2 105 005.12-5)
Ty 104 996.0418)
B, 1.525)
Tit 021
X*(1)4po 0 105219 105 186.21—10) 105 180.71—10) 105 125.78+1)
1 105 190.04+16) 105 184.57+3) 105 129.37+3)
2 105 196.97-5) 105 192.24+23) 105 136.41—7)
3 105 203.08-13) 105 147.28+3)
4 105 218.00-14) 105 161.8
5 105 236.90+9)
T, 105 186.3116)° 105 180.8110) 105 125.774)
B, 1.795)° 1.8676) 1.7866)
Tt 0.2¢° 0.16 0.06

Eidelsberg et al.

Maximum of continuous absorption.

PRotational line widths are estimated to be of the order of 50—70dor *2C*%0 and 2-5 cm* for *3C*®Q,

with intermediate values for the other two isotopes.

‘Overlapped by discrete features at 105 161.48, 105 157.51, 105 154.2, 105 149%1 cm

dOverlapped by discrete features at 105 156.73 and 105 153.08 cm

fCasey’s datdRef. 9, obtained under equilibrium conditions, reduce Jer1-8 toT,= 105 186.27(10) B,
=1.8628(26),0=0.17 cm ; data forJ=0, 9, and 10 may be based on misassigned and/or perturbed lines.

The stronger and broader bands more difficult to as- cm ! but labeledv =7, 8, and 10. Irrespective of the dis-
sign. For*C™0, its rotational structure is just barely re- agreement concerning the vibrational numbering, the experi-
solved; it confirms théS * symmetry of the upper state and mental and calculated energies for the first two resonances
suggests & value of ~1.52 cm ! and an internuclear dis- differ by —690 and+114 cmi %, and the predicted predisso-
tance in the neighborhood of 1.21 A, again favoring the aseiation widths for the second and third resonance are just the
signment to @~D' mixed level. The most likely choice is reverse of what is observed. The calculations of Andric
B(9), based on a short extrapolation frda{6) andB(7). et al®” are based on parameters which, although optimized
TheB(9) level of ’C®0 is observed at 243 cr below the  for best representation of tH@~D’ mixed levels fromy
calculated term of 105511 cm. =0 to 2 or 31¥%are inadequate for long extrapolations to

The shifts of the observed relative to the calculatedevels as high a=9 or 10. Instead of adjusting the core
B 1S levels, reported above far=6, 7, and 9, correspond
to the shiftséG,, established in Refs. 18 and 19 for energies

below the crossing of the diabat&'s,* andD’ 'S " poten- 600-

tials. Figure 8 summarizes the results. The shifts above anc ] s 1216 i

below the crossing are seen to be of comparable magnitudes  4qq | Z g:g é

though not necessarily of the same sign, creating a patterr v 13-18 ‘

that is reminiscent of the level shifts evaluated by Atabek 1 ¢ ¥
and Lefebvré® for a similar interaction in the spectrum of =~ 200+ v= 6

Se,.*? At energies below the crossing, the shifts for all four g b
CO isotopomers fO”OW the Same energy dependence, Which\: 0- ...s\&:a: ............................................................
is determined by the shape of the distoriedtate potential )
curve. At higher energies, above the crossing, the shifts

~N ®+----O-

o |
@ 'Y
200 ~ 2

© ®-------

present a more complex pattern that cannot be rationalized ir ] %
terms of a single potential curve. -400 - ‘
Based on parameters derived by Tchang-Brideal!® ] -
from the modeling of thé8(v=0-2)~D' interaction, An- 600 - X
dric et al*” used computational methods to predict the reso- ?

nances arising from the fully coupled potentials at higher
energies. A comparison of their Fig. 3 with Fig. 8 of the
present work shows the levels=6, 7, and 9 of'?C®Q,
observed at 99868, 101556, and 105268 tmf the ab- _ _

sorption spectrum, or at 14023, 15711, and 19423%m [, b L8 S o e above the crossing of the
relative to theB state minimum, to correspond, more or 1ess, giapatic s * andD’ 13+ potentials(see text On the scale of the figure,
with resonances predicted at 14713, 15597, and 19 438e crossing occurs at 9877.3 thisee Ref. 18

0 5000 10000 15000 20000

T -86926.9 (cm™)

ve
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parameters, it might be preferable not only to consider th@ABLE IV. Term values and molecular parametécsn™*) for three diffuse
interactions of the Rydberg levels with tie 12+ valence 13" valence state levels of CO. Residuals elasic and r error limits (in

. .. . . é)arenthesesare given in units of the last-quoted decimal place. Data for
St?‘te' but also t.O account fO!’ the|r mlx!ng at higher energie ’C1%0 derive from the triple-resonant ion-dip spectra of Ref. 13, with term
with C’ 13 which shares witlD’ its origin from the same values forB'S*, v=1 taken from Ref. 40.
avoided crossing of a bound with a repulsive state. The fol
lowing section reviews the experimental evidence concern-

ing theC'’ valence state.

12-16 13-16 12-18
T() T() T()

[

0 109 440.0+23
1 109437.0-24) 106 790.9+7) 106 782.16-6)
, 2 109442 106 794.6+ 106 785.82+1
B. The C' X valence state 3 1004475  1067989.9 1087910810
Figure 1, presented already in Sec. |, displays the poten- 4  109455.5+7) 106 806.0-0) 106 797.66—27)
tial curves for the lowest fourse states together with the 2 182 igg-g*g 182 g;g'g’g 182 gg?-iglg
D’ andC' valence state potentials. The potential curves are - ' 106 837'_&1) 106 829:3073)
shown in diabatic form, neglecting the fact that the crossings g 106 851.5-2) 106 843.27-2)
of the B state by theD’ and, very likely,C" curves are 9 106 867.5—1) 106 859.10+10)
strongly avoided. Also shown are ttab initio calculated 10 106 884.7-4) 106 876.45+1)
potentials for two'S, * states whose avoided crossing is re- 11 106904.6+1) 106895.88+19)
sponsible for the formation of th®’ and C’ states. The 1; 182 gigﬁ:gi 182 gégg?;ﬁ 4
bound 4'S.* state of Cooper and Langh8ffis represented 14 106 963.86+17)
by a Morse potential calculated with the theoretical spectro- 15 107 000.4+10) 106 989.59—27)
scopic constants listed by these authors. The repul&ivel T 109 437.79) 106 788.4723° 106 780.486)°
state is taken from Fig. 1 and Table VI of O'Neil and B 085442 0.878821)° 0.87243)°
Schaefef! Finally, the twoab initio calculated curves, in ) i.go 3'235 01&382

conjunction with theD’ curve of Tchang-Brilletet al,’® "

were used to construct th@' potential. It crosses th s+ 8erturbed level, not included in the least-squares fit.

\ P
state at energies somewhere between 107000 and 111 0(f¢_measurements of CaseRef. 9 reduce to 106788518 and
0878215), with O'ﬁK:O.43.

cm ! where a number of previously unassigned levels appe"’kr:’reliminary data reported by Eidelsbeeg al. (Ref. 43, extended ta)’
in the absorption spectrum. =14 and correcteRef. 11 by +0.9 cm !, reduce to 106 780.28) and
Case)(“? reports two diffuse and red shaded bands at0.87287), with o=0.16.
106884 and 106789 cm in the spectra of*C**O and
13C160, respectively, and Eidelsberg and Rostaspnfirm-
ing the observations, add the corresponding band$@fO  ing quantum number. The anomaly is familiar from the
and 13C®0 at 106 780 and 106681 crh Three of these spectra of the alkali hydrid&swhere the negative anharmo-
rather weak transitions can be seen in Fig. 12 of Sec. lll Qnicity of the A'S ™ first excited state can be traced to the
below where they appear, labeled just longward of the unusual shape of thA state potential which, together with
complex structures associated with the(8) complex. The the ground state, results from an avoided crossing of a bound
upper-state vibrational quantum number common to all fouby a repulsive state. That the same anomaly is displayed by
bands appears to be of moderate to high value. the four progressions of Table V lends some support for their
The lines in the 13—-16 and 12—-18 bands at 106 789 andssignments to the upper component of a similar avoided
106 780 cm* are narrow enough for unambiguous rotationalcrossing. The vibrational constants 0f '3 ", shown at the
assignments to be made. Both bands consist of strongly déottom of the table, were obtained from mass reduced plots
gradedR andP but no Q branches, showing the upper stateof the observed energids  versusp(v + 3) by adjusting the
to be of'3* symmetry with very small rotational constants. integerx of the first column until the best fit of the calculated
The latter are reminiscent of the description by Komatsuo the observed energies was found fe¢ 7; p? is the ratio
et al®of a3 " level—in this instance of’C'®*0—observed of the reduced masseg,/u;. A rather long extrapolation
at 20440 cm?! of the triple resonant ion-dip spectra from establishes the C’ potential minimum at T,
v=1 of B3 *. Term values and molecular parameters for~102200 cm?*, or at~5400 cm * below theab initio cal-
the three rotationally analyzet® ™ levels are collected in culated minima*?® The vibrational frequency, we
Table IV. =718 cm' !, exceeds thab initio result* by 20%.
A systematic search of the jet absorption spectra of four The most puzzling aspect of the levels attributed to
isotopomers reveals a small number of additional bands, alL’ 3" is their visibility fromv =0 of X1 *. In Fig. 1, the
of them weak and narrow features of varying diffusenessenergies and values of the rotationally analyzed levels
One band showing barely detectable rotational structure isTable IV and Fig. 9 are marked by four crosses, two of
reproduced in Fig. 9. The bands are generally free of overthem overlapping each other. The internuclear separations
lapping features, the exception being a narrow continuum ofire substantially shorter than the 1.91 or 1.83 A predicted for
12C160 at 110314 cm® which is blended with sharp struc- the minima of the ab initio calculated C’' potential
ture arising from the much stronger transition to th®(@)  curves:*?3They are, however, slightly longer than in thé
complex. Table V summarizes the vibronic data. The vibrastate which is inaccessible frod'S * except in transitions
tional intervals increase, rather than decrease, with increagrom very highly excited vibrational levels.In contrast, all
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C. Perturbations of the low- n p complexes

13CISO 1. X*(0)4p, X* (1)3d= (102 950-103400 cm™1)

A detailed description of the spectrum in the region of
the X" (0)4p complex may be found in Ref. 25, including a
reproduction of the jet absorption spectra of three isoto-
pomers together with their tentative interpretation in terms of
onep complex interacting with twdIl non-Rydberg levels.
Least-squares calculations based on this model produce un-
satisfactory results. More successful is a model which, in
addition to X*(0)4p, includes thew component of the
X*(1)3d complex, both interacting with a singfdl per-
turber. Fort3C®0, 2C®0, and®*c'®0, the line wave num-
bers used by the least-squares calculations, together with the
0 4 6 differences obs-calc, have been listed in Tables A-II-A-IV of

I the Appendix’® For convenience, Table VI provides a sum-

| T T P mary of the input data used by the fits, including a descrip-
tion of the experiments and, where necessary, short com-
ments regarding small modifications of the published data. It
also includes references féfC'0 where the observations
remain incomplete and the least-squares fits unsuccessful.

Table VII and Figure 10 show the results of the least-

' squares fits. Their primary goal is the characterization of the

I | | e ]

] ¥ 1

1 perturber whose identification wite(v=6) will be ex-
plained below. Wherever possible, the parameters of the Ry-
dberg levels are kept fixed at the values for the respective ion

109'900 109880 109860 109840 109820 cores, and Rydberg—Rydberg interactions wkh+0 are
4 assumed to be zero. THE6) perturber is seen to scan rap-
v(cm™) idly through the region occupied by the Rydberg levels,

. it n . NN
FIG. 9. TheC'—X 11-0 band of**C*®0. The stick spectrum has been crossingX™ (0)4pw andX™(1)3dw of the intermediate iso

R 1318
calculated withv,=109 884 andB=0.754 cm* for a rotational tempera-  LOPOMErs beforle diving int (0)4pq' of =C>0.
ture of 20 K. The emerging p(0) level is virtually unaffected by

isotopic substitution, and as anticipated for a Rydberg level
built onv =1 of the?S " ion core, 317(1) moves from~25
but one of the diffuseC’ levels in Table V can be observed cm ! above 47(0) of the intermediate isotopomerst&1
from v=0 of the ground state. They must be capable ofcm ! below 4p7(0) in *3C*0. Unexplained is the anoma-
reaching into the Franck-Condon allowed region, probablylously large centrifugal distortion of@(1) for 2*C*®0 and
through interactions with high vibrational levels of mixed *2C*0, as well as its negative sign #C'®0. The (1)
B~D’ character. For the time being, the limited range of thelevel forms part of ad complex that also includesd?-(1),
observations, the weakness of the bands, and the diffusenesstablished for'?C*%0 at 101773 cm'?®® and &48(1)
of the upper-state levels prevent a more detailed investigawhich is dipole forbidden from the ground state. The large
tion of this complex region of the CO spectrum. separation by~1550 cm* of the d= from thedo compo-

TABLE V. The C’ 13"« X 3% bands assigned in the spectra of four CO isotopomers, and estimated upper-
state vibrational constants. Except for the underlined band origins, the wave numbers Rtegads, which
practically coincide with the origins of the strongly red shaded bands. Isotope shifts, relat’@%, and
vibrational intervals are shown in italics. The upper-state vibrational constants derive from a mass-reduced plot
of the vibronic energied . versusp(v + %) with x=7. All table entries are in cit. The residuals o-c are
rounded off to the nearest crh

v 12-16 o-c 13-16 o-C 12-18 o-C 13-18 o-C

x+4 110314 +6 —214 110099.74 —8 —224 110089.85 —1 —428 10988588 O
876

x+3 109437.7 +2 1679.98 1681.17 1622.75
862.5

Xx+2 108575.2 —3 —155.4 108419.76 —3 —166.5 108408.68 —1 —312.1 108263.13 +13
1689 1631.29 1628.20 1582

X 106886 —18 —98 106788.47 —2 —106 106780.48 —1 —205 106681 +15

C'1S*: T,=102 207(118);we= 718(26); weXe= — 7.0(14).
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TABLE VI. References to experimental data used by the least-squarepent results partly froms~d mixingl3 with 4sc(1) at

analyses oK " (0)4po, 13" and three strongly mixeHI levels of four CO

isotopomers.
Isotope State viem™b) Ref. Comments
12-16  X'(0)4ps 103055 44 a
This work b
141 103211 45 cd
46 ed
This work b
21 103272 31, 47, 48 a
13-16  X'(0)4pos 103055 31 a
141 103 161 9 f9
31 a
21 103 249 31, 48 a
3 103 367 9 fh
This work b
12-18  X'(0)4pos 103054 This work b
141 103156 This work b
21 103 247 This work b
3 103 356 This work b
13-18  X'(0)4pos 103054 49 a
11 103078 49 a
This work b
2 103 203 31 ai
This work b
31 103 262 31, 48 a
This work b

21VUV+ 1UV resonance enhanced two photon ionization.
PAbsorption in a supersonic free jet expansion.
‘Optogalvanic spectra fromB 13, *.

dCombined withB— X data of Ref. 40.

€2+ 1 double resonance spectroscopy Bi&>, *. ~F . 1
"Absorption under equilibrium conditions at room and liquid nitrogen tem- which is not feasible betweelil; and's , states, reveals the

peratures.

%Wave numbers increased by 0.4 chnminor modifications oP andQ line

assignments.

hJ numbering ofQ branch increased by 1.
'J numbering ofQ branch reduced by 2.

103692 cm?, which lowers the energy of dr(1), and
partly from the interaction with the ..7'5027, Al pre-
cursor, which lifts the 87(1) component into the region of
the X*(0)4p complex and, possibly, of®5(1). It is, thus,
conceivable that the anomalolsvalues of 37 (1) reflect

the effects of rotational interactions within tlte complex
that have been neglected by the deperturbation analysis.
Also, Caccianiet al*® observe that with increasing rotation,

Q branch transitions to A1 of *C!%0 and 31 of 3C'®0
show signs of small perturbations that lead ®@®0 to the
formation of an extraQ head. These recent measurements
have not been fitted, but are compared in the appended
Tables® A-Il and A-IV with the lines calculated from the
parameters of Table VII.

With an estimated term value 0103440 cm? for
12C1%0, the perturber identified d&(6) fits into a somewhat
irregular and very rapidly converging progression of seven
NI—X '3 " bands reported by Ogawa and Ogawsno as-
signed the first three transitions at 92 930, 95 084, and 97 153
cm ltov=0, 1, and 2 of theE 1T state. The reassignment
by Eidelsberg and Rostdsof the bands at 98919, 100 651,
102311, and 104 120 cm to a®Il,, rather than'Il, upper
state turned out to be unfounded when the state specific
laser-reduced fluorescence technique of Drabletlal®
failed to detect any spin structure and instead revealed a
weak rotational interaction of the level at 102 311 ¢rwith
v="5 of 3po, C'3* at 102328 crm'. This perturbation,

partial 3p7(v=5) character of théll level. Figure 11 il-
lustrates the progression with a mass reduced plot of the
band origins for four isotopomers:*! all increased by the
zero-point energies of the neutral ground states and reduced

TABLE VII. Vibronic energies, rotational constants, and interaction enefgiesm ) for X *(0)4p, X*(1)3d, andE(6) of the 13-16, 12—18, and 13-18
isotopomers of CO. Parameters derived from the incompletely obs&@¥0 spectra represent effective values. Adjusted parameters are giverowitnot
limits (in parenthesgsin units of the last-quoted decimal place. Other parameters are fixed at their estimated values.

12-16 13-16 12-18 13-18
X" (0)4po To 103 054.823) X*(0)4po To 103 054.584) 103 054.3510) 103 054.0024)
Bo 1.96757) Bo 1.8809 1.8738 1.803%)
DoX 10° 1.0310) DoX 10° 4.84) 7.014) 2.497)
141 T 103 213.624) X*(0)4pm To 103 239.411) 103 235.022) 103 234.85)
B 1.75267) Bo 1.8809 1.8738 1.7719)
DX 10° 0.81(16) DoX10° 0.56 0.56 0.51
21 T 103 273.764) X*(1)3dw T, 103 261.014) 103 263.742) 103 202.98)
B 1.95965) B, 1.8631 1.8561 1.68427)
DX 10° 0.5513) D,X10° 15.97) 23.7134) —5.510)
E(6) Te 103 282.75) 103 265.637) 103 107.94)
Bs 1.383717) 1.41215) 1.416124)
Dgx 10° 5.2 5.2
(1[H,|4pa(0)) 2.28P (4po(0)|H,|4pm(0)) 3.03020) 2.945)2 3.03¢%
(2 I[H,|4pa(0)) 2.14829?2 (4pm(0)|He,|E(6)) 72.58) 67.434) 66.46)
(3d7(1)|He,|E(6)) 70.78) 72.531) —21.1(23)
it 0.13 Tt 0.16 0.29 0.13

aJ-independent electronic factar of the matrix elementEg. (3)].
bValue estimated from the data of Drabbelsal. (Ref. 46.
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400 — 120150 400 o 13C1eo 400 — 12C130 400 ~ 13C1SO
350 350 -\' . 350 4% 3 350
., . 3 n
300 300 ‘e 300 300 ~
1
—FE hC U113 5 SN ..” 1
S 250 2504 oeeercece 3 FIG. 10. The 4(0) complex and
§ | | 4pn0) 3d7r(:_L) of fgur CO isotopqmers inin-
7] ~ ' teraction with E(6). Full circles and
2 2004 ™ 200 A 2'n .
7 N 1'n MA\ triangles represent reduced term val-
< tes . 1 3da(1) ues for the observeelandf parity lev-
2 150 fa, els, respectively, solid lines refer to the
‘mo . deperturbed terms. Observations for
& the main isotope are incomplete and
K 100 have not been deperturbed.
50 _-.u.... ..
] ‘E’ S e

JH)

by the vibrational energies of the ion cores. The steeply de2. X*(2)4p, X* (0)5p (106 900-107 600 cm 1)
scendingkE state curve reflects the decreasing vibrational in-

tervals of the progression and is in line witib initio
calculations® that predict a rapid change from .m4503p 7
Rydberg to ...#350272 valence state character. Significant the longest wavelengths, the weak diffuse feature labaled
downward shifts of ther=3 and 4 levels may indicate ad- 'epresents th€' ‘= (v=7) valence state level already dis-
ditional interactions with the core excited .zw35023s0,
I state which appears in the absorption spectrum with 4he = component ofX*(0)5p, c, is clearly recognizable
perturbed vibrational progression extending from 102 807T0M its conspicuous zero gap at 107 174 c¢rand from its

cm™ ! to higher energies.

The failure to deperturb the spectrum BC0 is un-
doubtedly linked to the lack of observations on the tHift
state arising from the interaction &f(6) with 4p#(0) and
3dm(1). Nevertheless, the effective rotational interactionPound and strongly predissociated level, extensively mixes
matrix elements with go(0) (Table VII) show the two ob- ner
served!TT levels to be mixed with approximately equal per- 107 335 and 107410 cm of the main isotoped and f,

centages of g (0) character.

92500
92000
91500

91000

Hv-0)+G"(0)-G"(v) (cm™)

Av+112)

FIG. 11. Mass reduced plots of the reduced vibronic terms for fhe &nd ! . .
3pw Rydberg states of four isotopomers? is the ratio of the reduced Crossing with thee parity levels of the broadenédl state at

massesu/ui. G*(v) is the vibrational energy of the ion core.

Figure 12 shows the jet absorption spectra of four CO
isotopomers recorded at the Meudon 10-m spectrograph. At

cussed in Sec. Il B. In all four spectra, the 0-0 transition to

nearly undergraded structure for low rotation. Except for the
very weak feature labeled, all other bands represehil
13 transitions. Fort*C*0, they include the narrow con-
tinuum b at 107160 cm® whose upper state, a loosely

with the nearestIl states of higher energies. The bands at

reflect the effects of these interactions with strongly red
shadedR, Q, and P branches of broad and only partly re-
solved lines. The more distant bands at 107 520 and 107 682
cm 1, g andh, consist of sharper lines and gradually resume
the undergraded structure typical of transitions to unper-
turbed Rydberg levels built on the ground state of 'C@he

final state of band, probablyX*(3)3d«, seems only mar-
ginally involved with the lower levels and is not included in
the least-squares calculation. An expanded view of the spec-
trum from 107 100 to 107 450 cm, complete with rota-
tional assignments, can be found in Fig. 5 of Ref. 50. Note,
however, that for bandl at 107 335 cm’® the P(11) and
Q(13) identifications must be reversed.

Eikemaet al3! report the very weak and narrow lines of
an additional>—3 band of*?C'®0 at 107 366 cm’® of the
two-photon ionization spectrurisee Fig. 7 of Ref. 311 The
guantum defect points to g4 upper state witly =2 which
makes this level Franck—Condon forbidden from O of the
ground state and the transition too weak to be seen in the
absorption spectrum. However, on account of an avoided

107 410 cm?, the R branch converges near 107 395 ¢m
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928.505 A
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936.330 A
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h

FIG. 12. Jet absorption spectra of four CO isotopomers
in the 106 700—107 800 cm region. The upper states
of the transitions aréa) C' '3 *(v=7); (b) 1 I1; (¢)
X*(0)5po, (d) 2'IT; (&) X*(2)4pa; (f) 3'T; (9
X*(2)4p; (h) X*(3)3dm; (i) A*(3)3so.

| ] ] | I ] l ] I I
107700 107500 107300 107100 106900 cm?

and it is this accumulation of lines which contributes to thebers derived from the broad and only partially resolved lines
weak featuree of the 2C'%0 absorption spectrum in Fig. 12. in the 107 335 and 107 410 cthbands. The poor precision

There is no direct evidence for tHél upper-state sym- affects the performance of the least-squares fits, and in order
metry of the diffuse bandh at 107 160 cm®. Under condi- to assure proper convergence of the calculations, it was im-
tions that lead to complete saturation in the region of pealportant to keep the number of adjustable parameters as small
absorption, a very diffuse and strongly red-shaBeshd the as possible. Table A% collects the experimental data, to-
accompanying® branch are found to emerge from its long- gether with the residuals obsalc. Table VIII and Fig. 14
ward wing; Q lines and the head formin® lines remain  summarize the final results of the data reduction.
confined to the region of total absorption. However, for low  The deperturbed structures emerging from the least-
rotation, as pointed out previousiythe diffuse state reveals squares calculations are unambiguously those ofgwwom-
its partial 5o character through rotational mixing with the plexes crossed by twbl levels of much smaller rotational
5po levels. This is particularly evident from the 1 VUV constants. Th& andIl components of g(2) and 5(0) are
+1 UV photoionization spectra of Fig. 13 where transitionsseparated by 148 and 116 chrespectively, in rough quali-
to 5pa(0) levels other thad’ =0 are either absent or very tative agreement with expectations based on-180 cm !
weak and broad on account of the shortened lifetimes of theeparation established forpd0) and the assumption that
levels reached by the VUV photond’.=0 remains pure..

The different widths and intensities of ti 1) lines in the
12-16 and 13-16 spectra, both recorded simultaneously anc
in natural abundance, point to an additional dissociative de-
cay channel that reduces the upper-state lifetimes of at leas
12C1%0. The deperturbation analysis shows thé&(0)5pr
Rydberg level to be dispersed over at least two states. With
increasing, its interaction with $o(0) shifts from the dif-
fuseIl upper state of bandlto that of band, leading to the
formation of conspicuouf heads in transitions tor(0)

of the 12—-16, 13-16, and 12-18 isotopomers.

The present analysis is restricted to the spectrum of
12C1%0. Most of the experimental data used by the least-
squares fits come from jet absorption spectra photographec
at the Photon Factory synchrotron facility. Data relating to
X*(2)4po are from Table 7 of Ref. 31. The very faint and
broadR andP lines of the diffuse transition at 107 160 ¢ i ; : : . _
observed fodJ=9-13 and 5-14, respectively, had to be in- 107190.0 107180.0 107170.0 em!
terpolated on photographically enlarged roo.m temperatur IG. 13. Two-photon ionization spectra of the Idwdines in the
spectra from the Meudon laboratory. Accordingly, their ac-x+(o)sps—x(0) bands of*C1%0 and *C¢0, both recorded simulta-
curacy is limited, and the same can be said of wave numraeously and in natural abundance.
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TABLE VIII. Vibronic energies, rotational constants, and interaction ener¢ies %) for the deperturbed
X*(0)5p andX*(2)4p complexes and twélIl perturbers of?C*%0. Adjusted parameters are given withr 1
error limits (in parenthesesin units of the last-quoted decimal place. Other parameters are fixed at their
estimated values.

T, B, D,X10° Interactions
X*(0)5po 107 174.10 2.12229) 51.061)  (5pa(0)|H,|5pm(0)) 3.5022?
|11 107 256.410) 0.500Q63) 1.00 (5pa(0)|H, |1l HT) —1.31(17)°
X*(0)5pm 107 290.418) 1.89310) 0.63 (5p7(0)|Hg, |1 *IT) 111.9380)
11 107 359.922) 1.351791) 0.63 (5p(0)|He, |11 1TT) 48.9179)
X*(2)4po 107 365.90 1.92935 0.63 (4pa(2)|H,|4p=(2)) 2.22248)2
Xt (2)4pmw 107 514.814) 1.818449) 0.63 (4por(2)|H |1l *T) —1.0415)"
(4pm(2)|He, |1 HIT) 37.041)

(4pm(2)|He, |11 IT) 7.0(37)
Tit 0.40

aJ-independent electronic factar of the matrix elemenftEq. (3)].
bJ-independent factor of the matrix element. The heterogeneous interaction is arbitrarily assumed to be of the
form given by Eq.(3).

An(I1, 3) scales according to~ 3, v being the effective prin- Figs. 2 and 3 of Ref. 13 The present work adds the deper-
cipal quantum number. turbation of the spectra based on high resolution absorption

The rotational constant of fr(0) is larger than ex- data obtained at the Photon Factory synchrotron facility in
pected and is accompanied by an unduly laBgealue. To- Tsukuba and reproduced in Figs.(@band 15b), as well as
gether, they compensate for the apparent inability of the calen two-photon ionization spectra recorded at the Laser Cen-
culations to fully reproduce the rotational interaction of ter of the Vrije Universiteit in Amsterdam and displayed by
5po(0) with the fraction of H(0) mixed into the FI Figs. 18c)—15€). The line wave numbers, together with the
perturber of lower energy. Also, it is hard to understand howesiduals obs calc, can be found in the appended Table
the latter, having & value of 0.500 cm' and an internuclear A-VI.%® For X*(1)5po, which appears neither in the ab-
distance of 2.22 A, is capable of perturbing a Rydberg level
of only half thisr value with an interaction matrix element as
big as 112 cm. Probably, the perturber is of mixed charac-
ter facilitating its overlap with the Rydberg level. An admix-
ture of the core excited™3so configuration is one possi-
bility suggested by thab initio calculations of Cooper and
Kirby.®

The 1M1 perturber with aB value of 1.352 cm’ re- 107400 4
sembles the highest observEdstate vibronic levels, includ-
ing theE(6) perturber of $7(0) and 37 (1). However, at
an energy of 3240 cit aboveE(7), andconsidering the

107500 -

irregular nature of thé& state progression, thellll level is w_ 1073004
too far removed for the connection wita'II to be made 5
with confidence. The perturber mixes rotationally with =
4po(2) and Ho(0). The twointeraction matrix elements i 107200 4
are small, of the order of 1 cm, but their inclusion in the S
least-squares calculations does improve the overall quality of 'g
the fit. -
1 107100
=
3. X*(4)4s,X* (3)4p, Xt (1)5p ~ J
(109 300-109 650 cm 1)
107000 -

The absorption spectrum in the 91.23—-91.49 nm region
of 2C%0 has previously been described by Rostasl?®
and Huber? The latter includes a figure that illustrates the

strongly isotope dependent predissociation which transforms 106900 120160 i

the comparatively sharp structure at around 109 450%amh

the main isotope into diffuse, structureless bands near S, N S A S
0 50 100 150 200

109320 cm?! of 3%C'®0 and '*C'®0 and overlapping, in
13C180, the §(0) complex at~109180 cm®. The band J(J+1)
assignments proposed in Refs. 25 and 50 derive from dquG. 14. Reduced term values for thp(®2) and 5(0) complexes and two

tailed fine structure analyses and are supported by i0n-dim perturbers off2C*®0. Full circles and triangles refer to the obsened
spectra observed from=1 of the 3o,B ISt state(see  andf parity levels, respectively, deperturbed terms are shown by solid lines.
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R_10 5 0 m X'GHpo
a

|

| i | x ; FIG. 15. (a) and(b) Jet absorption and

109600 109500 109500 109300 > (c)—(e) two-photon ionization spectra
; - of 2Cl0 in the 109 250-109 650

cm™! region, the latter recorded for
© : three widely different rotational tem-
\ x10 M‘ ﬂ
ik A
(d) x10 lh

X'(1)5pn
R 10 5 0 Q
T X‘GMpr
(@) WMM

peratures.

T LA

109400 109300 em?

le) x10; :
109600

e
109500

sorption nor in the photoionization spectra, the term valuesransition to the mixed do-(4) level is analogous to the reso-

come from Table Il of Ref. 13. Table IX reports the final nances arising at lower energies from the similarly mixed

parameters, and Fig. 16 compares the deperturbed with ti8so, B~D’ levels discussed in Sec. Il A.

observed perturbed Rydberg complexes. The X*(3)4po level, Franck-Condon forbidden from
From theB value in Table IX, the internuclear separation v =0 of the ground state, gains its intensity through homo-

in the level tentatively assigned XS (4)4so is found to be  geneous interaction withsé(4), and asimilar transfer of

1.19 A, close to the internuclear distance at the crossing dhtensity appears to benefit tiegarity levels ofX* (1)5pm

the diabatic 40 Rydberg andD’ 13" valence state poten- which acquire, with increasing rotation, growing amounts of

tials of Fig. 1. In reality, the crossing is avoided, and theX™(1)5po character. The po level is not seen in absorp-

TABLE IX. Vibronic energies, rotational constants, and interaction energies ) for the deperturbed
XT(4)4s, X*(3)4p, andX™(1)5p complexes and ond1 perturber of*?C%0. Adjusted parameters are given
with 1o error limits (in parenthesgsn units of the last-quoted decimal place; others are fixed at their estimated

values.

State T B DX 10° Interactions
X*(1)5po® 109 353.00 1.94843 0.63 (X*(1)5pa|H,|X*(1)5p7)  3.51772°
X*(4)4sc 109 460.6849  1.736 9598 0.7046) (X' (4)4sc|He, X' (3)4po)  15.48739)
X*(3)4pos  109469.6097) 1.91023 0.63 (X*(4)4so|H, | T) 0.14934)°
X*(1)5pm  109479.928)  1.920257) 0.63 (X (3)4pa|H,|XT(3)4pm)  2.0410P°
I 109483.821)  1.691118) 1.00 (X*(1)5pm|He, M) 4.4449)
X*(3)4pm  109566.5712) 1.872226) 0.63

Ot 0.14

aThe observed term values are taken from Komaitsal. (Ref. 13.

bJ-independent electronic facter of the matrix elemenfEq. (3)].

“J-independent factor of the matrix element, assuming the heterogeneous interaction to be of the form given by
Eq. (3).
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600 - 120160 of P(22) in _430(4) points to predissociation of the upper-
state levels induced by thdl perturber. In contrast, transi-
] oo X tions to unperturbeéiparity levels of highed, barely seen in
] absorption, clearly benefit from the greater sensitivity of the
550 - photoionization spectra.

For J> 10, thee parity levels ofX"(3)4pw at 109567
cm ! show signs of an interaction with an unknown state of
higher energy. Caséyalready noticed additional structure at

X (1)5p7 109 640 cm in the absorption spectrum &fC*0, and the

o’ X 3)4pc same lines appear in the two-photon ionization spectrum of
Fig. 15c). From the available data we are unable to establish
their connection, if any, witlv =3 of the 4p complex.

IV. CONCLUSIONS

The work reported in the preceding sections forms part
of a systematic review of the absorption spectra of CO in the
90-100 nm region. Aided by upper-state identifications
made by Ebatat al. from triple-resonant photoionizatith?
and ion-dig'*® spectra, we conclude that most of the bands
arise from transitions ts,p,d but notf, complexes built on
X 23" of CO". The Rydberg levels are subject to homoge-
neous interactions with several perturber states, foremost
among them the mostly repulsiveD’ 'S* valence

J(J+1) staté*16~®which holds the key to the diffuseness of many
FIG. 16. Reduced term values for the(4), 4p(3), and $(1) complexes memb?rsff t.hé2+ Ry,dberg 73168“85' The avoujed CfQSSIﬂg of
of ¥2C*0. Full circles and triangles refer to the obseneadnd f parity 3so,B %" with the D staté” precedes a similar interac-
levels, solid lines to deperturbed terms. The dashed line represéiiis a tion of the B state withC’ *>* at higher energies, allowing
level assumed to be responsible for perturbations of theJdexels in the Ioosely boundC’ valence state to reach into the Franck-
Spmr(1) and small irregularities nedr=21 of 4s0(4). Data forX*(1)5po condon region and to make some of its vibrational levels
are taken from Ref. 13. For a discussion@f(10) see Sec. Il B above. . _
accessible fromy =0 of the neutral ground state.
One of the perturbers involved with the" (v)4pm and
5pm Rydberg levels is the@=3 lowest member of the
tion. It appears prominently in the ion-dip spectra frem series. Configuration mixing with the . 7850272, 11 va-
=1 of 3s0,B'3",13 but the very limited range and low lence stat® facilitates its interactions with the higher mem-
precision of the data prevent us from including th&r44) bers in violation of theAv =0 selection rule. A secont
~5po(1) interaction in the least-squares calculations. The perturber, withB=0.500 cmi ! and strongly predissociated,
parity levels forJ=1-5 of 5pr(1) have also been observed is probably best described by a mixture.ofl w3502 72 and
from B(v =1).2 For low rotation, both parities are perturbed ...175026¢.° Largely unexplored is the role played by the
by a dark'II level of smallerB value. On the assumption core excited ...#°5023se, 11 Rydberg stat€ which over-
that the same perturber is responsible for small irregularitietaps the region of th&X™ (v)4p and 5 complexes with an
nearP(22) of theX™*(4)4sc band[see Figs. 1&) and 16, irregular progression of red shaded and partly diffdbe
its rotational constant can be estimated at 1.691cm 13" pands.

At the rotational temperatures of the spectra, most of the  The Edle plots of Fig. 17 display thes andp quan-

Q lines of the (1) band are calculated to fall into the tum defects that result from the analyses of ¥@'0 spec-
zero gap of $0(3) where a number of diffuse and strongly tra. The o levels are seen to present a nearly unperturbed
temperature dependent features appear in the spectra of Figehavior, with only minor irregularities arising im=3 and 4

15. In the absorption spectra of tragesand(b), a shoulder  from interactions withD’ 3 *. In contrast, ther quantum

at 109 483.5 cm', just longward of theR(0) line associated defects forn= 3, rapidly increasing withy, reflect growing
with 4po(3), represents the unresolvéd branch fromJ admixtures of valence character in tetate vibronic levels.

=1 to 4, and a much weaker shoulder at 109479.4%cm The n=4 levels are similarly affected, and even for6
shortward ofP(1), marks the location where the initially red and 7, the quantum defects indicate theO levels to devi-
shadedQ branch begins to converge again. The two-photorate from their expected positions by as much=20 cm .
ionization spectra of tracdg)—(e) are quite different. Even Although most of the analyses described in the preceding
at the lowest temperature, the lIalvQ lines seem to be ab- sections reproduce the observed spectra satisfactorily, it is
sent, and with increasing temperature, the shoulder atlear that the derived parameters have local significance
109479 cm*® develops into a head-like feature degraded toonly, and that eventually a more global approach, similar to
shorter wavelengths. Very likely, the absence from the photothe multichannel quantum defect methods applied by Jungen
ionization spectra of lowt Q lines in the (1) band and et al?’ to the analysis of the near-threshold spectrum of N

T(J)-109000-1.85J(J+1) (cm™)

T T T T T T T
0 100 200 300 400 500 600
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FIG. 17. Edle plots of the quantum defectg for the X (v)npo and
X (v)npm Rydberg levels of’C*0; v is the effective principal quantum
number.
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sistency of the observations over a wide ranga eéems to
suggest that for the lowest vibrational quantum numbers the
guenching ofx is not so much the work of Rydberg—valence
interactions, but might be effected by the dipolar ion core.
Under these conditions, Watstrnas shown that the perpen-
dicular components of the orbital angular momentum are
quenched by a factor of

{1-p2121%(1+ 1)%]3, 4

where w, in atomic unitsea,, represents the core dipole
moment taken at the center of mass. Withadninitio calcu-
lated dipole moment of 2.5 Debye, or kay, thel uncou-
pling matrix element will be reduced by 13%.
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