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A high-resolution spectroscopic study of carbon monoxide has been performed using a narrow-band and tunable extreme-
ultraviolet laser source in the wavelength range 91-97 nm. For three isotopes '2C'%0, '3C'°0 and '*C'#0 the (4p=)L 'II, v=0,
(4p6)K'Z*, =0 and (3s0)W 'I1, v=0 states were investigated. The 'I1, v=2, (356)W 'I1, v=2 and (3d=)L' I, v=1 states
were studied for 12C!%0 and '3C'60. The 'II, y=0 state at 109564.58 cm~!, the (6po) 'T*, v=0 state at 109173.68 cm™!, the
(5po) '+, v=0state at 107174.44 cm—!, and the (4ds) 'Z*, v=0state at 105676.30 cm ™' were excited only for the main isotope
12C16Q), Previously unknown states are found at 107365.87 cm~! (!Z*) for '*C'°O and at 103203.07 cm~! ('IT) for '*C'#0.
Indirect evidence is found for a perturber state at 107708 +2 cm~! for '2C'®0, while spectroscopic information on the E 'I1, v=5
state of 1*C'30 is deduced from a deperturbation analysis. A rotational-state and isotope-dependent predissociation rate is found
for almost all states. A parity dependence is observed for the (4pn)L 'I1, v=0and (3s6)W '[1, v=0 states, where the predissocia-
tion rate of the I, component varies proportional to J(J+ 1). This effect is attributed to a coupling with the repulsive part of the
D’ '+ state. Several examples of accidental predissociations have been found, particularly in the (4do) 'E*, v=0 state.

1. Introduction

Considerable progress in the extreme-uitraviolet
(XUV) spectroscopy of molecular hydrogen [1] and
carbon monoxide [2-9] has been reported in recent
years. Of these two most widespread molecular spe-
cies in the interstellar medium CO is readily observ-
able by radioastronomy and for this reason it is com-
monly used as a tracer molecule in searches for and
detailed analyses of interstellar clouds. Absorption
and radiative transfer in the XUV spectral range and
XUV-induced photodissociation processes are known
to largely influence the chemical dynamics of the in-
terstellar medium [10-13]. In particular photodis-
sociation at short wavelengths, manifesting itself
through predissociation of bound Rydberg states, is
the dominant loss process of CO in dense molecular
clouds. As photodestruction takes place via discrete
line absorption rather than through continuum ab-
sorption [2], accurate spectroscopic information on
the highly excited states of CO, including the absorp-
tion and dissociation rates, is required. For the inte-
rior of dense clouds the Prasad-Tarafdar model in-

volving cosmic-ray-induced XUV photons may play
a role [13]. Here the precise determination of coin-
cidences between H, emission lines and CO absorp-
tion lines in the XUV range is requested. A long-
standing problem is that of the C/CO ratio in the
interstellar medium, which is found to be much larger
than predicted by steady-state models [14]. The rel-
ative over-abundance of carbon atoms may be ex-
plained assuming additional photodestruction pro-
cesses of CO [15] or by revision of the
photodissociation rates. A motivation for the contin-
uing efforts devoted to spectroscopic studies of the
high-lying states of CO, like the present one, is the
desire to find answers to the aforementioned
questions.

Isotope effects are found to be of major impor-
tance. Because the purely rotational transitions of the
main '>C'°0O isotopomer are often saturated micro-
wave spectra of the less-abundant species, such as
13C16Q, 12C180 and '3C!'3Q, are also recorded in ra-
dioastronomical searches. In fact these rare isoto-
pomers are primarily used to map cloud density dis-
tributions. The ratio '2C/'3C or '°0/'®0 is found to
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vary over the different molecular species [11,16].
Isotopic fractionation in XUV-induced photodisso-
ciation may occur in case of large isotope shifts of the
predissociating states. This isotopic fractionation de-
pends on the optical depth inside interstellar clouds
considering also self-shielding effects in XUV ab-
sorption. In the model of van Dishoeck and Black
[10] the E'TI-X 'X* (1,0) and W 'TI-X 1Z* (2,0)
bands were e.g. found to be most effective in the iso-
tope-selective photodissociation. Isotopic fractiona-
tion may also be caused by isotope-dependent predis-
sociation rates, but these effects are not vyet
incorporated in the complex models. Some strong
isotope effects were observed by the Meudon group
[3,4] in their comprehensive study of CO in the range
91-115 nm. They found that the J(4sc) 'Z+-X 'Z+
(0,0) band at 98.56 nm broadened into a diffuse pat-
tern by predissociation for 2C!¢0, while the spectra
for '3C'¢Q, 2C'®*0 and '3C'®0 were rotationally re-
solved. For the (4do) 1Z*-X '+ (0,0) band at 94.63
nm the opposite is the case; it is diffuse except for
IZCIGO.

In previous studies we reported on the use of an
XUYV laser source for accurate measurements of pre-
dissociation linewidths in vibronic bands of CO
[6,7]. From natural samples weak spectra of 13C'°0O
could be recorded as well and an isotope effect of a
factor of two was found for the predissociation rate
of the W 'T1, v=2 state. In the present investigation
these isotope effects were studied in more detail us-
ing a 13C enriched sample. Moreover, due to an im-
proved detection efficiency, resulting in a tenfold in-
crease in signal-to-noise ratio, also rotational state and
A-doublet dependencies of predissociation rates could
now be deduced. Recently in an elegant two-laser flu-
orescence-dip experiment Drabbels et al. [8] ob-
served such effects. Their data are highly accurate,
but predissociation rates could only be deduced for
states with J<4 (J is the total angular momentum).
In the present study the analysis of rotational-state
and A-doublet dependency of predissociation was ex-
tended to higher J-values, in some cases as high as
J=25, to other vibronic states and to other isotopic
species than '>C'%0. The recording of a large rota-
tional manifold introduces new complexities in the
analysis. E.g. the (4do) '+, v=0 state is found to
interact with at least three different dissociative per-
turber states at higher J-values. The K (4po) X+, v=0

state of *C'%0 is found to be perturbed for J> 5 and
from a detailed analysis the perturber state could be
tentatively assigned to be E 'I1, v=35. In the following
details will be presented on the rotational structure
and predissociation effects of the 'I1, y=0 {7A} state,
the (6po) 'T*, v=0 {8B} state, a 'TI, v=2 {13} state,
a complex manifold of systems in the interval 93.1-
93.3 nm {15A-B-C}, the W(3so) 'I1, v=2 {18} and
v=0 {28} states, the (4do) '+, v=0 {19} state, the
L(4prn) 'I1, v=0 {25} state, the L' (3dn) 'IT, v=1 {26}
state and the K (4po) 'L+, v=0 {27} state. The num-
bers in curly brackets { } refer to the initial number-
ing of the Meudon group [2-4] and will be used
throughout this paper. In addition two new states are
found: one at 107365.87 cm~! ('X*) for 12C'%0 and
at 103203.07 cm~! ('I1) for 13C!80.

2. Experiment

A description of the XUV laser spectrometer has
been presented in several previous publications
[6,7,17]. Basically the setup consists of a crossed
laser/molecular beam configuration for sub-Doppler
resolution. XUV radiation is generated by frequency
tripling UV pulses (4 ns) from a frequency-doubled
pulsed dye laser in a pulsed jet of xenon or acetylene
gas, depending on the specific wavelength. XUV and
UV beams are temporally and spatially overlapped.
A scheme of the experimental arrangement is shown
in fig. 1.

The CO spectra were recorded by employing the
technique of 1 XUV + 1 UV photoionization in
combination with time-of-flight (TOF) mass selec-
tion. '2C'%Q spectra were obtained from measure-
ments on a natural CO sample, using a dense pulsed
beam and averaging over up to 20 laser pulses per
frequency setting. By varying time delay settings and
stagnation pressure cold (x40 K) as well as near-
room-temperature population distributions over ro-
tational states could be prepared in the molecular
beam. The state distribution is not always Boltzmann-
like. In particular at higher temperatures the distri-
bution in the beam does not correspond to a single
well-defined temperature. Nevertheless, the approx-
imate temperature control of the molecular beam
greatly facilitated the assignment of J-states.

A '3C enriched sample of 1 bar-liter containing
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Fig. 1. The experimental setup. The solenoid valve for CO gas
pulses, the piezo-electrically-driven valve for the tripling gas, and
the interaction region are in three separated differentially pumped
vacuum chambers. KD*P is the crystal for frequency doubling.
DM are dichroic mirrors. EM is the electron multiplier for the
detection of ions.

about 10% '*C'®0 mixed in '*C'0 was available.
With the use of the TOF mass selector and two box-
car integrators independent spectra of '*C'¢0 and
13C!30 could be recorded simultaneously. However,
at those frequency positions, where '3C!%0 signals
were strong, the spectra of 1>C'30 were contaminated
by '3C'¢0 signals. Because of the limited quantity of
the '*C-enriched sample a compromise was sought
between molecular beam density, the number of
pulses used for signal averaging, the number of re-
cordings and the specific bands to be recorded. In
well-planned sessions, lasting in total for 12 hours,
the isotopic bands of '*CO presented in this work
could be recorded. In total about 400000 molecular
beam pulses were counted with the laser system run-
ning at 10 Hz and a sample of 1 bar-liter.

In the experimental setup, which is basically the
same as in previous studies on CO [6,7], several im-
provements were made that resulted in an increase of
the signal-to-noise ratio of more than an order of
magnitude. This was accomplished by reducing the

background ion signal in two ways. Firstly, the dif-
fusion pumps of two differentially pumped vacuum
chambers were refilled with Santovac oil, that has a
lower UV-induced ionization cross section. Sec-
ondly, UV stray light was kept from exposing the ca-
pacitor plates, which are used for the extraction of
resonant signal ions. This largely reduced a strong
non-resonant ion signal at the CO mass. The im-
proved signal-to-noise ratio allowed for the extrac-
tion of more detailed information on line shapes from
the spectra.

As the XUV radiation is obtained by frequency
sextupling a tunable dye laser in the visible an accu-
rate calibration of the XUV transition frequencies
against the I, standard is possible [18,19]. XUV
spectra were recorded simultaneously with I, spectra
and stored on a SUN-4 computer. The absolute ac-
curacy in the CO line positions is estimated to be 0.13
cm~! [7]. For the broadened or weak lines the un-
certainty is larger and may amount t0 0.3 cm—!. Pre-
viously an instrument-limited linewidth of 0.32 +0.06
cm~! was reported, predominantly caused by the
bandwidth of the dye laser (x0.07 cm~!). A contri-
bution of the residual Doppler width of <0.02 cm—!
is contained in this value. In the meantime a detailed
investigation of the instrumental linewidth of the
XUV-laser spectrometer was performed by recording
and analyzing several transitions in N, in the wave-
length interval 90.5-95 nm [17]. The width was
found to vary linearly from 0.44 cm~! at 90.5 nm to
0.32 cm~! at 95 nm with a typical uncertainty of 10%.
This effect closely follows a variation in the band-
width of the dye laser providing the fundamental
wavelength.

Predissociation rates of excited states are deter-
mined from broadening effects of the CO lines. The
observed line profiles are fitted to Voigt functions
from which a width 8»,,, is deduced. For a deriva-
tion of the natural linewidth I (in cm~!) an analyt-
ical deconvolution formula was used [20]:

(61} instr)2
I'= 8”obs al’obs 3 (1 )
which is valid if the instrumental line profile is a
Gaussian lineshape. I” corresponds to a Lorentzian.
In the study on N, [17] it was verified that indeed
the instrumental line profile is approximately Gauss-
ian. The wavelength-dependent instrumental line-
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width 8 v, in the interval 90.5-95 nm was interpo-
lated in between 0.44 and 0.32 cm~!. For A>95 nm
the values were extrapolated linearly. Indeed the lines
of the L(4pn) '[I-X 'T* (0,0) band at 96.8 nm with
the lowest J-values showed spectral widths of 0.30
cm™!, corresponding to this extrapolated value.

Predissociation rate k, lifetime 1, and natural line-
width I (in cm~!) are related by

1
=~ =2nlc s (2)
T
assuming radiative relaxation to be a much slower
process than predissociation [2,3]. Then excited state
lifetimes and predissociation rates can be derived
straightforwardly from linewidth measurements. We
estimate that from lines recorded with reasonable
signal-to-noise a lifetime broadening effect as small
as 30% of the instrumental width can be deduced
without ambiguity. After deconvolution with eq. (1)
this corresponds to I'~0.15 cm —!, The maximum
lifetime that can be measured is then 123X 10~ s,
corresponding to a minimum predissociation rate of
k,~3x10"0s "

Additional information on relative predissociation
rates is comprised in the line intensities. In the Ap-
pendix a relationship between signal intensities in the
process of 1 XUV + 1 UV photoionization and life-
times of the excited states is derived in terms of a rate
equation model. In the domain where the laser line-
width 8vy .. exceeds the natural width I" a propor-
tionality relation is found:

Isignal ocT, fOI' F<< 8"Lascr 3 ( 3 )
whereas in the case of the large broadening we obtain
Isigmﬂ(['tz, forI'> BVLaser . (4)

In the intermediate regime the signal intensity de-
pends on the lifetime through the following relation:

Lignaioc 7%, for ' vy, (5)

with 1 <@<2 and « dependent on (I7/3V ). In the
latter case no quantitative conclusions will be drawn,
although in a qualitative sense the signal intensities
still provide information on the relative lifetimes of
the excited states. We remark that in egs. (3)-(5) it
1s assumed that XUV intensity and ionization cross
sections for the 1 XUV + 1 UV two-photon-ioniza-
tion process are constant; for rotational states within

a certain vibronic manifold these assumptions are
likely to be valid. Egs. (3)-(5) have the conse-
quence that excited states with a lifetime on the order
of 3107 !5 or less cannot be observed in the pres-
ent setup because of intensity loss. For this reason
states such as H(4po) ', v=1 {21} could not be
observed, and no attempt was even made to record
13CO spectra of the (4do)'E*, v=0 {19} state,
knowing it to be diffuse in the study of Eidelsberg and
Rostas [3].

3. Results

XUYV excitation spectra of a selected number of
bands were recorded in the wavelength range 91.6-
97.3 nm. An attempt was made to reexamine in high
resolution all vibronic states listed in the interval 91~
98 nm by the Meudon group [2-4]. Nine states were
investigated using the XUV-laser source in a pre-
vious study [7]. Transitions to some of these states
are reinvestigated in the present work with a much
higher signal-to-noise ratio, thus revealing greater de-
tail. With the improved setup four other vibronic
states for the main isotope '>C*°0O could be observed.
The rotational structure of the bands was analysed
using energy expressions for the excited states:

Es(J)=vo+BJ(J+1)—DJ*(J+1)? (6)
in the case of a 'Z™ state and
En(J)=vo+BJ(J+1)=DI*(J+1)?

+qJ(J+1), (7)
En(J) = vo+BJ(J+1)=DJ*(J+1)? (8)

in the case of a IT state. Here v, is the band origin
(energy above the X 'T*, v=0, J=0 ground state),
B the rotational constant, D the centrifugal distortion
constant and g the A-doubling parameter. I1, levels
are probed in P and R transitions, while the I'l; levels
are probed in the Q branch. Ground state rotational
levels were calculated from the spectroscopic con-
stants of Guelachvili et al. {21]. Molecular constants
for the excited states were derived in least squares
minimization routines for each specific state. In the
fitting procedures not all data points were given iden-
tical weights. Overlapped, weak or broadened lines
were accredited lower weights. Also use was made of
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low and higher temperature molecular beams for the
disentanglement of low J- and high J-state contribu-
tions. Molecular constants and uncertainties result-
ing from the fits are listed in table 1. For most of the
bands the number of lines observed is less than in the
study of the Meudon group [2-4], particularly when
intensities were low and only a cold molecular beam
could be used. As a consequence in these cases the
improved absolute accuracy of line positions did not
result in more accurate values for B and D constants.
Then the values of the Meudon group were used and
fixed in the minimization routines, thus yielding an
accurate value for the band origins.

In those cases where the rotational structure was
found to be irregular, a deperturbation analysis for
the excited state was performed. Deperturbed ener-
gies for the observed state E (/) and for a perturber
manifold E,.,(J) are then expressed in terms of egs.
(6)-(8). Perturbed energies are then found by diag-
onalizing a matrix for each J [22]:

(Eobs('] ) Hig )

Ho  Epeald) ®)

where H, represents an interaction matrix element.
Phenomenologically a distinction is made between
homogeneous and heterogeneous interactions. For a
homogeneous perturbation the interaction matrix
element

Hipy =Hpom (10)

is independent of J. For a heterogeneous perturba-
tion the interaction matrix element is rotational-state
dependent. It may be shown that in the latter case the
J-dependence is [22]

Him=H,m\/J(J+1)—.Q(.Q+1), (11)

with Q the projection of the electronic angular mo-
mentum on the internuclear axis of the molecule. For
couplings between a 'X* state and a 'I1 state the in-
teraction matrix element is then

Hige =Hper/ J(J+1) , (12)

while for a coupling between a 'IT state and a 'A state

Hip=Hp JT(T+1) =2 (13)

is found. Heterogeneous perturbations are found be-
tween states of different electronic symmetry, whereas
homogeneous perturbations mostly occur between

states of equal electronic symmetry, although a spin-
orbit interaction between states of different elec-
tronic symmetry may also give rise to a homogeneous
perturbation [22]. In practice, when the character of
the perturber state is not a priori known, both pertur-
bation analyses are followed, and it may well be that
one of the two results in a more accurate description
of the observed state [23]. This then provides a han-
dle to assign the perturber state.

3.1. The 'IT, v=0 state { 74}

An XUV excitation spectrum of the 'I1, v=0 state
{7A} of 12C'®O recorded at A=91.27 nm is presented
in fig. 2. Also shown is the simultaneously recorded
I, absorption spectrum used for the calibration of line
positions in the XUV, The weak CO spectrum, which
could not be observed in the previous study because
of poor signal-to-noise, was obtained from a high-
density cold expansion and by averaging over 20
pulses per frequency setting. Only a few low J-values
were observed. The P(2) line, the lowest J-value in
the P branch, is expected to be weaker than the R(2)
line because of a smaller Hohnl-London factor. For
this reason it is not surprising that the whole P branch
is missing at the present level of signal-to-noise ratio.
Derived line positions are listed in table 2. The spec-
tral width observed is 0.44 cm—!, averaging over sev-
eral recordings and all J-states. The regular intensity
pattern (following an approximate Boltzmann distri-
bution at 40 K) indicates that there is no rotational
effect on the lifetime. The value of 0.44 cm~! corre-
sponds, within error limits, to the instrumental line-
width at 91.2 nm and a predissociation rate
k,<3x10' s~! is estimated for the 'I1, v=0 state
{7A}. Because of the low intensity in this band no
spectra of '>*CO were recorded.

3.2. The (6pa) ‘X, v=0 state {8B}

A rather weak excitation spectrum of the
(6po) '+, v=0 {8B} Rydberg state at A=91.6 nm,
recorded again under the conditions of a high-den-
sity cold expansion of pure CO, is shown in fig. 3.
The intensity pattern is regular, in agreement with a
low-temperature population distribution. The line-
width is determined by averaging over all lines, yield-
ing 0.4510.05 cm~!. Again this corresponds, within
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Fig. 2. XUV excitation spectrum of the transition to the 'IT, =0
state {7A} of 2C'%O at 1=91.27 nm. Below, the simultaneously
recorded absorption spectrum of I, used for calibration purposes
is shown.

Table 2
Observed and calculated line positions (in cm~!) of the 'I1, y=0~
XX+, =0 transition {7A} for '2C!%0 at A=91.27 nm

J R(J) Obs.—calc. QW) Obs. —calc.
0 109568.43 0.02

1 109572.25 0.03 109564.50 -0.06

2 109576.05 0.04

3 109579.76 -0.03

error limits, to the instrument-limited linewidth. So
no effect of lifetime broadening can be discerned and
the predissociation rate is estimated k, <3 X 10'%s~",
The regular intensity pattern again indicates that a
possible predissociation is rotational-state indepen-
dent. Observed line positions are listed in table 3.

3.3. The 'IT, v=2 state {94}

At91.73 nm a red-shaded band consisting of partly
overlapping lines was observed. The signal intensity
was barely above the noise level, and hence a detailed
rotational analysis was not possible. The spectrum

R P
T 1 1T 1 T
3 2 1 o T 2
1 1 i 1 I

109185 109180 109175 109170 109165
-4— Energy (cm™)

Fig. 3. Recording of the (6pc) 'Z+-X'Z* (0,0) band {8B} of
12C160 at A=91.60 nm.

Table 3
Observed and calculated line positions (in cm~—') of the 6pc 2+,
v=0-X T+, y=0 transition {8B} of 2C'°0 at 2=91.60 nm

J R(J) Obs. —calc. P(J) Obs. —calc.
0 109177.12 0.07

1 109179.89 -0.05 109169.91 0.08

2 109182.26 -0.09 10916545 —0.06

3 109184.35 0.08 109160.69 —0.02

appeared to be diffuse and we estimate a spectral
width of 2.6 £0.5 cm —!. This results in a large pre-
dissociation rate k, =5+ 1X10'" s=!. This state was
observed before in absorption by Eidelsberg and
Rostas [3] and a relatively large integrated absorp-
tion cross section was determined. The weak inten-
sity presently observed in 1+1 photoionization is
consistent with the large predissociation rate (see eqgs.
(3)-(5) and Appendix).

3.4. The 11, v=2 state {13}

Strong excitation spectra of the 'II, v=2 state {13}
of 12C'%0 and '3C'0, recorded at 92.86 and 92.94
nm respectively, are presented in fig. 4. The repro-
ducible feature indicated with (?) nearly coinciding
with the P(7) line of '2C!'60 is not identified. Be-
cause it has no counterpart in the R branch, in which
the same states are probed as in the P branch, the fea-
ture is not related to the 'T1, v=2 state. A single sep-
arate line is not likely to be of molecular origin. How-
ever, it is measured from a pure CO beam and
detected at mass 28. A possible explanation might be
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Fig. 4. The transitions to the 'I1, »=2 state {13} for '2C'°0 (up-

per) and '3C'®O (lower) at 92.87 nm and 92.94 nm resp. The
feature marked with (?) is probably not related to CO (see text).

that the feature is related to doubly ionized iron
(Fe?*) with mass 56, somehow produced in the in-
teraction region. Carbon monoxide is known to be
often contaminated by metal-hexacarbonyl mole-
cules.

A clear perturbation is found in the spectrum of
12C180 at J=8-9 in the excited state. Near J=5, 6
and J=10, 11 a distinct line-broadening effect is ob-
served, whereas the transitions to J=8 and 9 have
disappeared. The broadening is accompanied by a loss
of intensity as expected in case of predissociation.
Similarly in the '*C'%0 spectrum the lines for J> 5 in
the excited states tend to broaden as well. Here the
line intensities for J> 5 decrease faster than expected
on grounds of population, but consistent with a pre-
dissociation effect. Although the Q-branch lines are
not resolved, apart from a few high J lines in the
12C160 spectrum, nevertheless a clear intensity drop
is observed in the !2C!'®Q spectrum at the location

where J=8 and 9 are expected. The Q branch of
1B3C150 follows the same pattern as the P and R
branch: a monotonic decrease towards higher J-states.
From these trends we conclude that there is a rota-
tional-state dependence, but no A-doublet depen-
dence, of the predissociation rates of the I1, v=2
state.

The linewidths were fitted to Voigt profiles and de-
convoluted from an estimated instrumental line-
width of 0.42 cm ! at the excitation wavelength. Ro-
tational-state-dependent predissociation rates could
be determined. Values obtained for R and P transi-
tions are averaged and plotted as a function of J (ex-
cited-state total angular momentum quantum num-
ber) in fig. 5. For '2C'°O a predissociation resonance
is found at J=8-9, a clear indication of an accidental
resonance. As a consequence the perturber must be a
bound state, that predissociates however extremely
rapidly. The perturbation manifests itself also in the
form of an anti-crossing located in between J=8 and
9. When the level energies of I1.(J) are fitted to a
simple rotor model, according to eq. (7), states with
J <8 are shifted downward in energy and states with
J>=9 upward. Such a perturbation may be induced by
an interacting vibronic state with a larger value for v,
and a smaller B-constant. From the fact that the per-
turbation is found for the I1:(J) levels as well (dip in

; :
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Fig. 5. Rotational-state-dependent predissociation rates for the
I, components in 'I1, v=2, J-states { 13} for }*C*°0 (upper) and
13C%0 (lower). The data are derived from linewidths in the P
and R branches. The I1; components appear to have the same
predissociation rates (see text).
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the Q branch) it follows that the perturber state is
definitely not a £+ or a X~ state, as these would af-
fect only one parity component of the 'IT state.

The transition frequencies of P and R lines, listed
in table 4, of the locally perturbed spectrum of '2C!60
were treated in a deperturbation analysis, using a J-
dependent as well as a constant interaction parame-
ter. In both procedures the observed data fit remark-
ably well with a standard deviation of 0.05 cm~!. In
table 4 the differences between observed and calcu-
lated energies are included. The two models yield no
significant difference for the calculated line posi-
tions. The presence of a local predissociating pertur-
ber is firmly established but its electronic symmetry
cannot be stated unambiguously. The outcome of the
deperturbation procedure is unequivocal, so no defi-
nite values of deperturbed molecular constants can
be given. For this reason two sets of molecular pa-
rameters for this !T1, v=2 state as well as for the per-
turber state are included in table 1. Two possible as-
signments for the perturber can be given: either a 'A
state with a band origin at 107710.1 (8) cm~'ora
IT] state with a band origin at 107706 (1) cm~1.

For '3C!'°0 the predissociation rate linearly in-
creases for states with J> 5. Here no discernable ef-
fect on the transition frequencies is found. The line
positions are listed in table 5. In principle the mech-
anism causing the predissociation of the *C'¢O iso-

Table 4

Table 5
Observed and calculated line positions (in cm~') of the 'TI, y=2-
X 'Z+, v=0transition {13} of 3C'*0 at 1=92.94 nm

J R(J) Obs.—calc.  P(J) Obs. —calc.
0 107597.13  -0.05
1 107600.88  —0.02
2 107604.71 0.06 107586.22 0.07
3 107608.44 0.02 107582.55 0.03
4 107612.23 0.02 107578.88  —0.04
5 107616.60 0.03 107575.21 -0.13
6 107619.91 0.04 107571.78  —0.00
7 107623.70 -0.03 107568.20  —-0.05
8 107627.51 -0.11 107564.80 0.05
9 107631.54 0.01 107561.30 0.03
10 10763540 —0.06 107558.02 0.21
11 107639.25  -0.17 107554.59 0.20
12 107643.56 0.15 107550.88  —0.11

tope may differ from that in '2C'¢0. E.g. a rotational
predissociation mechanism associated with a tun-
nelling process may explain the increase of the pre-
dissociation rate for J= 5. However, it is likely that
the predissociation mechanisms for '2C'¢O and
13C160) are identical, and that in 3C'%O a local per-
turbation occurs at J> 10. The expected intensity re-
vival across the anti-crossing is, however, not ob-
served, due to a low level of signal-to-noise at J> 15.
If the assumption of a local perturber is valid its band

Observed and calculated line positions (in em~*) of the 'II, v=2-X 'L+, v=0 transition {13} of *C'*O at 1=92.86 nm

J R(J) Obs. —calc. Boer P(J) Obs. —calc. Bpert
0 107685.80 -0.01 -0.01
1 107689.75 0.06 0.06
2 107693.60 0.02 0.02 107674.20 —0.08 -0.07
3 107697.43 —0.04 —0.06 107670.47 0.00 0.01
4 107701.27 -0.07 -0.15 107666.71 0.04 0.04
5 107705.31 0.14 —0.05 107662.88 0.01 -0.01
6 107708.79 —0.06 -0.53 107659.04 -0.02 -0.08
9 107722.94 0.00 1.68
10 107726.53 0.02 1.26
11 107730.19 -0.09 0.91 107642.26 0.01 1.68
12 107734.05 -0.08 0.75 107638.14 —0.00 1.24
13 107737.98 0.00 0.65 107634.32 0.07 1.07
14 107741.86 0.05 0.50 107630.45 0.02 0.85
15 107745.61 -0.00 0.21 107626.60 0.04 0.63
16 107749.40 0.04 —0.04 107622.79 0.01 0.44
17 107752.95 -0.10 -0.53 107619.01 0.19 0.28
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origin lies near 107650 cm~!. From the isotope shift
of the perturber state (approximately 60 cm~—!) it
seems likely that it is a v=1 state. In conclusion we
suggest that the 'I1, v=2 state {13} is perturbed and
predissociated by an interaction with a state of either
T, v=1 or 'A, v=1 character.

3.5. Band systems in the range 93.1-93.3 nm

In the wavelength interval 93.1-93.3 nm Eidelsberg
and Rostas [3] identified two band systems, denoted
as {15A} and {15B}, that were both tentatively as-
signed as the (5pn) 'T1, v=0 Rydberg state. Further-
more they observed another system, denoted as
{15C}, which they assigned as the (5ps)'T*, v=0
Rydberg state. For {15A} and {15B} a predissocia-
tion rate of 10'! s=! was estimated, and for {15C} a
rate of 101 s—!. In the present work this interval was
reinvestigated. Long sequences of largely broadened
structures and additionally, partly superimposed, two
transitions to !X+ states with narrow resonances, were
found.

A spectrum of the system {15C}, recorded from a
high-density cold expansion at A=93.31 nm, is shown
in fig. 6. The band gap indicates that the excited state
isindeed a 'T* state. Line positions are listed in table
6. A fit to the data resulted in an accurate value for
the band origin. An anomalously large B-constant
(2.24 cm~1) is obtained, which is an indication for a
perturbation. Although Fidelsberg and Rostas [3]
also find a large B-constant both values do not agree

R P
T 1 T
1 0 12
T T T T
107190 107180 107170 107160

~a— Energy (cm™)

Fig. 6. Recording of a transition 10 a '+ state {15C} for '2C'°0
at 4=93.30 nm. The rotational dependence of the predissocia-
tion rate may be deduced from the anomalously large intensity
of P(1). Also note the narrower linewidth of P(1).

Table 6
Observed and calculated line positions (incm~') of a (5po) !X+,
v=0~-X'Z* =0 transition {15C} of '>C'®0 at A=93.30 nm

J R(J) Obs. —calc. P(J) Obs. —calc.

0 107178.94 0.04
1 107184.09 0.09
2 107189.69 -0.04

107170.59 0.01
107167.27 —0.10

within the 1o error margin. The spectrum of fig. 6 is
a nice illustration of the consistency between line
broadening effects and loss of intensity observed in
1+ 1 photoionization via a predissociated state. The
observed linewidth for the P(1) line is 0.46 +0.06
cm~!. For P(2) and R(0) lines, both probing a J=1
level, an averaged value of 1.1£0.2 cm~! is found.
The R (2) line has too low intensity for a reliable de-
termination of its width, but there is an indication
that it is even broader. We derive values for predis-
sociation rates k,(J=0)=(3.4£2.0) x10°s~! and
ky(J=1)=(1.8+0.5)Xx 10" s~!, So a fourfold in-
crease of the predissociation rate is obtained between
J=0and 1. This is reflected in the line intensities. In
a regular spectrum at low temperature the P(1) line
is a factor of two weaker than R(0) in a 'Z+-'Z+
transition (see e.g. figs. 3 and 7). In the present case
P(1) is about a factor of two more intense than R(0).
So indeed the intensity ratios support in a qualitative
sense the conclusion that /=1 predissociates with a
rate faster than J=0.

The wavelength range A=93.10-93.18 is shown in
fig. 7. Indeed two broadened systems are observed at
the positions where Eidelsberg and Rostas [3] lo-
cated {15A} and {15B}. However in this interval a
series of sharp lines appear that are easily identified,
particularly in recordings from a cold expansion, as
belonging to a 'L * state. The line positions are given
in table 7. The linewidths are found to correspond to
the instrument-limited width and we conclude that
the predissociation rate k,, is below 3 10'°s~!, The
intensity pattern of the spectrum recorded from the
cold expansion is regular, i.e. is in agreement with a
calculated product of Boltzmann and Héhnl- London
factors. Thus we conclude that no rotationally depen-
dent predissociation effect exists in this newly iden-
tified state.

It is not surprising that this band was not uncov-
ered in the photographic absorption study [3]. The
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Fig. 7. 1 XUV + 1 UV photoionization spectrum of 2C'%0 in
the wavelength interval 93.10-93.18 nm. In between the diffuse
bands {15A} and {15B} the newly identified (5pc) 'T*v=0 state
is shown.

Table 7
Observed and calculated line positions (in cm~!) of the newly
assigned 'T+-X 'X+ transition at 1=93.14 nm

J R(J) Obs. —calc. P(J) Obs. —calc.
107369.60 -0.04
107373.27 -0.05 107362.05 0.02
107376.89 -0.01 107358.11 0.01
107380.35 -0.01 107354.12 0.02
107383.71 0.04 107350.15 0.16
107386.79 0.00
107389.61 -0.07
107392.41 0.13

NN R WN D~ O

low intensity in the spectrum combined with the nar-
row lines indicate that the absorption strength for this
transition is weak. Furthermore this band is over-
lapped by broad features having larger absorption
strengths. Our XUV spectrometer, employing 141
photoionization, is preferentially sensitive for rela-
tively long-lived excited states.

The (5po) 'Z+, v=0 Rydberg state is expected to
lie in the wavelength interval 93.1-93.3 nm. The n=3

and n=4 members of the (npc) 'T* series were al-
ready identified as the C !X+ and K 'Z+ states, with
quantum defects 4,=0.7200 and 6,=0.6832 respec-
tively [3]. The n=6 member (state {8B}) has
9,=0.6660. Both {15C} as well as the newly identi-
fied state are candidates to be the n=35 term of the
(npo) 'T* series. Based on this assumption the
quantum defects become d(sc;=0.6704 and
6z=0.5978. The state {15C} has a B-constant much
larger than that of the n=3, 4 and 6 states. The B-
constant of the newly identified 'Z+ state (B=1.884
cm~!) agrees much better with the values for n=3, 4
and 6. However, the quantum defects make state
{15C} the most likely candidate for the (5po) T+,
v=0 Rydberg state. The deviating B-constant may be
attributed to a perturbation. As the newly identified
1T+ state was observed only for the *C*®0 isotope a
vibrational assignment cannot be given.

The spectrum of the {15A} band, displayed in fig.
7, was not rotationally analyzed. The lines overlap in
red-shaded R and Q bandheads and the highest J
members of the P branch, used by Eidelsberg et al.
[4] for identification, are rather weak. The band-
head positions of ref. [4] are consistent with present
measurements. The identification of the lines of
{15A} in fig. 7 is based on the values of Eidelsberg et
al. An important conclusion may be drawn on the
predissociation rates of the excited state {15A}. From
the overlapping features we estimate that the widths
of the rotational lines must exceed 1.5 cm !, This re-
sults in a predissociation rate of k,>3x 10" s~ !,

Part of the spectrum of the {15B} band is shown at
the long wavelength side of fig. 7. The rotational
structure appears to be similar to that of the {15A}
band and a probable R bandhead is indicated. Such
an identification would not be in accordance with the
assignment of Eidelsberg et al. [4], who identify the
transition as 'TI-X'X*. They found an R-branch
progression towards the blue side of the feature that
we now mark as an R bandhead. Although a long pro-
gression, with at least fifteen well-resolved rotational
lines towards lower energy is observed, it is not pos-
sible to consistently identify this series with an un-
perturbed 'TI-'Z* band. Also the transition frequen-
cies of the lines observed differ markedly from those
listed by Eidelsberg et al. [4]. For completeness we
list the observed transition frequencies of the {15B}
band in table 8. The linewidth of the resolved rota-
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Table 8
Observed but unassigned transitions in band {15B} at 1=93.16
nm. Values in cm~"

107337.69 107294.00
107333.32 107290.58
107329.36 107283.15
107326.97 107279.88
107322.03 107275.28
107316.04 107271.51
107309.03 107258.52
107300.15 107245.56

*) R bandhead.

tional lines is 1.5+0.2 cm~!, resulting in a predisso-
ciation rate k,=2.7+0.4 10" s—'. No evidence of ro-
tational-state dependent predissociation is found for
band {15B}.

At an energy of 107220.5 ¢cm~! another, previ-
ously unidentified, band feature appeared. The low
signal-to-noise and the rather large rotational line-
width, similar to that of {15A} and {15B}, did not
allow for a detailed analysis.

3.6. The (3s)W I, v=2 state {18}

Spectra of transitions to the (3s6)W 'I1, v=2 state
{18}, which is the n=3 member of a Rydberg series
converging to the A2l second ionization limit in
CO™, are shown in fig. 8 for the '2C'°0O and '*C!¢0O
isotopes. At the low energy side of the '*C'®O spec-
trum narrow features appear, that can be ascribed to
the strong b 'I1,-X '} (7,0) band of N,, detected
from the nitrogen residual background gas in the vac-
uum chamber. A spectrum for '3C*30 could not be
recorded simultaneously with that of '>C!°0O because
of the large isotope shift. Frequency positions of the
observed transitions are listed in tables 9 and 10 for
12C180 and '3C'®0 respectively. Overlapping Q and
P lines were deconvoluted, where the accurate deter-
mination of line positions was facilitated by record-
ings at high and at low molecular beam rotational
temperatures. Molecular constants, derived from a
minimization routine using eqs. (7) and (8), are
listed in table 1. A negative value for the A-doubling
parameter is found, indicating that the I1;(J) parity
levels, probed in the Q branch, are shifted upward
with respect to the I'1, (J) states.

Regular red-shaded band patterns, typical for ex-
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Fig. 8. The transition to the W ', v=2 state {18} of '2C!¢O (up-
per spectrum) and '3C'®O (lower spectrum). Note the shifted
energy scales, corresponding to the isotope shift for a v=2 state.
The narrow lines at the long wavelength end are assigned 1o the
b!'II,-X'Z;} (7,0) band of N,. Since N; also has mass 28, this
contamination is not filtered by the TOF mass selector.

citation of states with a small B-constant, are ob-
served in the spectra of both '>C'SO and '3C!¢O.
However, closer inspection reveals that several per-
turbations do occur in the rotational structure. First
for both isotopes a negative D-constant results from
the fit. A negative centrifugal distortion effect is a
manifestation of a perturbation; however the error
margins for the D-constants are such that unambigu-
ous conclusions may not be drawn. Local perturba-
tions are found as well. For 2C!°0 the I, (J=8) state
is locally perturbed; the well-resolved P(9) line is red-
shifted by 0.7 cm~!. This perturbation effect is parity
dependent, because no corresponding dislocation of
the T1;(J=8) state is deduced. In the *C'%0 isotope
the I1.(J=8) state is also found to be locally per-
turbed. Here two distinct features, one blue-shifted
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Table 9

Observed and calculated line positions (in cm~') of the (3s6)W 'I1, v=2-X '+, =0 transition {18} of '*C'0O at A=94.12 nm. Lines
marked with (b) are blended. Lines marked with (w) are weak and not included in the minimization routine. The P(9) line, marked
with (*), was also left out of the fit

J R(J) Obs. —calc. [0]@)] Obs. —calc. P(J) Obs. —calc.
0 106254.25 0.11
1 106256.76 -0.01 106250.41 0.11
2 106258.70 -0.10 106249.16 0.06 106242.74 0.14
3 106260.00 -0.23 106247.32 0.02 106237.53 -0.02
4 106261.01(b) -0.04 106244.89 -0.01 106231.77 -0.12
5 106261.01 (b) -0.27 106241.92 0.01 106225.46 -0.17
6 106260.95(b) 0.05 106238.35 0.02 106218.24(b) -0.53
7 106234.20 0.05 106211.31(b) 0.00
8 106229.52 0.13 106203.23 —-0.02
9 106224.43 0.39 106193.90(+) -0.70
10 106218.12(b) 0.00 106185.18 -0.19
11 106211.31(b) -0.31 106175.51 -0.04
12 106204.49 -0.06 106165.22 0.06
13 106196.92 0.01 106154.42 0.23
14 106188.65 -0.07 106142.63 -0.02
15 106179.88 -0.09 106130.54 -0.01
16 106169.68 (w) —1.00 106116.74(w) ~1.15
Table 10

Observed and calculated line positions (in cm~*) of the (3s6)W 'I1, y=2-X 'Z*, =0 transition {18} of 1*C'¢0 at 1=94.17 nm. Lines
marked with (b) are blended. Lines marked with (w) are weak and not included in the minimization routine. The P(9) line, marked
with (+), was found as a double line

J R(J) Obs. —calc. [218)) Obs. —calc. P(J) Obs. —calc.
0 106199.46 —0.04
1 106202.04 0.07 106195.67 —-0.16
2 106204.07 0.22 106194.51 —0.14 106188.31 -0.16
3 106205.79(b) 0.56 106192.80 —0.09 106183.33(b) -0.27
4 106205.79(b) -0.18 106190.64 0.09 106178.34 0.22
5 106205.79(b) —-0.36 106188.07 0.41 106172.80 0.72
6 '106183.33(b) -0.90 106164.58 —0.88
7 106180.24 —0.04 106158.23 —0.06
8 106175.79 ~0.04 106150.88 0.28
9 106170.83 —0.09 106143.26(+) —-1.30
9 106141.11(s) 0.85
10 106165.41 —0.16 106133.83 0.10
11 106159.55 —-027 106124.57 —0.05
12 106153.94 0.23 106114.94 -0.15
13 106147.33 0.05 106104.96 —-0.23

by 1.30 cm~! and one red-shifted by 0.85 cm~! were cur for '2C'¢Q. For the I1, levels an anti-crossing ap-

found for the P(9) line. Again this perturbation has
no counterpart in the Q branch and is therefore par-
ity dependent. Another local perturbation was found
near J=15 in the spectrum for the '*C'0 isotope; this
perturbation is isotope dependent as it does not oc-

pears between J=4 and 5; a blue-shift of P(5) and a
red-shift of P(6). For the Il; parity component the
anti-crossing is shifted by one J level. The Q(6) line
appeared to be missing, when initially assigning the
transitions. However, the P(3) line was found to be
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largely broadened and this is attributed to the fact that
it is partly overlapped by the shifted Q(6) line. So a
perturbation for I1¢(J) is found between J=35 and 6
(see also table 10). Such a parity independent anti-
crossing, occurring at different J for I, and Il levels
may well be explained if the perturber state is a bound
state of Il or A symmetry with a rather large A-
doubling.

The predissociation rates of the W I, v=2 state
have been reported to be isotope dependent for
12C160Q /13C1%0 [6]. From the present more accurate
data a continuing increase of the predissociation rate
at higher J levels could be deduced. The predissocia-
tion effects were found to be parity independent. Line
broadening in the Q and P branches follows a similar
trend, and therefore widths of I, (J) and I'l;(J) com-
ponents were averaged. Predissociation rates, ob-
tained after deconvolution of the instrumental width
from the observed linewidths, are plotted as a func-
tion of J in fig. 9 for both isotopic species. For levels
J<5 the rates are found to be rotationally indepen-
dent, resulting in averaged values k,('?C'°0)=
(1.21£0.10)x10"  s~! and k,('3C'%0)=
(0.75+0.15) x 10! s~ 1, These predissociation rates
for the J<5 levels of the W 'TI, v=2 state may be
compared with the values for radiative decay
keaa=2.7%10% s~ !, obtained in an ab initio calcula-
tion [24]. This implies that the predissociation yield
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Fig. 9. Rotational-state-dependent predissociation rates for W 'I],
v=2, J-states {18} for >C'*O (upper) and '*C'*O (lower) iso-
topes. Values were averaged over I, and Il components.

for this state is 99.8% for '2C'®0O and 99.6% for
13C16Q, For levels J> 10 the predissociation yield is
even higher.

3.7. The (4da) 'Z+, v=0 state {19}

A spectrum of the (4do) 'E*-X'Z+ (0,0) band
of 12C'%0 at A=94.63 nm, recorded under conditions
of a near-room-temperature rotational population
distribution in the molecular beam, is shown in fig.
10. Several perturbations in the excited state mani-
fest themselves through line broadening, anomalous
intensity and frequency shifts. The transition fre-
quencies are listed in table 11. The (4do) 'Z+-X'Z+
(0,0) band is overlapped by a sequence of unas-
signed lines, marked by (?) in fig. 10. These features,

Table 11

Observed and calculated line positions (in cm~!) of the
(4do) 'T%, y=0-X"'Z*, v=0 transition of '’C'°O at 1=94.63
nm

J R(J)) Obs.—calc. P(J) Obs. —calc.

0 105680.13 0.04

1 105683.80 -0.02 105672.45 -0.00
2 105687.53 0.03 105668.61 0.06
3 105691.08 —-0.05 105664.65 0.05
4 105694.58» —0.11 105660.46 -0.13
5 105697.81® ~0.39 105656.36 -0.17
6 105700.77® -0.87 105652.23% ~0.17
7 105705.55% 0.53 105647.91® —0.31
8 105708.37 0.04 105643.313  —0.67

o

105711.26 9 —0.32
10 105713.87% ~0.89
11 105715.87% —1.99
1210572198 ® 1.10
13 10572441 % 0.58

105640.61 = 0.92
105635.41 0.09
105630.47% —0.42
105625.54% —0.86

14 105726.94 % 0.25 105618.39 1.20
15 105729.54 0.09 105613.08 0.61
16 105732.16 0.03 105608.00 0.33
17 105734.70 —0.00 105602.99 0.20
18 105737.30 0.12 105597.82 0.00
19 105739.37 -0.17 105592.72 -0.03
20 105741.53% -0.26 105587.65 0.06
21 105582.18 -0.14
22 105745.85 -0.08 105576.76 ¥  —0.18
23 105747.71 -0.09

24 105749.50 -0.03 105565.77 -0.08
25 105751.19 0.07 105560.10 -0.01
26 105752.63 0.08 105554.23 -0.02
27 105548.30 0.06

#) Lines not included in the minimization routine.
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Fig. 10. 1 XUV + 1 UV photoionization spectrum of the (4ds) 'X+-X 'Z+ (0,0) band {19} of 2C'$O at A=94.63 nm. Three major
perturbations are indicated with (+), (##+) and (++»). The lines related to the manifold (?) belong to an unidentified band of 12C'0.

Table 12

Unidentified transitions in the band at A=94.63 nm. The low J-
values are obtained from cold expansions, while the high J-val-
ues are obtained from a molecular beam with a higher rotational
temperature, Values are in cm—*

LowJ High J

105666.02 105653.67
105668.65 105671.38
105676.25 105682.81
105692.50 105686.52
105695.81 105699.13

of which the line positions are listed in table 12, be-
long to another band system of '>C*®O of which the
rotational structure could not be unravelled. Three
major local perturbations, associated with drastic in-
tensity variations in the P and R branch of the
(4do) 'Z*-X X+ band, are indicated in fig. 10. At
J=8 and J=12 there is a clear drop of intensity and
around these J-values the lines are broadened. P(23)
and R(21) transitions, probing level J=22 in the ex-
cited state, are completely missing. This is a clearcut
example of an accidental predissociation of the /=22
level. A fourth minor perturbation is found in lines
R(18) and P(20) showing a reproducible intensity

drop as well. From the observed linewidths, after de-
convolution of the instrumental width, predissocia-
tion rates were determined and plotted as a function
of Jin the upper part of fig. 11. The combined effect
of line broadening and intensity loss is again illus-
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Fig. 11. Upper: Rotational-state-dependent predissociation rates
for the (4do) 'T+, v=0, J-states. Lower: shifts, due to perturba-
tions, from diatomic rotor energies (eq. (4)) calculated with the
constants listed in table 1.
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trated here. The J=8 and 12 levels indeed have the
largest predissociation rate. The levels with J<5 have
a constant rate of (1.2+0.2)x 10! s~ in agree-
ment with previously reported values [3,7]. At the
higher rotational states up to /=21 line narrowing,
accompanied by intensity increase is observed.

The intensities of transitions to the J=19 level de-
viate by about 20% from the regular but anomalous
pattern of increasing intensity towards higher J-states.
Following the reasoning of the appendix on the de-
pendence of intensity on the excited state lifetime,
this is evidence of an extra accidental coupling, al-
though weak, to a bound perturber state.

The same perturbations that affect intensities and
linewidths, also cause shifts in line positions. The ob-
served transition frequencies were first fitted to the
expression for a simple rotor (eq. (6)). Next the lines
that are found to be perturbed were left out of the
final fit. The deviations between observed and cal-
culated rotational energies are plotted as a function
of J in the lower part of fig. 11. A comparison of the
two parts of this figure reveals that indeed the rota-
tional levels that are broadened are also shifted. Lev-
els J=8 and 12 are located at consecutive anti-cross-
ings. We find that the three major perturbation effects
have sharply defined rotational dependencies and
must therefore be related to couplings with bound
perturber states.

*
T Q

3.8. The (4pn)L 'IT, v=0 state {25}

The (4p=)L 'TI-X !+ (0,0) band {25} was found
to be the most intense feature in CO in the wave-
length range 91-98 nm, when using 1+ 1 photoioni-
zation. A spectrum of this band at A=96.83 nm is
shown for '2C'%0 in fig. 12. The rotational structure
is found to be completely regular, with one excep-
tion. The molecular constants obtained from a fit to
eqs. (7) and (8) are given in table 1. Observed tran-
sition frequencies are listed in table 13. The Q(7) line
is missing. This was observed before by optogalvanic
spectroscopy [25] and attributed to an accidental
predissociation of the IT¢(7) state. The linewidths in
the Q branch were found to be instrument limited at
0.30 cm~!. Even up to the highest J-values no addi-
tional broadening effects were observed. We there-
fore estimate a predissociation rate k,<3x10'%s~!
for the I1;(J) parity components. This observation is
in agreement with data of Drabbels et al. [8], who
determined k,= 1.9 10° s~'. A corresponding value
for the lifetime of 0.55 ns is certainly consistent with
the high signal yield observed in the present study.

In the P and R branches a gradual line broadening
effect towards higher J-values was observed. In fig.
13 derived predissociation rates are plotted. The ac-
curate values for predissociation rates of IT.(J<4)

22 16 85
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Fig. 12. Spectrum of transition to the (4pn)L 'Il, v=0 state {25} and part of the (3dwr)L’''II, v=1 state {26} for '2C'¢0. Note the
increasing linewidth in the R and P branch of the L-X band. The Q(7) line, marked with ( » ) is missing due to an accidental predissociation.
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Table 13
Observed and calculated line positions (in cm~!) of the 4px L 'T1, v=0-X '+, »=0 transition {25} of 1>C'¢0Q at 1=96.83 nm
J R(J) Obs. —calc. o) Obs. —calc. P(J) Obs. —calc.
0 103275.66 —-0.14
1 103279.80 -0.09 103271.80 -0.12
2 103283.94 -0.14 103264.25 -0.02
3 103288.30 -0.10 103260.65 -0.01
4 103292.92 0.09 103272.73 0.14 103257.16 -0.01
5 103297.39 0.02 103273.08 0.11 103253.71 —0.08
6 103302.06 0.02 103273.53 0.11 103250.60 0.06
7 103306.78 -0.03 missing 103247.50 0.10
8 103311.72 0.01 103274.61 0.07 103244.40 0.02
9 103316.67 —0.05 103275.27 0.06 103241.52 0.04
10 103321.75 -0.09 103275.95 —0.00 103238.68 -0.02
11 103326.89 -0.20 103276.78 0.01 103236.11 0.08
12 103277.64 -0.02 103233.55 0.06
13 103278.57 -0.07
14 103279.57 -0.11
15 103280.77 -0.03
16 103281.96 —0.03
17 103283.27 0.01
18 103284.62 0.02
19 103286.03 0.03
20 103287.50 0.01
22 103290.66 0.00
7 ' ' ' ' J ' H (Il |Hy, |'Z* ), which show a /J(J+1) depen-
o dence [22]. If no particular rotationally dependent
.'.".‘e resonances occur, €.g. in the case of a repulsive !X+
= 1 ] potential, the predissociation rate is expected to be
= of the form
o
0 25 s 75 10 135 150 ky(N)=ko+ksJ(J+1) . (14)

JJ+1)

Fig. 13. Rotational-state-dependent predissociation rates for the
T, components of the (4pn)L 'I1, v=0 state as a function of
J(J+1). Data points for /<4 (W) were taken from ref. [8]. For
the TI; component a predissociation rate k,<3x10'° s—! was
found.

states, determined by Drabbels et al. [8], are in-
cluded as well. These values agree, within error lim-
its, with the present less accurate values. Drabbels et
al. interpret the predissociation mechanism for the L
state as originating from a heterogeneous perturba-
tion with a state of !X+ symmetry. In such a case the
I1; parity components are not affected as is indeed
observed. Moreover the perturbation with I1, com-
ponents is governed by matrix elements

A plot of the total set of data for the predissociation
rate as a function of J(J+1) (see fig. 13) shows in-
deed good agreement with the functional form of eq.
(14). The intercept at the ordinate is determined by
the accurate values at low J, resulting in
ko=(1.910.2)x10° s~!, whereas the slope yields
k;=(1.3720.05) x 10 s~ . The present analysis thus
strongly indicates that the L 'IT state predissociates
by an interaction with a repulsive state.

For '>C'O and '3C!'80 spectra of the L-X (0,0)
band were recorded as well. They are shown in fig.
14. In both bands no significant predissociation ef-
fects could be inferred from the linewidths. Only for
the IT.(J= 13) states of '>C'®0 line broadening seems
to occur, but in view of the limited signal-to-noise in
these transitions this is not further analyzed. The ro-
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Fig. 14. Spectra of the (4pn)L 'TI-X 'E* (0,0) bands {25} for
13C160 (upper) and *C**0 (lower). Lines marked with (*) in
the 3C'®0 spectrum are blends from '3C'®0. The broad feature
underneath the P(3) and P(4) lines in the *C!®0 spectrum cor-
responds to the Q branch of '*C'%Q, The lines in between high J
members of the P branch can be assigned as R lines of the newly
observed 'I1 state of '3C'®0 (see also fig. 15). Note the doubly
shaded Q branch of *C'%0 (see text).

tational structure of the L-X (0,0) band of '*C!®O is
found to be regular. The observed line positions are
given in table 14 and the molecular constants are in-
cluded in table 1. The Q branch could not be re-
solved; so the B-constant also includes a contribution
of the A-doubling parameter, which could not be
determined.

The observed line positions of the L-X (0,0) band
of 13C'80 are listed in table 15. The rotational struc-
ture is found to be regular up to J=8, but for levels
J=9 increasing blue-shifts of the rotational levels are
deduced (see table 15). The odd pattern of the un-
resolved, doubly shaded Q branch can also be ex-
plained from a blue-shift of the high JII; compo-
nents. This will give rise to a second blue-shaded Q
bandhead. So similar to the perturbation in the I,
levels at high J-values the I; levels are also shifted
upward in energy for high J. This shows that the per-
turbation found in the rotational structure of the
(4pm)L ' state is parity independent.

Table 14
Observed and calculated line positions (in cm~") of the 4prn L 'IT,
v=0-X '+, p=0 transition {25} for '*C'0 at 1=96.85 nm

J R(J) Obs. —calc.  P(J) Obs. —calc.
0 103252.75 0.11
1 103256.58 0.05
2 103260.50 -0.02 103241.71 0.10
3 103264.64 0.03 103238.23 0.08
4 103268.66 -0.13 103234.82 0.03
5 103272.93 -0.12 103231.45 -0.08
6 103277.39 0.01 103228.27 -0.09
7 103281.77 -0.00 103225.23 —0.05
8 103286.15 —0.06 103222.28 0.01
9 103290.66 —-0.01 103219.32 0.01
10 103295.08 —0.06 103216.35 —-0.05
11 103299.55 -0.06 103213.51 -0.02
12 103303.94 -0.10 103210.72 0.06
13 103308.57 0.15 103207.91 0.11
14 103205.06 0.16
15 103202.01 0.06
16 103198.90 —-0.03
17 103195.81 -0.00
18 103192.20 —-0.36
Table 15

Observed and calculated line positions (in cm~!) of the 4pr L 'I1,
v=0-X1%¥*, v=0 transition {25} for 1*C'®0 at 1=96.84 nm

J R(J) Obs.—calc. P(J) Obs. —calc.
0 103265.96 —0.01
1 103269.45 —0.06
2 103272.98 -0.09 103255.58 0.09
3 103276.60 —0.06 103252.11 0.07
4 103280.32 0.05 103248.76 0.14
5 103283.87 -0.03 103245.21 ~0.02
6 103287.59 0.03 103241.80 -0.06
7 103291.35 0.12 103238.41 -0.10
8 103295.12% 0.20 103235.11 -0.07
9 103299.10% 0.47 103231.86 -0.02
10 103303.31 % 0.95 103228.80 0.21
11 103307.54® 1.44 103225.82 % 0.49
12 103311.83® 1.98 103223.08 1.00
13 103316229 2.60 103220.32 2 1.46
14 103321.03® 3.64 103217.65 2 2.01
15 10321522 2.1
16 103212.89 ¥ 3.62
17 103210.74 4.64

) Lines not included in the minimization routine.

The band origins of the L.-X (0,0) transition are
found at 103248.85 and 103262.45 cm~! for 13C'¢O
and '3C!30 respectively. Eidelsberg et al. reported,
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after recalibration of their data [26], reverse values
of 103260.9 and 103250.3 cm~! respectively. In the
present XUV-laser setup mass selected spectra are
recorded after 141 photoionization, whereas
Eidelsberg et al. measured absorption in a mixture of
13C180 and '3C'®0O [3]. The present identification
therefore seems more appropriate.

3.9. The (3dm)L’ 'II, v=1 state {26}

Rather weak spectra of transitions to the
(3drm)L’ 'T1, v=1 state {26} were obtained for >C'¢O
and '3C'®O at respectively 1=96.89 nm and 1=96.94
nm. In fig. 12 the R branch of the L'-X (1,0) band
is shown, adjacent to the P branch of the L-X (0,0)
band of '*C'¢0O. The spectra are weak because of a
fast predissociation, also visible as strong line broad-
ening of the rotational lines. For both isotopomers
we estimate k,=(2.71£0.9)x 10" s~!, which is in
case of 2C'®0 in agreement with the more accurate
value of Drabbels et al. [8]. They also reported that
the predissociation effect is parity and rotational state
independent. Although the present data have a poor
signal-to-noise ratio, the state independence of the
predissociation rate, also for '>C'¢0, is confirmed. No
improvement in accuracy for the molecular con-
stants of the L’ state of >C'%0 is found over existing
values obtained by optogalvanic spectroscopy [27].
For '*C!%0 the data of Eidelsberg and Rostas [3] are
not unambiguous. Transition frequencies for 13C'%0
are given in table 16. The R branch is separated from
the overlapping Q and P branch. The Q-branch lines
are not resolved and only some higher-J/ members of
the P branch could be identified. Derived molecular
constants are listed in table 1.

Table 16
Observed and calculated line positions (in cm~!) of the 3dr L’ '],
v=0-X'Z*, v=0 transition {26} for '*C'*0O at 1=96.94 nm

J R(J) Obs.—calc. P(J) Obs. —calc.
0 103164.88 0.16

1 103167.92 0.11

5 103139.69 -0.30

6 103134.75 —0.08

7 103129.29 -0.08

8 103123.81 0.20

3.10. A newly observed 'II state for **C'80

At a band origin of 103203.07 cm~! (4=96.90
nm) a regular band spectrum of a 'II-'X* transition,
consisting of narrow lines, was observed for '*C!20
(see fig. 15). The transition frequencies are listed in
table 17 and the results of a fit, using eqs. (7) and
(8) are included in table 1. The linewidths are found
to be instrument limited, resulting in a predissocia-
tion rate k,<3x10'% s~!. No local perturbations in
the form of shifts, line broadenings or anomalous in-
tensities are found in this band. However, a large A-
doubling is found, with a negative sign, indicating that
the I, components are shifted downward in energy
with respect to Il;. The value of the A-doubling pa-
rameter fully depends on the correct assignment of
Q-lines, that were resolved only for J> 7. An assign-
ment with J shifted by one unit is also possible, re-
sulting in a different value of g. However, the identi-
fication (in table 17) assuming an unperturbed
rotational structure of I'l; levels, yields by far the best
convergence in a minimization routine.

The question arises whether the excited !IT state can
be identified as the (3dn)L’ 'TI, v=1 state of '3C'2Q.
A major difference with the two other isotopes is that
the rate of predissociation is an order of magnitude
lower. A comparison of molecular constants does not
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Fig. 15. Spectrum of a transition to a newly observed ' state in
13C180, High J members of the P branch of the L-X (0,0) band
of 3C'80 are shown as well. Several spectral lines, indicated by
(»), correspond to '*C*%0 lines of the L-X (0,0) band.
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Observed and calculated line positions (in cm™!) of a newly observed 'TI-X !Z*, v=0 transition for 1*C'%0 at 1=96.89 nm

J R(J) Obs. —calc. QW) Obs. —calc. P(J) Obs. —calc.
0 103206.51 0.06
1 103209.76 0.03
2 103212.89 -0.01 103195.95 -0.02
3 103216.04 0.07 103192.29 0.02
4 103219.06 0.14 103188.43 —0.03
5 103184.51 -0.03
6 103224.51 0.00 103180.49 —0.02
7 103227.05 -0.08 103200.90 -0.01 103176.34 -0.04
8 103200.30 0.01 103172.09 —0.04
9 103199.62 0.03 103167.83 0.05
10 103198.78 —0.02 103163.33 0.01
i1 103197.92 -0.02 103158.89 0.14
12 103196.87 -0.11

13 103195.95 -0.02

14 103194.83 -0.01

15 103193.68 0.07

give an unambiguous answer. The B-constant for
13C180), determined at 1.708 cm ™!, is expected to be
smaller than that for '3C'®0, presently determined at
1.69 cm~!. This is obviously not the case. However,
the B constant of 1.8773 cm~! for '>C!30 [3] also is
anomalously large, so a consistent conclusion cannot
be drawn. For '2C'®0 a band origin of 103152.3 cm ™!
was reported [3], clearly red-shifted from the band
origin of '2C!%Q. These authors concluded that the L’
state observed must have v=1. For a v=1 state the
band origin of 3C'*O would have to be further red-
shifted, in disagreement with the present observation
(vo=103203.07 cm—1!). Thus the identification of the
newly observed 'I1 state for *C'8Q is left as an open
question.

311 The (4po)K ‘X, v=0state {27}

Strong 141 photoionization spectra of the
(4pa)K 'Z*-X'Z* (0,0) bands {27} of 2C!%Q,
13C!%0 and '3C'®0 were obtained near A=97.03 nm
(see fig. 16). For '2C'%0 the spectrum of this com-
pletely regular band was analyzed previously [6].
Drabbels et al. [ 8] determined an accurate value for
the predissociation rate for the rotational states J< 4:
kp=(2.22£0.13) X 10'°s~'. Moreover k,, was found
to be independent of J for these low J-values. From
the regular intensity distribution in fig. 16 it may be

concluded that the predissociation rate is constant up
to J=20.

The transition frequencies in the K-X band of
13C160 are listed in table 18. All data points fit prop-
erly to a simple rotor expression (eq. (6)). The re-
sulting molecular constants are included in table 1.
Line broadening effects are hardly discernable, so k,
is estimated tobe <3x10'%s~1.

The spectrum of the K-X band of '*C'80 is per-
turbed. Large frequency shifts, observed in P and R
branches near J=8-9, are accompanied by strong in-
tensity changes. This indicates that the (4ps)K T,
v=0 state is locally perturbed by a bound state, which
is, in turn, strongly predissociated. The nature of this
perturbation was examined in detail in a separate
study [23], where the transition frequencies are
listed. There it was shown that the perturbation has a
heterogeneous character and it was suggested that the
perturber is the E 'T1, v=35 state. From a deperturba-
tion analysis accurate molecular constants of the per-
turber state, included in table 1, could be derived as
well.

3.12. The (3sa)W I, v=0 state {28}

Transitions to the (3so)W 1, v=0 state {28} were
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Fig. 16. The (4pc)K'Z+-X'Z* (0,0) bands {27} of '2C'¢Q,
13C1%0 and 3C'30. The lower spectrum is contaminated by lines
originating from '>C'®0Q, indicated by (). Note the strong per-
turbation at J=8-9 in the excited state of !3C!®Q, manifesting
itself via intensity variations and level shifts.

found to be strong and spectra were obtained for the
three isotopes. Recordings taken from nearly room
temperature molecular beams are shown in fig. 17.
The heavier isotopes have slightly red-shifted band
origins, typical for a v=0 state. Line positions for the
rotationally resolved transitions are listed in tables
19-21 for '2C'¢Q, 13C*$O and '*C'20 respectively. In
minimization routines, using eqs. (7) and (8) good
convergence was found for the bands of '*C'®0 and
13C130, Here a negative value for the A-doubling pa-
rameter ¢ indicates a downward shift of Il.(J) levels.
For '2C!¢0O the Q branch was found to be perturbed
at the high J-values (J>17). Omitting these lines a
consistent fit was obtained with a standard deviation

Table 18
Observed and calculated line positions (in cm~!) of the K'Z ¥,
v=0-X"'Z+, v=0 transition {27} of *C'%0 at 1=97.03 nm

J R(J) Obs.—calc. P(J) Obs. —calc.

0 103058.10 0.03

1 103061.75 0.03 103050.86 0.12
2 103065.36 0.02 103047.13 0.08
3 103068.96 0.03 103043.40 0.06
4 103072.36 -0.13 103039.65 0.04
5 103075.86 -0.14 103036.01 0.16
6 103079.34 -0.10 103032.02 -0.04
7 103082.72 -0.08 103028.18 -0.04
8 103086.02 -—-0.04 10302422 -0.10
9 103089.21 0.01 103020.19 -0.15

10 103092.19  -0.02
11 103095.07 0.03
12 103097.69 0.02
13 103100.12 0.03
14 103102.26 0.02
15 103104.19 0.09 102993.77 0.15
16 103105.54  —0.09 102988.59 0.14
17 102983.04 0.05
18 102976.98  —-0.23

103016.14  —0.12
103012.07 0.01
103007.74 0.01
103003.22 -0.01
102998.64 0.11

of 0.05 cm~!. Resulting molecular parameters are
listed in table 1.

A rotational-state and parity dependent predisso-
ciation effect is evident in the spectra of '2C'®O and
13C160, In the insets in fig. 17 it is shown that the
higher members of the P branch exhibit distinct line
broadening accompanied by a sharp drop in inten-
sity, whereas the Q-branch lines remain narrow and
follow a regular intensity pattern. For the '*C'%0 iso-
tope such a line broadening effect is not observed;
there also the P-branch lines remain narrow. Drabbels
et al. [8] measured linewidths for J<4 states (of
12C160) and also found parity and rotational-state
dependent predissociation. For the I levels they de-
termined k,= (9.6 £ 0.8) X 10° s~'. From the regular
intensity pattern it may be concluded that the predis-
sociation rate is constant up to the highest J-values.

For the I, levels the analysis of Drabbels et al. was
extended in the present work to include higher J-val-
ues and to '3C'60. Predissociation rates for IL.(J)
were derived from line broadening in the P branch
and the results are plotted in fig. 18 for '2C'%0 as well
as !3C!60, Similar to the L 'IT state a linear propor-
tionality with J(J+1) is found for the predissocia-
tion rates. We conclude that the mechanism causing
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Fig. 17. The (3s0)W '[I-X'Z* (0,0) bands {28} of '*C'®Q,
13C160 and !*C'30. Note the line broadening in the high J mem-
bers of the P branch for '2C!%0 and !*C'®0. The lower spectrum
is contaminated by lines originating from *C'%0, indicated by

(*).

the predissociation of the W 'I1, y=0 state may well
be an interaction with a purely dissociative '™ state.
The proportionality constant k; (see eq. (14)) is
smaller for the heavier !3C!%0 isotope than for 12C!%0:

N AN 109 o—1 Lo 13
ky=(1320.2)x10° s for *C'%0 and k=

(2.21£0.2) x 10°s~ ! for 2C'%Q. Although no specific
value may be derived it may nevertheless be stated
that the constant k;, for *C'%0 is smaller than 5x 107
s—1

A TNl o
1715CuUd»IUIl

Predissociation of excited states of diatomic mol-
ecules may be classified as a rotational predissocia-

tion or an electronic predissociation [22,28]. In the
first case only a single electronic state is 1 nvolved and

altl
its puwuuax 0CCOMcCs quam-xwulswe at hlgh J-levels

because of a centrifugal contribution. We have not
found evidence of rotational predissociation mecha-
nisms in the states of CO under investigation. In case
of electronic predissociation a bound state is partly
mixed with another electronic state that is repulstve.
There is also a possibility that a bound state couples
to another bound state, which is in turn predisso-
ciated. Such a situation generally leads to an acciden-
tal predissociation. In the following some mecha-
nisms causing predissociation will be discussed, with
an emphasis on perturbations of an electrostatic
character. So possible spin-orbit interactions with
triplet states will not be considered. As repulsive states
are not cd.buy identified from SpECtroscopy ab initio
calculations of potential energy curves play an im-
portant role in the identification of the dissociation
mechanism.

An example of an ab initio calculation, which may
be helpful in the interpretation of the present data is
that of Cooper and Kirby [24] on the potential curve
of the W 'IT state. This is the third 'IT state, after the
A 'TT and the E 'I1 states. Cooper and Kirby report a
double minimum potential for the W I state, with
minima at 1.26 and 1.87 A. In between at 1.57 A a
potential barrier of height 9395 cm~—! above the low-
est minimum exists. At large internuclear distances
the double potential correlates adiabatically to the
\,\ U) TU\ JJ) dissociation limit. The COi‘i‘:‘:SpGI‘xu—
ing dissociation energy is larger than the energy of the
local maximum at 1.57 A. The predissociation be-
haviour presently observed for v=0 and v=2 states
is completely different, in that the predissociation is
parity dependent for =0, whereas it is parity inde-
pendent for v=2. The fact that the predissociation
raies of W', v=0 Il, states are proportional to
J(J+1), as well as the fact that the rates for I states
are constant at a low level, may be attributed to an
electronic coupling to some repulsive ‘X" state (see
below). This mechanism is unrelated to the form of
the double well. For the W 'I1, v=2 state the situa-
tion is different. All rotational levels have an energy
Jubl above the second p pUtClludl minimum at 1.87 }\
The wavefunction therefore spreads out into the outer
region, with a density related to the tunneling proba-
bility through the potential barrier. This effect is par-
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Table 19
Observed and calculated line positions (in cm~') of the W (3so) 'I1, v=0-X '+, v=0 transition {28} of '*C'¢O at A=97.27 nm
J R(J) Obs. —calc. aw) Obs. —calc. P(J) Obs. —calc.
0 102809.83 -0.03
1 102812.28 0.01 102805.99 —-0.03
2 102813.91 —0.05 102804.55 —-0.03 102798.29 -0.04
3 102802.41 —-0.01 102793.04 -0.01
4 102814.96 -0.17 102799.54 0.01
5 102795.94 0.04
6 102791.58 0.05 102772.93 0.09
7 102786.44 0.04 102764.63 0.00
8 102780.52 0.02 102755.72 0.07
9 102773.87 0.05 102745.98 0.07
10 102766.33 0.00 102735.40 0.01
11 102758.04 0.02 102723.88 -0.18
12 102748.88 0.02 102711.94 0.02
13 102738.78 -0.06
14 102727.86 -0.08
15 102716.08 -0.03
16 102703.44 0.09
17 102689.78 & 0.18
18 102675.38 @ 0.53
19 102660.08 1.02
20 102644.11 @ 1.91
21 102627.49 3.27
22 102611.01 5.93
Table 20
Observed and calculated line positions (in cm~') of the W(3so) 'II, v=0-X 'Z+, v=0 transition {28} of '*C'%0 at 1=97.30 nm
J R(J) Obs. —calc. Q) Obs. —calc. P(J) Obs. —calc.
0 102778.72 —-0.06
1 102781.08 -0.03 102775.01 -0.09
2 102782.77 -0.00 102773.71 -0.04 102767.74 -0.01
3 102783.81 0.06 102771.76 0.03 102762.71 -0.02
4 102769.07 0.05
5 102765.72 0.10
6 102761.57 0.06 102743.56 -0.05
7 102756.78 0.09 102735.80 —-0.05
8 102751.16 0.01 102727.42 0.04
9 102744.87 0.02 102718.15 -0.04
10 102737.82 0.02 102708.28 0.03
11 102729.93 —-0.03 102697.57 0.01
12 102721.30 -0.02
13 102711.87 0.02
14 102701.46 -0.06
15 102690.23 -0.08
16 102678.12 —0.07
17 102665.26 0.13
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Table 21

Observed and calculated line positions (in cm~') of the W(3s0) 'T], =0~X'Z*, v=0 transition {28} of 13C'%0 at 1=97.33 nm. Lines

marked with (b) are blended

J R(J) Obs. —calc. [010)] Obs. —calc. P(J) Obs. —calc.
0 102746.18 0.06
1 102748.27(b) -0.09 102742.62 —0.01
2 102749.95(b) -0.01 102741.39 0.02 102735.73 0.08
3 102751.04(b) 0.11 102739.49 0.03 102730.80 —0.10
4 102751.04(b) —-0.20 102736.96 0.04 102725.37 -0.15
5 102751.04(b) 0.16 102733.72 0.01 102719.44 -0.05
6 102749.95(b) 0.10 102729.86 0.02 10271291 0.09
7 102748.27(b) 0.15 102725.38 0.09 102705.46 0.03
8 102745.50 -0.17 102720.04 0.00 102697.63 -0.06
9 102714.14 0.07 102688.72 0.02

10 102707.33 —-0.02 102679.98 -0.07

11 102699.87 -0.00 102669.40 0.05

12 102691.50 -0.10

13 102682.49 -0.02

14 102672.60 0.04

15 102661.67 -0.05

16 102650.00 0.04

17 102637.45 0.22

18 102623.98 0.49

) Lines not included in the fit.
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Fig. 18. Rotational-state-dependent predissociation rates for the
I1. components of the (3s6)W 'Tl, v=0 state as a function of
J(J+1) for '*C'*O and '>C'*0. Data points for J<4 () of
12C!%0 were taken from ref. [8].

ity independent. Because eigenstates in the outer well
are bound, this tunneling effect in itself cannot ex-
plain any dissociation features. However the calcu-
lations show [24] that at 1.72 A, in the adiabatic limit

an avoided crossing of the W 'II and E 'II states oc-
curs. This E 'II state at large internuclear distances
correlates to C(°P)+O(°P) ground state atoms,
lower in energy than the levels of W'II, v=2. The
avoided crossing occurs at approximately 4000 cm !
above the lower minimum of the W 'IT potential in
the range of the higher rotational levels of W 'T1, v=2.
If a coupling between W 'IT and E 'II states is as-
sumed, the wavefunction overlap will therefore be
largest for the v=2 level of W !T1. Via this indirect
mechanism effective dissociation of W 'I1, v=2 may
take place. Such a mechanism will be parity indepen-
dent as the potentials hold for both II, and Il
components.

This reasoning raises the question of the rotational
and isotope dependence of the predissociation of
W I, v=2 as well as that of W 'TI, v=1 and 3. The
tunneling process through the potential barrier will
certainly favor predissociation of the lighter isotope
and, because of their centrifugal energy, the higher
rotational levels. But the coupling of W 'IT and E 'I1
states sensitively depends on the precise location of
the W 'TI-E 'I1 potential crossing on the energy scale.
So a delicate interplay of these processes will exist and



K.S.E. Eikema et al. / Chemical Physics 181 (1994) 217-245 241

more detailed information on the potential energy
curves is required for a quantitative analysis of this
scheme. The W !T1, v=1 state lies below the outer
minimum, and consequently the proposed mecha-
nism is not applicable. The rather strong predissocia-
tion rate observed by Eidelsberg and Rostas [3] may
be due to some electronic coupling, possibly the same
that induces the predissociation of the W 'II, v=0
state, but with a larger vibrational overlap factor. The
W 1, p=3 state also strongly predissociates [3]. Here
the presently proposed mechanism involving the E 'T1
state may play a role. Measurements of parity depen-
dent predissociation in W !I1, v=1 and 3 states may
provide definite answers.

Two !T+ states exist that correlate to separated
C(®P) and O(°P) ground state atoms, one being the
CO molecular ground state X 'Z*. The other was
spectroscopically identified as D’ !X in a laser-in-
duced fluorescence experiment on extremely hot CO
by Wolk and Rich [29]. In ab initio calculations [30]
an adiabatic double minimum potential for a '+ ex-
cited state was found, resulting from an avoided
crossing between two diabatic potential curves. This
complex was identified as (3s6)B!'Z* and D’ 'X+
states by Tchang-Brillet et al. [31]. In a detailed
study, based on close-coupling of two diabatic poten-
tials they analyzed the B-D’ Rydberg-valence inter-
actions. Resulting perturbations, occurring in the
form of shifts of level positions, anomalous band in-
tensities and predissociation of the B-state levels could
be satisfactorily explained. The inner limb of the D’-
state diabatic potential is found to cross the outer limb
of all (nsc) '£* and (npo) 'T+ potentials [31]. Al-
though the D’ state is a weakly bound state, for
Rydberg states with n>4, lying in the range above
100000 cm—! only the repulsive inner limb is of in-
terest. Here the D’ state may be regarded as a purely
repulsive state. Apart from the predissociation of
(3s0)B!E*, p=2 also the predissociation of
(3p6)C '+, v=3 and 4 and the (nsc) 'T* states was
attributed to this repulsive part of the D’ state by
Tchang-Brillet et al. [31]. Furthermore Drabbels et
al. [8] attributed the predissociation of the
(4po)K 1T+, v=0 states as well as the W 'I1, v=0and
L 'T1, v=0 states to this D’ state.

An electrostatic perturbation between two states of
13+ symmetry is homogeneous and has J-indepen-
dent interaction matrix elements. Perturbation ma-

trix elements between 'I1 and !+ states will only af-
fect II, components and will scale as /J(J+1).
When the !X* perturber state in the latter case is
purely repulsive, predissociation rates will be simply
proportional to the square of the matrix element, so
to J(J+1), without any resonant features. For the
W 1, v=0 and L 'T1, v=0 states such a scaling of the
predissociation with J(J+1) of the II, components
was observed. This effect, also reported by Drabbels
et al. [8] for J<4, is now confirmed up to higher J-
values. Alternatively for the (4po)K T+, v=0 state
of 12C'¢0 a rotational-state-independent predissocia-
tion rate is presently confirmed up to J=20. A cou-
pling between K '+ and D’ !X+ will indeed give rise
to a homogeneous perturbation with J-independent
matrix elements. For the n=6 term of the (npc) T+,
v=0Rydberg series it was postulated (see section 3.1)
that the predissociation, if occurring at all, is J~inde-
pendent, as in the case of the n=4 term. The predis-
sociation of these states can be explained by a cou-
pling with the D’ state. The n=>5 term of (npc) '+,
v=0 may well predissociate by an interaction with
the D’ state as well at a rate of k,=2%10'%s™!, sim-
ilar to n=4 [8]. But we observe an additional, rota-
tional-dependent and stronger predissociation effect,
which cannot be attributed to a coupling with the D’
state. Apparently a heterogeneous perturbation with
a yet to be identified IT state may cause this effect.

A large number of accidental predissociations were
found in the present study that must have an origin
in electronic coupling with bound states. From the
analysis of the 'TI, v=2 state {13} even the spectro-
scopic constants of an unknown perturber manifold
could be deduced from observations. The data are,
however, not sufficiently accurate to determine a ho-
mogeneous or heterogeneous character of the pertur-
bation. But nevertheless it follows that a state with a
band origin at ¥,=107708+2 cm~! causes the acci-
dental predissociation effect near J=8 in 'Il, v=2.

The (4do) 1T+, v=0 state is exemplary in that it
shows how the perturbing matrix element simulta-
neously causes level shifts and predissociation. Strong
accidental predissociation is found at J=8, 12 and
22 and another weak accidental predissociation is
found at J=19. Because the rotational levels of a per-
turbed and a perturber state can only cross near a
particular J-value, there must be four bound states
interacting with the observed (4do) 'T+, v=0 state.
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It is possible that a triplet state crossing at three dif-
ferent J-levels induces these perturbations.

The deperturbation analysis of the K '+, v=0state
of 13C'80 could be performed with high accuracy, so
that even the character of the perturbation could be
identified (heterogeneous) as well as molecular pa-
rameters of the perturber state derived. The pertur-
ber at ¥,=103073.44 cm™! is tentatively identified
as the E 'T1, v= 5 state. For more details on this spe-
cific case we refer to Eikema et al. [23].

Other accidental predissociations have been iden-
tified as well (see section 3). Obviously, as these per-
turbations are related to bound states, the perturbers
will correlate to higher lying potentials for which no
detailed ab initio calculations are available yet. Iden-
tification of the perturbations in terms of electronic
coupling will await future calculations as well as fur-
ther experimental investigation of the high-lying states
of CO.

5. Conclusion

In the present investigation a high resolution ex-
treme ultraviolet laser source has been employed for
the collection of a large number of data on the excited
states of CO in the wavelength range 91-97 nm. Ac-
curate absolute transition frequencies in the XUV
have been determined by calibration against the I,
standard in the visible. Predissociation effects were
observed that depend on the particular rovibronic
state, parity component and isotopic combination.
Error margins on the present values for the predisso-
ciation rates are generally 20%. The additional infor-
mation extracted from the observed relative line in-
tensities in 1 XUV + 1 UV photoionization (see
Appendix ) provided a consistency check on relative
values for the predissociation rates. The dynamic
range for the derivation of predissociation rates from

linewidth analyses using our XUV laser source is
rather limited: reliable values can only be obtained

over one order of magnitude in between 3 10'° and
3x 10! s~1, In case of too rapid predissociation the
intensities of the 1+ 1 photoionization signals de-
crease below the noise level and consequently no res-
onance features are discernable. At linewidths of 1.5
cm™! the rotational band structure tends to wash out
asis observed in bands {15A} and {15B}. In such cases

study of line broadening of individual rotational
components is no longer possible. The lower limit is
determined by the instrumental linewidth. The pre-
dissociation rates of most of the excited states of CO
in the range 91-100 nm lie within the accessible dy-
namic range.

The present work was partly motivated by ques-
tions of astrophysical origin, namely those related to
the photophysics of carbon monoxide, which is known
to govern the chemical dynamics in large parts of the
universe. It is beyond the scope of this detailed spec-
troscopic investigation to pursue an implementation
of results into these photochemical models. The dy-
namical information in terms of predissociation rates
and the spectroscopic information in terms of abso-
lute transition frequencies are definitely more accu-
rate than in all previous nonlaser based studies in the
extreme ultraviolet. Drawbacks of the use of our XUV
laser setup in combination with 1+ 1 photoioniza-
tion are that not all the states identified by Letzelter
etal. [2] could be observed and that it is not possible
to measure absorption cross sections. Recently accu-
rate values for absorption cross sections were ob-
tained from synchrotron studies by Stark et al. [9,32]
on several states of CO.

Although for the modelling of the cold interstellar
medium data for J<35 would suffice spectra were
analyzed up to much higher values of J. Such data of
high J-values may have relevance for the modelling
of higher-temperature regions, such as e.g. circum-
stellar envelopes or the thermosphere of Venus [33].
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Appendix. Rate-equation model for the intensities in
1+1 two-photon ionization

A model is presented to calculate the relative spec-
tral line intensities in 141 two-photon ionization
processes, in case of a rapidly dissociating interme-
diate state. A level diagram as in fig. 19 is assumed
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with a ground state population N, and an excited state
population N,. The ground state is depopulated with
an absorption rate k,,, proportional to the intensity
of the resonant laser Ixv. The excited state popula-
tion N, is ionized with a rate k;,,, proportional to the
second ionizing field Iyyv. The excited state may also
be depopulated by fluorescence rate k; and a predis-
sociation rate kpreq.

Under conditions of “broadband excitation”, i.e.
the bandwidth of the laser radiation exceeding the
natural width of the transition, populations may be
calculated in a rate-equation model. The rate equa-
tions are

dn.
o =i~k (A1)
and
dn,
5 =K, (A2)

where k, is the total deexcitation rate of the excited
level:

kl=kpred+kion+kf- (A3)
A solution to eq. (A.2) is
N (1)=Nexp(—kust) . (A4)

kinn
12>
\ kp,.ed
kal)s
XUV k¢
>

Fig. 19. Generalized level scheme for a 1 XUV + 1 UV pho-
toionization process. Rotational ground state levels |1} are res-
onantly excited by XUV radiation. Excited levels |2) are either
ionized by the UV radiation, decay radiatively or predissociate.
The latter channel is dominant for the states in CO presently
investigated.

This equation holds for the case of non-saturation.

Under the condition that k,,; < k, saturation will not
occur, as the population N, of the excited state re-
mains low. Insertion of solution (A.4) into the rate
equation (A.1) yields
dn.
3 TN =kan NS exp(—kant) , (A.5)
where N ¢ is the ground state population at ¢t=0. With
the boundary conditions N, (¢) =0 for t=0and t—» o0
the solution to this equation is

kabsN (l)

NZ(t)= kr—]%bs

[exp(—kaps?) —exp(—FK.2)] .

(A.6)

Ions are produced during the time of the laser pulse
T,, in which excited state population is transferred
into the continuum with a rate k;,,. So the ion yield
is

T;
Iion= fhonNZ(t) dr. (A7)
Q

Inserting the solution for N, () then gives

- kionkabs o(l—exp(_kabsTp)
IlOll_ kt’kabs Nl kabs
exp(—ktTp)—-1> AS
+———————kl . (A.8)

At this point some further assumptions will be
made. The absorbing transition is far from satura-
tion, so the exponential containing the absorption rate
may be linearized. Furthermore in the present exper-
iment use is made of nanosecond pulsed lasers, so
T,~10~7s; while the deexcitation of the excited state
is fast, i.e. k,~ 10! s~ L, The second term in between
brackets is then found to be proportional to 1/k,. Eq.
(A.8) then contains two terms: one proportional to
T, (on the order of 10~?) and one proportional to 1/
k, (on the order of 10—!!). As the latter term is much
smaller it is neglected. With these assumptions eq.
(A.8) reduces to

_ ionkas o (A.9)

I ion
k,
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Here k, represents the total depletion of the excited
state, including the “natural” decay pathways of flu-
orescence and predissociation and the forced ioniza-
tion by the driving field Iyv. Under the conditions of
the present experiment with non-focused laser beams
(interaction diameter of 1 cm) the ionization deple-
tion is only a minor effect. The excited-state natural
lifetime is defined as

1
T= 7.
kpred+kf

In the case of the highly excited states of CO the
predissociation efficiency is larger than 99% and the
fluorescence rate is negligible. As long as this holds
eq. (A.9) reduces to

N (1) kion kabs
Kprea

Thus we find that the signal peak intensity is propor-
tional to the excited-state lifetime. We note that &,
contains the rotational linestrengths or Hohnl-
London factors.

The validity of eq. (A.11) is limited by the appli-
cability of the rate-equation model itself. When the
laser bandwidth is smaller than the natural width of
the transition coherence effects come into play and
the time evolution of the populations is governed by
the optical Bloch equations [34]. In case of a rapidly
predissociating state, excited by laser light with a nar-
rower bandwidth than the natural width, populations
were calculated by Ubachs et al. [35]. In the limit

1

WVigser K= ——,
Laser 2n1c

(A.10)

=N(l)kionkabs7:- (All)

I ion

(A.12)

with the laser bandwidth v in cm~!, the excited
state population N, was found to be proportional to
72. The analysis of ref. [35] was performed for con-
tinuous wave excitation. The excitation with nano-
second pulses may also be considered quasi-station-
ary, as long as molecular relaxation mechanisms occur
on faster time scales. So under the condition of eq.
(A.12) the following proportionality relation is

found:
Isignalxrz . (A.13)

In the present experiment a laser is used with a band-
width in the range Avy,,=0.30-0.44 cm~!. Life-

time broadening effects are deduced in the range
I'=0.15-2.0 cm—!. So for the broadest features the
signal is proportional to t2, whereas for the narrowest
lines the observed signals are proportional to 7. In the
intermediate regime, where 8¥y .., is about equal to
I, an intricate relation holds: Jggnaoc 7% with 1 <at <2
and o a function of (3 ueec/1).
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