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Extreme ultraviolet laser spectroscopy on CO in the 91-100 nm range 
Pieternel F. Levelt, Wim Ubachs, and Wim Hogervorst 
Laser Centre Free University, Department of Physics and Astronomy, De Boelelaan 1081, 1081 HV 
Amsterdam, The Netherlands 
(Received 8 June 1992; accepted 10 August 1992) 

’ Transitions from the ground state X B + u=O to eleven highly-excited states of CO were in- 
vestigated using extreme ultraviolet laser spectroscopy. Excited states were detected using a 
two-photon ionization scheme. Improved values of band origins could be deduced from an 
absolute calibration of the extreme ultraviolet laser radiation against the I, standard in the 
visible wavelength region. Accurate predissociation rates followed from linewidth analyses of 
individual rotational lines. 

I. INTRODUCTION 

In recent years the absorption spectrum of carbon 
monoxide in the extreme ultraviolet (XUV) wavelength 
range has attracted renewed interest because new and ad- 
vanced equipment for high resolution investigations be- 
came available. Large classical spectrometers such as the 
10 m VUV spectrograph of Meudon,lf2 synchrotron radi- 
ation sources such as the KEK photon factory in Japan374 
and laser-based tunable XUV sources’ now offer an instru- 
mental bandwidth of -0.5 cm-‘, i.e., a resolving power of 
2 X 105. This continued research is mainly motivated by the 
demand for accurate values on spectral line positions, ab- 
sorption cross sections and photodissociation rates to be 
used in chemical models for molecular clouds existing in 
various regions of outer space.6*7 

A vibrationally-resolved absorption spectrum recorded 
with synchrotron radiation provides an overview of the 
astrophysically relevant range 88.5-115 nm.* These mea- 
surements yielded first reliable values for absorption cross 
sections and photodissociation rates for 46 distinguishable 
vibronic features. As an important result it was established 
that the XUV-induced photodestruction of CO occurs pre- 
dominantly via discrete line-absorption. The quest is now 
for rotational resolution and for individual line-dependent 
parameters governing the photodynamics of CO. A com- 
prehensive study of the range 91.2-115.2, including differ- 
ent isotopes of CO, was reported by Eidelsberg et al. lp2 
using the spectrograph of Meudon. 

In addition to the straightforward use of XUV- 
photons, highly excited states of CO can also be probed in 
multiphoton schemes. Hines et aL9 applied a 2+ 1 single 
color REMPI-scheme for a study of the E ‘Il, v=O state. 
In multistep two” and three” color resonant schemes sin- 
gle rotational quantum states could be elegantly prepared 
before the iinal excitation of the Rydberg state. Finally, 
optogalvanic studies have been performed. 12,13 They have 
the experimental advantage that highly-excited states in 
the CO-molecule can be investigated with a single visible 
photon. The multiphoton and optogalvanic laser schemes 
have in common that they do not provide information on 
XUV absorption cross sections; nevertheless the spectro- 
scopic information obtained on highly-excited states is use- 
ful and may in principle be as accurate as information 
deduced from direct XUV-excitation. 

The mechanism(s) leading to predissociation of the 

excited states in the range above the dissociation limit 
(89 592& 15 cm-’ above the X ‘Z+ v=O, J=O ground 
state of CO) are not yet understood. As an exception pre- 
dissociation in the B (3s~) ‘1;+ Rydberg states, for u= 1 
5236 and v=2, all J, was found to be caused by the D’ ‘IS’ 
valence state.14 To attain a complete understanding of the 
predissociation processes involving states in the important 
energy range 89 000-l 10 000 cm-‘, combined efforts of 
experimentalists and theoreticians are still needed. 

In a program to remeasure and improve upon the ex- 
isting spectroscopic data on CO in the wavelength range 
9 l-100 nm we recorded spectra of 11 vibronic bands using 
our newly-built XUV-laser spectrometer. In a preliminary 
report’ data on two of these bands were already presented 
in detail. In the present paper accurate spectroscopic data 
as well as predissociation rates on nine vibronic states (the 
two remaining bands were too weak to extract useful spec- 
troscopic information) in the energy range 100 OOO- 
110 000 cm-’ are reported; two vibrational states v=O and 
2 of the lowest Rydberg state W ( 3sa) ‘Il converging to the 
A 211 ion core, several Rydberg states converging to the 
x2x+ core, (5pa)‘Z+ v=l, L (4prr)‘KI v=O, K 
(4&B+ u=o, (4&7)‘8+ u=O, L’(3d7r)‘ll u=l, and 
two more states of ‘2+ and ‘Il symmetry which are not yet 
spectroscopically identified in terms of molecular orbitals. 

II. EXPERIMENT 

A concise description of the XUV-laser spectrometer 
was given in a previous paper.5 Here we give only some 
relevant experimental details. CO molecules are excited 
under collision-free circumstances in a pulsed molecular 
beam expansion. Depending on time-delay settings either a 
cold ( -40 K) or an almost room temperature ( -250 K) 
rotational population distribution is probed by the pulsed 
(5 ns) XUV-light in a crossed-beam configuration. In this 
setup the Doppler contribution to the experimental line- 
width is co.02 cm-‘. The XUV-radiation is the exact 
sixth harmonic of a tunable dye laser at visible frequencies 
and is generated in two stages, frequency doubling of the 
fundamental in a crystal followed by frequency tripling of 
the UV laser light in a rare-gas medium. The XUV-beam 
diverges into the interaction zone where the molecules ex- 
perience an XUV power density at the peak of the pulse of 
- 1 W/cm2. An UV-pulse temporally and spatially over- 
laps the XUV-laser pulse (&= 3Axuv) with a peak 
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power of - 3 MW/cm2. CO molecules, excited by resonant 
XUV photons are subsequently ionized by this UV-light. 
The CO-ions are mass-selected before detection by means 
of a time-of-flight set-up allowing the recording of indepen- 
dent “CO and 13C0 spectra from a natural CO sample. 

The spectral width of the XUV radiation was found to 
depend on alignment, pumping rate, and dye- 
concentration in the oscillator stage of the laser at the 
fundamental frequency. The instrumental width is pre- 
dominantly determined by this XUV-linewidth. Selected 
transitions in molecular nitrogen [b’ ‘xi, u= 1 (Ref. 15) 
and v=7] and fluorine (H’II, u=O and u=l) were re- 
corded, also by means of 1 XUV+ 1 UV resonance ioniza- 
tion. The estimated predissociation rates for these excited 
states of N2 and F, preclude observable line broadening at 
the present level of resolution. From detailed analysis of 
the line profiles of a number of resonances in the N2 and F2 
spectra we find that (i) the line profiles are of Gaussian 
shape, and (ii) the width at full-width half-maximum 
(FWHM) is 0.32=l=O.O6 cm-‘. This value, somewhat 
lower than a previous estimate,5 but consistent within the 
estimated error bars, is taken as the instrumental band- 
width of the XUV laser spectrometer. 

The simultaneous recording of an Iz-absorption spec- 
trum in the visible with a CO-excitation spectrum in the 
XUV range provides an elegant tool for absolute frequency 
calibration. Based on the assumption of harmonic locking 
of the XUV and fundamental frequencies, line positions of 
CO resonances were accurately determined on an absolute 
frequency scale using a computerized interpolation 
method. The absolute accuracy of the I2 reference spec- 
trum’6*‘7 is 0.002 cm-‘. The spectral width of the funda- 
mental radiation ( -0.07 cm-‘) however limits the accu- 
racy in the reference lines to -0.015 cm-‘. Line positions 
of strong and unblended CO resonances can be determined 
to 10% of the observable widths, i.e., with a relative accu- 
racy of about -0.04 cm-‘. The absolute accuracy in the 
frequency positions of CO-lines is therefore estimated at 
0.13 cm-’ (=6x0.015 cm-‘$0.04 cm-‘). 

Ill. RESULTS 

Resonance ionization ( 1 XUV+ 1 UV) spectra of CO 
were recorded in the wavelength range 91-100 nm with the 
XUV laser spectrometer. Eleven vibronic bands were ob- 
served in excitation from the X ‘Z+, u=O ground state. 
Nine of these were intense enough to identify rotationally 
resolved lines and to extract spectroscopic information. Ei- 
delsberg et al., ‘+2 in direct absorption studies in the same 
energy range, identified 37 different vibronic features. The 
analysis of two strong transitions to the K (4pa)‘8+ v=O 
and W (3~0) ‘KI v=2 states at 97.04 and 94.12 nm was 
presented in a previous paper.5 In the present paper results 
of XUV-laser studies on seven additional excited states will 
be reported. The spectroscopic identification of Eidelsberg 
et a1.1s2 will be followed throughout this paper. In this an- 
notation the W (3sa)‘KI u=O, the (Spa)‘X+ u= 1, a ‘ZZ+ 
u= 2, and the L (4p~) ‘Il u=O states were recorded in 
strong transitions with band origins at 97.27, 91.34, 91.37, 
and 96.83 nm, respectively. All four bands were measured 
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w 3sall-I - x1x+ (0,O) 
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-ENERGY (cm-l) 

x999 I#984 i970 w9s3 y942 
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-ENERGY (cm-‘) 

FIG. 1. (Upper part) 1 XUV+ 1 UV resonance-enhanced two-photon 
ionization spectrum of the W  (~s(T)‘II-JT ‘Z+ (0,O) transition in ‘*CO at 
97.27 nm observed in a molecular beam of near room temperature rota- 
tional distribution. R, P, and Q-branches are identified. (Lower part) 
I,-absorption spectrum recorded in the visible wavelength region. Some of 
the unblended and symmetrical I,-lines used for the calibration are 
marked with (#). Reference is made to numbers in the &-atlas. 

at least six times in molecular beams with hot and cold 
population distributions, showing high-J and low-J rota- 
tional lines in separate spectra. In Figs. l-3 recordings of 
these four bands are shown. The L’ (3dn)‘Il u= 1 and 
(4&)‘8+ v=O states and a ‘Il v=2 state, at 96.89, 94.63, 
and 92.87 nm, respectively, could only be observed as weak 
features in cooled expansions. Two other extremely weak 
features belonging to the ‘II-x ‘g+ (0,O) and (6~0) ‘Z+- 
X ‘2+ (0,O) transitions at, respectively, 91.27 and 91.60 
nm, were recorded at a low signal to noise ratio and no 
reliable spectroscopic information was inferred. In the 
supersonically-cooled part of the molecular beam expan- 
sion of pure and natural CO (1% 13CO) with a dense 
population of J states, a spectrum of the strong W-X (0,O) 
band of 13C0 could be recorded as well near 97.30 nm. 

A. Spectroscopy 

The transition frequencies of resolved rotational lines 
in seven bands were compared with expressions for ‘2-‘8 
and ‘II-‘8 transitions, 

where v. is the band origin, B is the rotational constant, D 
is the centrifugal distortion constant, and J is the rotational 
quantum number of the excited vibronic state. The ground- 
state energy levels E,(J”) were calculated from spectro- 
scopic constants of Guelachvili et al. ‘* The average transi- 
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5palx+ - x’x+ (1 ,O) 

(a) “cold” 

lo,ll~~T, , , , , , , , , , , 
1234567 8 9 10 11 12 13 14 

tFl Pd 
Ii,, 111r, I I I I I I 

6543210 12345678 91011 

(b) “hot” 

I 1 I I I I 
109500 109480 109460 109440 109420 109400 109380 

- ENERGY (cm-l) 

FIG. 2. XUV excitation spectrum of the (5po)‘H+-X ‘If (1,O) and ‘8+-X ‘Z+ (2,0) bands at 91.34 and 91.37 nm observed in a cold beam of 12C0 
(a) and in a molecular beam of 250 K (b). The broad feature indicated with (*) is the Q-bandhead of a (5pv)‘WJY ‘Z+ (1,O) transition (Ref. 2). 

tion frequencies and uncertainties are listed in Tables I-VI 
for six different bands. The frequency scales of the spectra 
were linearized by fitting a spline function through a man- 
ifold of iodine lines. The I*- and XUV-resonances were 
fitted with Gaussian and Voigt profiles. The CO resonance 
frequencies were determined by computerized interpola- 
tion between selected I, lines, multiplying the resulting fre- 
quency with a factor of 6. The spectroscopic constants 
were determined by fitting the experimental data to the 
calculated transition frequencies in a least-squares minimi- 
zation routine. As information on high J-states obtained in 
the present experiment is rather limited and the resolution 
in the spectra is only slightly better than in the spectra 
recorded by Eidelsberg et al. ‘,* we do not expect a signifi- 
cant improvement in the accuracy of rotational constants. 
Therefore apart from a few cases, we kept the rotational 
constants B and D fixed at Eidelsberg’s values and focused 
attention on a determination of accurate band origins vc. 
Here full advantage is taken of the absolute calibration 
accuracy of the XUV laser spectrometer. The resulting 
spectroscopic constants are listed in Table VII. The spec- 
troscopic constants for the K (4pa)‘2+ v=O and W 
(3~) ‘II v=2 states, published earlier,5 are also included 
for reasons of completeness. 

For a description of the L (4~7r) ‘II-x ‘EC v=O tran- 
sition it turned out to be necessary to include A-doubling, 
i.e., a splitting in a Il+ level, probed in the P and R 

L4prc’l-I - x1x+ (0,O) 

(a) “cold” 

-I3 
, 

3 2 1 0 

-0 P- 
4 I 

19 17 15 13 11 9 7531 2 3 

(b) “hot” 

.~ 
c 

103290 103285 103280 103275 103270 103265 103260 

-ENERGY (cm-l) 

FIG. 3. “Cold” (a) and “hot” (b) spectrum of the L (4p7r)‘II-A’ ‘8’ 
(0,O) transition at 96.83 nm. 
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TABLE I. Observed line positions in the W ‘II-X ‘1’ (0,O) band at 97.27 nm for 12C0 and at 97.30 nm 
for “CO (with *). Differences between observed and calculated line positions [with formula (l)] are also 
included. Lines marked with (a) were not used in the minimization routine because of large uncertainties. 
Lines marked with (b) are blended. All values are in cm-‘. 

R(J) Q(4 P(J) 
J observed obs. - talc. observed obs. -talc. observed obs. - talc. 

0 
0 
1 
I 
2 
2 
3 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 
13 
14 
15 
16 
17 
18 

102 809.88(5) 
*102778.70(S) 

102812.35(6) 
*102781.09(5) 

102813.85(8) 

0.02 
-0.02 

0.08 
0.05 

-0.10 

102805.98(4) 
*102775.03(5) 

102 804.51(5) 
*102773.61(5) 

102 802.42(8) 
*102771.73(6) 

102799.50(9) 
102795.95(9) 
102791.61(4) 
102786.37(7)(b) 
102 780.47(6)(b) 
102773.78(7) 
102766.32(7) 
102758.05(6) 
102748.87(6) 
102738.76(6) 
102727.80(8) 
102716.08(8) 
102703.40(9) 
102689.79(9) 
102 675.54(a) 

-0.04 
-0.01 
-0.07 102798.24(10) -0.09 
-0.08 

0.00 102793.07(10) 0.02 
0.07 

-0.02 
0.06 
0.09 

-0.01 
-0.01 
-0.01 

0.02 
0.05 
0.02 

-0.08 
-0.14 
-0.05 

0.02 
0.12 

branches, and a II- level probed in the Q lines. In that case 
the transition frequencies to II’ and II- states were 
equated with 

Y~,+=~~++J(J+~)-DJ*(J+~)*+~~J(J+~)--E,(J”), 

vn-=vo+BJ(J+ 1) -DJ*(J+ l)*-E,(J”), (2) 

where qn is the A-doubling parameter. Even with the in- 
clusion of A-doubling the assignment of Q-lines in the L 
(4p7r) ‘II-X ‘2’ (0.0) band at 96.83 nm turned out to be 
far from trivial. Also the data in the CO-atlas* were of no 

TABLE II. Observed line positions in the ‘8+-X ‘Z+ (2,0) band for 
12C0 at 9 1.37 nm. Differences between observed and calculated line po- 
sitions [with formula ( l)] are also included. All values are in cm-‘. 

R(J) P(J) 
J observed obs. - talc. observed obs. -talc. 

0 109452.48(7) -0.04 
1 109455.79(9) 0.00 109445.02(7) -0.10 
2 109458.72(9) -0.04 109440.80(12) -0.19 
3 109461.27(12) -0.17 109436.46(12) -0.10 
4 109 463.86( 14) 0.05 109431.98(7) 0.13 
5 109426.91(7) 0.07 
6 109 421.78( IO) 0.25 
7 109 415.96( 10) 0.05 
8 109409.93( 10) -0.05 
9 109403.67(15) -0.06 
10 109 397.31( 15) 0.16 
II 109390.29(20) 0.06 
12 109382.93(2) -0.04 
13 109375.16(20) -0.17 
14 109366.92(30) -0.40 

guidance; the reported data for this Q-branch did not 
match the present observations. However a consistent as- 
signment was found by making use of accurate spectro- 
scopic constants for the L ‘II state (including A-doubling) 
determined by optogalvanic spectroscopy’* as well as 
choosing the first individual rotational line at the high- 
frequency side of the congested Q-bandhead to be the Q( 8) 
line. With this identification the strong dip in intensity 
between the Q( 8) line and the Q-bandhead (see Fig. 3) 
reflects an anomalously weak Q(7) transition. The same 
effect was found even more pronounced in the optogalvanic 
experiment.‘* It was attributed to an accidental predisso- 
ciation of the Il- component of the J=7 level. 

B. Predissociation 

Varying widths were observed for individually resolved 
rotational lines in the different CO bands. The spectral 
width in the transition to the L (4pr) ‘Il v=O band equals 

TABLE III. Observed line positions in the (5~x7) ‘x+-X ‘Z + ( 1,O) band 
for 12C0 at 91.34 nm. Differences between observed and calculated line 
positions [with formula (l)] are also included. All values are in cm-‘. 

R(J) P(J) 
J observed obs. -talc. observed obs. -talc. 

0 109484.72(4) 0.03 
1 109488.11(6) -0.05 109477.29(g) 0.10 
2 109491.34(S) -0.10 109 473.17(8) 0.02 
3 109494.60(8) 0.06 
4 109497.12(15) -0.32 
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TABLE IV. Observed line positions in the L (4pn)‘KX ‘Z+ (0,O) band for ‘%O at 96.83 nm. Differences 
between observed and calculated line positions [with formula (2)] are also included. Lines marked with (b) 
are blended. All values are in cm-‘. 

R(J) Q(J) P(J) 
J observed obs. -talc. observed obs. -talc. observed obs. - talc. 

0 103 275.86( IO) 0.03 
1 103 279.92(4) 0.01 
2 103 284.12(4) 0.01 103 264.25(7) -0.05 
3 103 288.44(6) 0.02 103 260.72(4) 0.03 
4 103 257.17(5) -0.03 
5 103 253.92(5) 0.10 
8 103 274.52(4) -0.02 
9 103 275.18(5) -0.03 
10 103 275.93(7)(b) -0.02 
11 103 276.80(4) 0.03 
12 103 277.65(4) 0.00 
13 103 278.56(4) - 0.06 
14 103 279.68(5)(b) 0.03 
15 103 280.74(4) -0.02 
16 103 281.91(4) -0.03 
17 103 283.25(5) 0.06 
19 103 285.85(5) -0.06 

the estimated instrumental linewidth, while the linewidths 
in the L’ (3d7r)‘II-X ‘Xf (1,O) spectrum are up to 1.5 
cm -‘. The line-broadening may be attributed to predisso- 
ciation of the excited levels. The observed linewidth Sv,,,,$ is 
a convolution of instrumental linewidth 8vinstr (of Gauss- 
ian shape) and the linewidth l? caused by predissociation 
(Lorentzian profile). To estimate the intrinsic linewidth I 
the following analytical deconvolution of a Voigt profile is 
used”: 

r =S~&f,- (S~vi,str)2/~~&s (3) 

which is valid under the condition that Svinstr is of Gauss- 
ian and I of Lorentzian line shape. Lifetime r and intrinsic 
linewidth l? are related by 

kp= r- l= 2a rc, (4) 
where c is the speed of light and kp is the predissociation 
rate. Here it is assumed that radiative relaxation is a much 
slower process than predissociation; the excited CO levels 
are indeed known to effectively predissociate for 99%.‘18 It 
should be noted that residual Doppler broadening is in- 
cluded in the instrumental linewidth. 

The observed shapes of unblended lines were fitted 
with a Voigt-profile and good agreement was found be- 
tween the synthetic and observed line shapes. From this 
procedure accurate values Snobs for the experimental 

TABLE V. Observed line positions in the (4&)‘Z+-X ‘PC (0,O) band 
for “CO at 94.63 nm. Differences between observed and calculated line 
positions [with formula ( l)] are also included. All values are in cm-‘. 

R(J) P(J) 
J observed obs. -talc. observed obs. -talc. 

0 105 680.22( 8) -0.05 
1 105 684.02( 10) +0.06 105 672.58( 10) -0.08 
2 105 687.69( 10) +0.12 105 668.73( 10) -0.01 

widths (FWHM) were determined. Using the deconvolu- 
tion procedure of Eq. (3) with Svinstr=0.32+0.06 cm-’ 
predissociation rates and lifetimes are derived. Values for 
the different states under investigation are listed in Table 
VIII. We verified that various possible saturation mecha- 
nisms, such as power broadening and ionization depletion, 
which might give rise to additional line broadening, did not 
affect our results. Also included in Table VIII are im- 
proved values for predissociation rates for the K (4pcr) ‘Z+ 
v=O and W (3~0) ‘II v=2 states. The intrinsic linewidths 
were now deduced in a way that differs in two respects 
from the preliminary analysis reported in Ref. 5. First, a fit 
with a Voigt function was implemented, resulting in better 
agreement with the observed line profile as with the earlier 
used Gaussian function. Second, the new value of 0.32 
AO.06 cm-’ for the instrumental linewidth was used in the 
deconvolution procedure of Eq. (3). 

Important for an implementation of predissociation ef- 
fects in models for the interstellar medium are dependen- 
cies of predissociation rates on rotational states. We did 
not observe any systematic variation in the linewidths for 
rotational states within a particular band, however with 
one exception. Notwithstanding the low signal to noise ra- 
tio some indication of a rotational-state-dependent line 
broadening in the ‘II-X ‘Z+ (2,0) band at 92.87 nm was 

TABLE VI. Observed line positions in the ‘II-X ‘Z+ (2,O) band for 
12C0 at 92.87 nm. Differences between observed and calculated line po- 
sitions [with formula ( I)] are also included. The Q-bandhead (a) was not 
included in the minimization routine. All values are in cm-‘. 

J 
R(J) 

observed obs. -talc. 
Q-head 

observed 

0 107 685.71(6) -0.08 
1 107 689.65(6) +0.06 107 681.78(a) 
2 107 693.40(6) to.03 

J. Chem. Phys., Vol. 97, No. 10, 15 November 1992 
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TABLE VII. Spectroscopic constants for several states of “CO and 13C0. Values marked with (a) were taken from Eidelsberg et al. (Refs. 1 and 2) 
and with (b) from Sekine et al. (Ref. 12) and fixed in the minimization routine. 6v0 represents the difference between the present value for the band 
origin and the value given in Ref. 2. The values for the bands indicated with (c) were already published in a perliminary report (Ref. 5). It should be 
noted that our estimate for the absolute frequency uncertainty in the band origins Y” is 0.13 cm-‘. 

v. (cm-‘) B (cm-‘) D (cm-‘) qT (cm-‘) Svo (cm-‘) 

If’ (3so)‘II u=o 

K (4pa)‘Zf u=O(c) 

L’ (3dn)ln U= I 
,c (4pdln O=O 
(tiu)‘I+ u=o 
R’ (3s0)‘n 1=2(c) 

‘II v=2 
‘H+ LIZ2 
(5pu)‘Z’ u= 1 

‘*co 
‘3co 
‘2co 
‘3co 
‘*co 
‘%o 
wo 
wo 
wo 
‘Vo 
‘To 
‘ko 

102 806.74 (2) 
102 775.71 (2) 
103 054.71 (2) 
103 054.53 (4) 
103 211.88 (9) 
103 271.87 (2) 
105 676.51 (5) 
106 250.81 (3) 
106 196.41 (5) 
107 681.97 (4) 
109 448.97 (3) 
109 481.03 (3) 

1.5634 (5) 
1.5016 (46)(a) 
1.9159 (2) 
1.8174 (36)(a) 
1.7966 (23)(a) 
1.959 68 (24) (b) 
1.8829 (21)(a) 
1.6246 (8) 
1.5370 (26)(a) 
1.9118 (3)(a) 
1.7781 (7) 
1.829 (2)(a) 

8.3 (2) x 1O-5 
9.6 (20) x 10m5(a) 
5.85 (6) x 1O-5 
2 (1)X10-‘(a) 
1.0 (5) X 10e5(a) 
6.7 (1) x 10@(b) 
1.0X 10-‘(a) 
7.7 (8) x 10e6(a) 
5 (3) X 10W6(a) 
7.0X 10A6(a) 
5.4 (1) X IO-‘(a) 
1.0X IO-‘(a) 

0.0213 (12) (b) 

+0.3 
+ 1.6 
+0.64 
+1.3 
+0.7 
+0.6 
+l.O 
+0.9 
+0.7 
i-O.67 
t-o.9 
+0.75 

found, 8~;~~ is 0.41 (5) cm-’ for R(0) and 0.57 (7) cm-’ 
for R( 1). The spectrum of this band was of low intensity 
and only R (0) and R ( 1) states could be used for linewidth 
determination. For all other bands the values for the line- 
widths of unblended rotational lines were averaged, result- 
ing in a reduced statistical uncertainty. The specific J- 
values that were included in the predissociation analysis 
for each particular vibronic state are listed in Table VIII. 

IV. DlSCUSSlOPl AND CONCLUSIONS 

Nine bands were measured in high resolution with a 
laser-based XUV spectrometer in the wavelength region 
91-100 nm. Compared to recent experiments employing 
synchrotron radiation3*4 or a large VUV-spectrograph’** 
our instrumental resolution of 0.32 cm-’ is somewhat bet- 
ter. In several cases we were able to improve the accuracy 
of rotational constants but the major advantage of the 
present experiment lies in the capability of absolute cali- 
bration. As a consequence accurate values for the band 
origins could be derived. We estimate an absolute accuracy 
in the values for v. of 0.13 cm-‘. The somewhat smaller 
values listed in Table VII stem from the internal consisten- 
cies of the fits. 

The present values for v. deviate substantially from 
those listed in the “CO atlas,* from 0.3 cm-’ for the W ‘KI 
v=O state to 1.0 cm-’ for the (4do)+Z’ v=O state (8~~ in 
Table VII). The shift in the band origin for 13C0 varies 
between 0.7 cm-’ [W(3sa)‘II v=2] and 1.6 cm-’ [W 
(3sa)‘II v=O]. Our accurate data have been used already 
for a recalibration of the CO-atlas in this wavelength re- 
gion.20 

There appears to be a systematic trend towards shorter 
lifetimes in the present data when compared with the val- 
ues of Eidelsberg et aZ.* Particularly the (5~0) ‘2+ v= 1 
and the ‘Z+ v=2 states observed near 91.35 nm appear to 
dissociate an order of magnitude faster. An exception is 
formed by the L (4pn) ‘II v=O state where no broadening 
beyond instrumental width could be observed. A lower 
limit of T > 3 x 10-l’ s may be estimated, a value in agree- 
ment with the value of Eidelsberg.* Some indication of 
isotopic dependent predissociation is found in the W v=O 
state. In our previous paper we reported that the 13C160 
isotope in the v=2 level of the same electronic state pre- 
dissociates at a lower rate than the main isotope.5 Different 
predissociation rates for the isotopic variations of CO may 
have some implications for the chemical modeling of inter- 

TABLE VIII. Observed linewidth Sv,,,, and deconvoluted values for the intrinsic linewidth r, excited state lifetime T and predissociation rate kp for 
several states of CO. Values for bands indicated with (c) were reported previously (Ref. 5); note that the present estimate differ somewhat from the 
preliminary estimates. In the last column the particular J-states used for the linewidth analysis are listed. 

W (3so)‘II c=O 

K (4pu)‘X’ u=O(c) 

L’ (3dn)‘II u= 1 
L (4pa)‘n U=O 

(‘ldu)‘P+ u=o 

w (3s0)ln v=~(c) 

‘II u=2 
Ix+, a=2 
(spo)‘P* u= 1 

‘To 
‘ko 
‘Vo 
“co 
‘*co 
‘*co 
wo 
wo 
‘Vo 
‘Vo 
‘*co 
‘Vo 

6vob, (cm-‘) 

0.43 (7) 
0.37 (5) 
0.40 (6) 
0.40 (6) 
1.5 (5) 
0.33 (8) 
1.0 (3) 
0.7 ( 1) 
0.47 (7) 
0.49 (7)a 
0.7 (1) 
0.7 (1) 

r (cm-‘) 

0.19 (10) 

0.14 (10) 
0.14 (10) 
1.4 (5) 

0.90 (30) 
0.55 (11) 
0.25 (10) 
0.28 (9) 
0.55 (11) 
0.55 (11) 

kp (s-‘) 
3.6 (19)~lO’~ 

<3XlO’O 
2.7 (18) x 10” 
2.7 (18) x 10” 
2.7 (9) x 10” 

<3XlO’O 
1.7 (6) x 10” 
1.0 (2) x 10” 
4.7 (19) x 10’0 
5.3 (17) x 10’0 
1.0 (2) x 10” 
1.0 (2) x 10” 

T (s) T (s), Ref. 2 J-states 

2.8 (15) X lo-” 10-10 
>3xlo-” lo-‘O 

3.7 (25) X10-” lo-‘O 
3.7 (25) x IO-” IO-‘O 

3.7 (13)x10-‘* 3 >3xlo-” c’i” 
5.9 (20) x lo-‘* 10-l’ 
1.0 (2) x10-” lo-” 
2.1 (9) x lo-” 10-I’ 
1.9 (6)x lo-” 10-l’ 
1.0 (2)X 10-l’ 
1.0 (2) x lo-” 

l-6,10,1 1 
12 

O-3,5-12 
l-4 

1 
172 
12 

1+7 
12 
12 

O-2 
O-3 

‘Some indication of rotational dependence (see text). 
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stellar clouds. The error margins in the present values for 
predissociation rates are on the order of 20%50%. In the 
near future we hope to improve our dye laser system re- 
sulting in a reduction of the spectral width of the XUV 
radiation by an order of magnitude. Our aim is to deter- 
mine accurate lifetimes at the 3 x IO-‘OS level and to study 
rotational-state-dependent predissociation effects. 

In the range 91-100 nm eleven vibronic features could 
be observed with the technique of I XUV + 1 UV reso- 
nance ionization, while in absorption 37 bands were ob- 
served.2 However, the present experiments were performed 
on a molecular beam with orders of magnitude lower col- 
umn density than in the measurements at the 10 m VUV 
spectrometer of Meudon. We estimate a pressure of 10e4 
Torr and an efficient length of 1 cm in the interaction zone. 
A remarkable point is that some transitions, expected to be 
strong, were not observed. Because of the fast predissoci- 
ation rates of the excited states of CO (Table VIII) the 
competition between predissociative decay and ionization 
is dominated by the first process. It has to be noted that the 
ionization is induced by a diverging UV laser beam. Under 
these circumtances the actual ionization rate is expected to 
be proportional to the excited state lifetime r, as long as r 
is shorter than the duration of the temporarily overlapped 
XUV/UV beams, which is 5 ns. In that case the signal 
intensities of individual lines in 1 + 1 resonance ionization 
is proportional to 

kg - Oabs’rcrion . (5) 

Here o,b, is the absorption cross section at maximum, and 
aion is the UV-induced ionization cross section of the ex- 
cited state. The dependency on the lifetime r in Eq. (5) 
was found to be valid for 1 + 1 ionization processes in N, 
for predissociating states with lifetimes in the range 1.5- 
150 ps.*’ Despite a number of multiphoton ionization stud- 
ies on CO (Refs. 9, 11, and 22) values for the ionization 
cross sections oion for specific excited states of CO are not 
available. The following discussion is based on the assump- 
tion that oion is constant for the states investigated. The 
maxima in the absorption cross section a&, may be 
adopted from Fig. 1 of Ref. 2 which represents a synthetic 
spectrum computed at 50 K based on experimentally de- 
duced parameters. From a calculation of the product oabsr 
it follows that the value for the K (4pa) ‘1;+ u=O state and 
the L (4prr)‘II u=O state are largest, 5.6~ lo-” and 1.2 
X 1O-25 cm2 s, respectively. Indeed these two states are 
observed in intense spectra. Based on such a calculation we 
can now understand why the L’ (3da) ‘II u= 1 feature, 
clearly observable in absorption adjacent to the L (4~77) ‘II 
u=O band (see Fig. 1, Ref. 3) is barely visible in the 
present 1 + 1 ionization measurements. The lifetime of the 
L’ state is estimated to be at least an order of magnitude 
shorter than that for the L state (see Table VIII), while its 
peak absorption is smaller by a factor of 2. In general we 

find that the observed relative band intensities of the 1 
XUV+ 1 UV ionization spectra indeed scale with the cal- 
culated value for the product o&r. However for a 5pa ‘Z+ 
u=O feature at 93.31 nm the large value of 1.5X 1O-25 
cm2 s is calculated even if a low value for the lifetime of 
10-l’ s is taken (in Ref. 2 a value of IO-‘OS is reported). 
Despite several efforts this vibronic feature could not be 
observed. We do not have an explanation for this fact other 
than pointing at the possibility of a reduced ionization 
cross section oion in this energy window. 

In the near future a monochromator setup to separate 
XUV and UV will be added to the XUV-laser spectrome- 
ter. The excited states, now investigated by 1 XUVf 1 UV 
photoionization, can then be studied by straightforward 
XUV absorption. Values for photoabsorption cross sec- 
tions may then be extracted directly from laser-based XUV 
studies. Comparing absorption spectra with 1 XUV + 1 UV 
ionization spectra will then provide information on ioniza- 
tion cross sections as well. 
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