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The two lowest-v' (0,0) and (1,0) bands of the A'TT —X' =+ system of '2C'®O have been investigated by two high-resolution
spectroscopic methods. A vacuum ultraviolet Fourier-transform spectrometer, illuminated by synchrotron radiation, was
applied to record a jet-cooled spectrum and a room temperature static gas spectrum, resulting in absolute accuracies of
0.01—0.02 cm™!. In addition two-photon Doppler-free laser spectroscopy has been applied to a limited number of rotational
lines, resulting in an accuracy of 0.002 cm™'. The data were used to perform an improved analysis of the perturbations in
the A'TI, v =0 and v = 1 levels by vibrational levels in the D' A, I' Y™, e~ ~, d>A. and 2> T * states.
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1. Introduction

The A'TT —X'S* band absorption system of carbon
monoxide has been known since its first observation as
band heads in 1888 by Deslandres, who labelled it as the
fourth positive system [1]. Simmons ef al. recorded and
analysed rotationally resolved spectra of the A'TT —X' % +
(V/, 0) bands in absorption up to v = 23 [2]. The A'Il
state was also investigated via the Angstrom bands (B' = *
—A!TI system), initially by Birge [3], later by Kepa and
Rytel [4], and thereafter with very high accuracy by Fourier-
transform (FT) spectroscopy by Le Floch and Amiot [5].
In addition, information is extracted from the Herzberg
bands (C'S*+ —A!ITl system) [6] and the E'TT —A'Il
system [7].

A comprehensive study of the perturbations in the A'TT
state was performed by Field ef al. [8], based on the knowl-
edge available in 1972. For analysing the perturbations in
the A'IT state the spectroscopic investigations of the per-
turbing states, observed in forbidden systems, are of rele-
vance. Herzberg and Hugo observed the a? %+ —X!x+
and X~ —X'XZ+ systems [9], while Herzberg et al. ob-
served the > A —X! X+ system [10], Simmons and Tilford
the D'A — X! * system [11] and Herzberg et al. the I' £~
—X!'X* system [12].

Spectroscopic absorption and emission data of im-
proved resolution were obtained by Le Floch and coworkers
for some A'TT —X!' X * bands, as well as the perturbing in-
tercombination bands, at an absolute accuracy of 0.06 cm™! .
In particular, a very detailed perturbation analysis of the

A'TI, v = 0 state was performed for rotational states up to
J = 75 [13] and for the specific rotation-electronic inter-
action between the A'TT and D'A states [14]. Details of
an analysis of the A'TI, v = 1 state, as performed by
Le Floch [15], can be found in the compilation of clas-
sical data by Morton and Noreau [16]. Notwithstanding
the high accuracy of the data obtained from the classi-
cal studies, Drabbels et al. found small deviations for
level energies of four (e)-parity levels of A'II, v = 0,
J =1 — 4 from a laser excitation study [17] performed
at an accuracy of 0.002 cm™'; values for these levels
were found to deviate by —0.037 cm™! from the classical
data [13].

For targeted studies using the A'TT —X'X * bands of
carbon monoxide to probe possible variations of the proton-
to-electron mass ratio yu = m,/m, on cosmological time
scales, an absolute accuracy of 0.01 cm™' is required [18].
Therefore our team set out to remeasure the A'TT —X!% +
spectra at high resolution and accuracy, and part of the
data have been published recently in the context of search-
ing for p-variation [19]. Here we report a more extensive
data set for the A'TT —X'X* (0,0) and (1,0) bands, as
obtained from (i) a vacuum ultraviolet (VUV) FT study
in both molecular jet and static gas configurations and (ii)
a Doppler-free two-photon laser excitation study. By in-
cluding highly accurate spectroscopic information on the
X!'¥ * ground state of 12C'%0 obtained from infrared [20]
and far-infrared studies [21] an improved analysis of the
perturbations inthe A'TT, v =0and v = 1 states is presented.
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Spectra recorded with the vacuum ultraviolet Fourier-transform setup at the SOLEIL synchrotron. On the left the room

temperature static gas absorption spectra are displayed, and on the right the jet absorption spectra. In the top row are overview spectra,
in the middle panels a zoom-in on the (1,0) band, and the lower panels are detailed views of the spectra that demonstrate the linewidths.
Note the narrow linewidth for the lowest J-levels in the jet spectra, and the increased linewidth for the higher J-levels, due to contributing
absorption by background static gas.

2. Experimental

Two independent high-resolution spectroscopic studies of
the A'TT —X'=* (0,0) and (1,0) bands were performed.
The experimental methods have been described in Ref. [19],
and are only introduced briefly here.

2.1. VUV-FT spectroscopy

The VUV-FT spectrometer installed at the of the SOLEIL
DESIRS (Dichroisme Et Spectroscopie par Interaction avec
le Rayonnement Synchrotron) beamline synchrotron was
used for recording direct absorption spectra, hence the
transitions probed follow one-photon selection rules. For
a detailed description of this instrument we refer to Refs.
[22,23]. Of importance are the conditions and configu-
rations under which the gas-phase absorption was moni-
tored: a windowless cell-configuration and a free-jet con-
figuration. A windowless T-shaped cell-configuration of
10 cm length was employed to record a spectrum from
quasi-static CO gas. A free-jet configuration was used

to measure the narrow lines characteristic of a jet-cooled
beam, delivering spectra at a rotational temperature of 12
K, and with reduced Doppler width. Typical VUV-FTS
spectra obtained from both configurations are shown in
Figure 1.

In order to achieve optimum resolution in both config-
urations, each measurement was recorded by taking 1978
kilo-samples of data throughout the moving arm travel dis-
tance of ~40 mm. This setting produces an instrumental
resolution of 0.075 cm™! or resolving power of 900,000.
When the travel distance of the moving arm is known
[22,23], the wavelength of the FT spectrometer is intrinsi-
cally calibrated. Verification and further fine-tuning of the
absolute calibration is obtained from on-line recording of a
xenon line, which is produced in the gas filter employed for
filtering the harmonics generated in the undulator section
of the beam line. The calibration line is the Xe resonance
at 68 045.156 (3) cm~'[24], which is based on accurate rel-
ative measurements [25] and the measurement of a VUV
anchor line [26].



Downloaded by [Vrije Universiteit Amsterdam], [W. Ubachs] at 06:05 07 December 2014

Molecular Physics 2165

Ring 600-620 nm

Dye

Isolator
\ [ > ) ’ @
\ > Fiber

Diff.
Det. i / 7

‘ELskimmer
|

4 N\
>;<l\

Wavelength
meter

Stabilized
He-Ne
Laser

)

Relative frequency calibration

/ 4 Nd:YAG
E%? Laser
DD, s > >
f— r
Dye Dye i

N i
N\ 300-3’0 nm ¢

Figure 2. Experimental configuration employed for the 2+1° REMPI laser measurements. In the top part the CW ring dye laser, and the
calibration facilities are shown. In the lower right part the pulsed dye amplifier (PDA) setup is depicted. The lower left part shows the
interaction zone of the molecular beam with the two ultraviolet laser beams, and the Sagnac interferometric geometry for the frequency-
doubled output of the injection-seeded PDA. The acronyms BBO, KDP and KD*P refer to crystals used for non-linear upconversion of

laser radiation.

2.2. Two-photon laser study

Two-photon Doppler-free excitation studies on the
CO A'IT —X!'¥+ system were performed with the
pulsed-dye-amplifier (PDA) laser system at Amsterdam,
which has been used in several studies and described in
previous publications (e.g. Ref. [27]). It consists of a three-
stage narrowband tunable PDA, seeded by the output of a
cw ring dye laser (Spectra Physics 380 D), and pumped by
a Nd:YAG laser, delivering nearly FT limited laser pulses
of 5 ns duration. For absolute frequency calibration of the
seed laser I, saturated absorption spectra were recorded for
reference [28,29], while transmission peaks of a length-
stabilised etalon (of free spectral range 148.96 MHz) was
employed for interpolation and for linearisation of the scan.
The pulsed output of the PDA system was frequency dou-
bled in a KDP crystal, and the tunable UV pulses were
employed in the two-photon experiment.

Two-photon laser excitation is performed after splitting
the UV-laser beam in two parts, each one perpendicularly
crossing a pulsed and skimmed molecular beam, arranged

from opposite sides as illustrated in Figure 2. Exact counter-
propagation is achieved by aligning the beams as part of
a Sagnac interferometer [30] to avoid residual Doppler-
shifts. Considering the compromise between the signal-
to-noise ratio and AC-Stark effects, each FT limited UV-
laser beam is loosely focused with a 1-m lens. Another
deep UV beam of 207 nm, generated by frequency tripling
the 621 nm output of a pulsed dye laser system (Spectra-
Physics PDL3), is employed for ionising the A'TT excited
state population in a 2+1’ resonance enhanced multi-photon
ionisation (REMPI) scheme. It is noted that one photon at
207 nm suffices to ionise a molecule excited into the A'TT
state. In order to avoid AC-Stark effects from the ionisation
laser, its pulse timing is delayed by 10 ns with respect to
the excitation laser. CO * -ions, produced upon REMPI, are
accelerated in a time-of-flight tube towards a multichannel
plate (MCP) detector.

Sources of uncertainty in the absolute frequency cali-
bration in the laser experiment were investigated. The sta-
tistical uncertainty associated with remeasurement of the
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Table 1. Calibrated one-photon transition frequencies (in vacuum cm™') in the 2C'°0 A'IT —X'=* (0,0) and (1,0) bands from
the VUV-FTS study. Lines marked with 5 were blended, and with w were weak in the spectrum. The estimated uncertainty is 0.01

cm™!(10) except for the weak or blended lines.

0,0) (1,0)
0 64747.97 66236.22
1 64750.50° 64744.13 66238.49 66232.38
2 64752.35 64742.83° 64736.44 66240.01 66230.80 66224.69
3 64753.54 64740.86 64731.25 66240.79" 66228.48 66219.27
4 64754.01 64738.23 64725.44 66240.85° 6622541 66213.09
5 64753.73 64734.93 64718.92° 66240.25 66221.64 66206.20”
6 64752.62 64730.95 64711.72 66238.99 66217.19 66198.58
7 64750.33° 64726.26 64703.77 66237.06 66212.08 66190.29°
8 64745.87 64720.84 64694.96 66234.47 66206.30° 66181.35°
9 64752.11 64714.60 64684.97 66231.24 66199.89 66171.72
10 64747.30 64707.40 64672.84 66227.35 66192.81 66161.47
11 64742.66" 64698.87 64671.40 66222.81 66185.09 66150.55
12 64737.56 64688.26 64658.92 66217.60 66176.71 66138.99
13 64731.83 64693.70 64646.61 66211.73 66167.67 66126.77
14 64725.02 64682.70 64633.88 66205.18 66157.96 66113.91
15 64716.31 64671.99 64620.44" 66197.96 66147.59 66100.36
16 64717.69" 64661.11 64606.02" 66190.03° 66136.54 66086.16
17 64708.31 64649.80 66181.47" 66124.81 66071.28°
18 64699.22 64638.02 66172.23 66112.41 66055.77"
19 64625.66 66162.28 66099.33 66039.54"
20 64612.68" 66151.64" 66085.57 66022.67"
21 64599.05" 66071.07°
22 66055.94""
23 66039.81"

lines is found to be 0.001 cm~'. The dominant source of
systematic uncertainty is the effect of frequency chirp in
the PDA [27], amounting to 0.002 cm™' in the presently
used two-photon excitation mode; this estimate is deduced
from quantitative investigations of this phenomenon [31].
A second source is in the AC-Stark effect, which is stud-
ied in detail. Measurements of the transition frequency
as a function of power density are shown for the exam-
ple of the S(0) and R(2) lines in the A'TT —X!'Z+ (0,0)
band in Figure 3. The S(0) transition frequency plotted in
Figure 3 is offset by 64,754 cm™', while that for R(2) is
offset by 64,752 cm™!. It is noted that in view of exper-
imental limitations the power density can only be given

Table 2. Transition frequencies (in vacuum cm™!) in the
X~ —X'=* (1,0) band of >C'°O obtained in the VUV-FT
experiment.

J OR,()) °Q,(J) oP,(J)
(10)

8 64758.42 64755.88

9 64701.24

10 64685.42

11 64718.75"

12 64705.73

13 64674.65

on a relative scale in Figure 3. The AC-Stark measure-
ments were used for extrapolation to zero power density,
yielding the true transition frequencies. The fitting uncer-
tainty of the extrapolated AC-Stark value is 0.0007 cm™~!.
The possible Doppler-shift in a two-photon experiment on
a molecular beam is minimised by employing the Sagnac
interferometric scheme to ascertain that laser beams are
counter-propagating [30]. The other sources of uncertainty
such as line-fitting, I, calibration, etalon non-linearity and
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Figure 3. Assessment of the AC-Stark effect on the two-photon
S(0) and R(2) lines in the A'TT —X! = * (0,0) band of CO. The true
value of the transition frequency is determined from extrapolation
to zero intensity.
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Table 3. Transition frequencies (in vacuum cm™') in the d*A
—X!=+ (5,0) band of >C'®O obtained in the VUV-FT exper-
iment. In the A —X'X* system only the F3 components
are observed, corresponding to transitions to the *A; spin-orbit
component.

J R.(J)) Qs P.(J)
(5,0) F3

0 66210.20"

2 66204.06

3 66211.29 66200.58

4 66209.16" 66195.89

5 66205.78"

6 66201.09" 66182.70 66166.90"

7 66174.17 66155.80"

8 66164.35" 66143.42"

9 66153.06"

10 66140.53"

DC-Stark shift make very small contributions. The overall
uncertainty in the strongest laser lines with good signal-to-
noise ratio is estimated to be 0.002 cm™!.

3. Results
3.1. VUV-FT data

VUV-FT spectra for the A'TT — X'+ (0,0) and (1,0) bands
of CO are recorded in a molecular jet expansion and in a
room temperature static gas cell. Overview spectra for both
configurations are shown in Figure 1. It is noted that in the
jet-cooled spectrum, the spectral contributions from back-
ground gas give rise to broadened pedestals to the narrow

lines. From the Boltzmann distribution a rotational tem-
perature of 320 + 20 K and a linewidth of 0.16 cm™!
are deduced for the static cell configuration. For the jet-
configuration a bi-modal temperature distribution is found,
as a consequence of some room temperature background
gas residing in the VUV beam path. The rotational temper-
ature of the jet component is 12 + 1 K, while for the room
temperature pedestal a rotational temperature of 340 £+ 60
K is derived. The linewidth of the jet part of the spectral
lines is 0.09 cm™!, while the pedestal exhibits a width of
0.16 cm™!.

Some 118 transitions of CO A'TT —X'Z* (0,0) and
(1,0) bands, measured with the VUV-FTS, are presented in
Table 1. In addition 23 absorption lines of excitations to
perturber states are listed in Tables 2 and 3. The subscripts
e and f'in Tables 1-3 indicate the electronic symmetry of
the upper state to emphasise that the FTS and two-photon
laser transitions (see Table 5 and detailed descriptions be-
low) obey different selection rules and thus access different
upper states for a given lower state. The superscripts O
and O in Table 2 denote the e3 X~ total angular momen-
tum excluding spin, according to the notation in Ref. [16].
Accurate line positions in these tables are obtained by fit-
ting the FTS data with a model that correctly describes the
recorded convolved profiles. The accuracy of these transi-
tions is 0.02 cm~!. A few weak (denoted by w) and blended
(b) lines have larger error of 0.04 cm™!. As will be discussed
below, the transition frequencies of low-J lines in the A'TT
—X!'Z + bands are accurate at the 0.01 cm™~! level.

The data obtained by the FTS methods are analysed
for internal consistency. Combination differences between

Table 4. Two-photon transition frequencies v (in vacuum cm™") in the CO A'TT —X'= * (0,0) and (1,0) bands and in transitions to
perturbing states as obtained from the Doppler-free laser measurements.

J S.(J) R/(J) Q.() PAJ)
A'TI —=X'=+(0,0)

0 64754.347

1 64760.049  64750.518  64744.138

2 64752398  64742.815  64736.450

3 64753.612  64740.825

4 64754.156

5 64754.017

6 64753.176

7 64751.591

8 64749.190

9 64745.822

10 64741.128

1 64734.360

12 64743.640

13 64736.459
Sr- —X'T+(1,0)

10 64761.036

1 64751.832

J 5.) R/(J) Q) PAJ)
AT —=X'£*(1,0)

0 66242347

1 66247707 66238503  66232.383

2 66252333 66240.017  66230.813  66224.694

3 66240.800  66228.481

4 66240.876  66225.419

5 66240.267

6 66238.994

7 66212.085

9 66231.249

13 66211.731

17 66241.303
19 66228.352

BA XIS+ (5,0)
66211.750
66212.117
66211.268
66225.005

1
2
3 66224547
4
5 66224.151
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Figure 4. Two-photon excitation spectrum of close lying R(1)
and R(6) lines in the A'TT —X' X+ (1,0) band of '>C'°0O recorded
simultaneously with an I, saturated absorption spectrum for ab-
solute reference [28] and the transmission markers of a HeNe-
stabilised etalon for relative calibration. The I, hyperfine compo-
nent indicated with an asterisk (*) was used for absolute reference.
The scale on top represents the frequency of the cw-seed laser, the
one at the bottom the two-photon excitation energy.

\ O\

.5 VA o A-X(0,0)
0O A-X(1,0)
® e-X(1,0)

T 10.-9@ ................... Gmmmmmnn !__g-_X_(_SiQ)_
IS ° m o
C [= =]
‘o o mo
- o =]
~ 5 =
E o o m o o
o [a]
"'f( o o
3 oo o
e o
w o o
o [
»
-5
\\
64800 65000 \ \ 66500 67000

Level energy / cm’™

Figure 5. Comparison of level energies as obtained from the
Doppler-free two-photon laser experiments (Eppa ) and those from
the VUV-FT data (E]:Ts).

P(J) and R(J — 2) lines in the VUV-FT spectra, probing
a common excited state J = J — 1, were calculated and
compared to the very accurate far-infrared data [21] yield-
ing a standard deviation of 0.013 cm™!. Apart from some
outlier points, associated with very weak or blended lines,
this analysis demonstrates that the relative accuracies of the
low-J values in the FT-spectra are 0.01 cm™".

3.2. Two-photon laser data

In the two-photon Doppler-free excitation studies spectral
lines in the CO A'TT —X'= * (0,0) and (1,0) bands were
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Figure 6. Comparison of level energies obtained in the present
laser study with those of Le Floch [13,15] and Drabbels [17]. The
solid line indicates the average deviation for each band, the dashed
(v = 0) and dash-dotted (v = 1) lines indicate lo.

investigated. A typical example of a spectrum, covering
the R(1) and R(6) lines in the A'TT —X'= * (0,0) band, is
shown in Figure 4. Transition frequencies were obtained by
producing a linearised absolute scale for the two-photon en-
ergy from the simultaneously recorded I, and etalon spectra
at the fundamental frequency provided by the cw seed-laser,
and then fitting the CO resonances on that scale, after mul-
tiplying by four. Results (including AC-Stark correction)
at an accuracy of 0.002 cm™! are presented in Table 4. In
the laser experiments some transitions to e3X~ and d*A
perturbing states were also observed. It is noted that the
frequencies in the VUV-FT one-photon spectra and the two-
photon laser spectra are different, e.g. the R(1) line observed
by both methods probes a different A-doublet component
in the excited 'TT state, and therefore exhibits a different

Residuals / cm

Figure 7. Fitting residuals from the current perturbation model
used. Data points from the FTS and the laser study state are
represented by circles in (a), data from literature are represented
by open squares. The residuals for transitions of the present laser
study only are shown on a reduced scale in (b).
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transition frequency. Further, in two-photon excitation the
R(0) transition is forbidden [32]. Ground state combination
differences were also calculated and compared to accurate
far-infrared data, resulting in a standard deviation of only
0.002 cm~!'and thus proving consistency within the laser
data set.

3.3. Level energies

Using the accurately known level energies in the ground
state [21], both the one-photon transition frequencies and
the two-photon transition frequencies are converted to level
energies, listed in Table 5, in order to make a detailed
comparison of accuracies. The FTS data are benchmarked
against the laser data in Figure 5. This demonstrates that
there is an average offset between the two data sets of 0.005
cm™!, which is attributed to an offset in the VUV-FT data,
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Figure 9. Simulated spectrum (lower trace) with FTS spectrum
(upper) for A'TT —X'=* (1,0) band of CO.

well within the estimated uncertainty. The deviations have
a(lo) spread of 0.01 cm ™!, showing that the VUV-FT data
can be considered reliable within this uncertainty limit.

In a comparison of the present A'TT v = 0 level ener-
gies from laser data with that of Ref. [13], we obtain an
average difference of 0.043 cm™! with a standard deviation
0.017 cm™!. The latter value is consistent with the statistical
uncertainty claimed in Ref. [13]. The discrepancy could be
attributed to the accuracy of the absolute reference standard
used in that study [33]. A similar comparison of the A'TI
v = 1 level energies of the present laser data with those in
Ref. [15] yield a difference of 0.022(8) cm~'. The com-
parison of the level energies from Le Floch et al. [13,15]
is shown graphically in Figure 6. The average discrepancy
with the Le Floch data is different for the v = 0 and v
= 1 bands, precluding the possibility of applying a global
correction to all previous measurements of the other bands,
e.g. those listed in Ref. [16]. In the following section, we
discuss a deperturbation analysis which also included the
high—J A'TI level energies from [13,15], which were cor-
rected for by taking into account the average discrepancy
in the comparison for each band.

The present laser spectroscopic data can be compared
to the results of the laser measurements performed by
Drabbels et al. [17], probing the B+ —A!'IT (0,0) band.
The results of a previous investigation from the same group
[34] of the B'X + —X!% * system are then used to derive
the A'TT level energies. A comparison of the transitions
derived for the A'TI —X!X+ system from Ref. [17,34]
and the present laser data set yields an average difference
of 0.0035 cm~! with a standard deviation of 0.013 cm™'.
We note that excluding the B'S+ —A!TT P(2) transition
of table 1 in Ref. [17] reduces the standard deviation of
the comparison to 0.0034 cm™! and the average difference
is -0.0017 cm~!. The A'IT level energies listed in table 2
of Ref. [17] are slightly different than a derivation from
the combination of the B!+ —X!'XZ+ (from Ref. [34])
and B'X+ —A!II (from Ref. [17]) spectroscopic investi-
gations. Using these listed A'TT level energies of Drabbels
et al. [17], a comparison with the present laser data yield
an average difference of 0.007(4) cm~!(the datapoints are
included in Figure 6). Although we do not find exact agree-
ment with Drabbels ef al. [17], nevertheless the overall shift
in A'TI, v = 0 levels with respect to those of Le Floch et al.
[13] is confirmed.

4. Perturbation analysis

Previous studies [8,13,14,16,35] have shown that the A'TT
state of CO is perturbed by D'A, I'X~, X ~, d*Aand
a3% T states. In the analysis, we have adopted an effec-
tive Hamiltonian model with matrix elements given in
Table 6. For the A'IT state the subscript i refers to vi-
brational quantum numbers v = 0 and 1, the e and f elec-
tronic symmetry components of the A'TT state are treated
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Table 5. Level energies (in vacuum cm™!') of A'IT and perturbing states calculated from the combined data sets form the two
experiments. Levels indicated with (*) are derived from the more accurate Doppler-free two-photon laser excitation study. The other
levels are derived from the VUV-FTS study. Where possible values are obtained after averaging over transitions frequencies in different
branches. e and f'denote the electronic symmetry of the state.

J e f e f Fie Fy Fs, Fy
AlTl,v=0 Alll,v=1 ex,v=1 EAv=>5

1 64747.983 * 64747.985 * 66236.228 * 66236.229 * 66210.20

2 64754.349 * 64754.363 * 66242.348 * 66242.348 * 66215.595 *

3 64763.894 * 64763.933 * 66251.551 * 66251.552 * 66223.652 *

4 64776.60 64776.681 * 66263.868 * 66263.870 * 66234.36 66234.338 *

5 64792.46 64792.605 * 66279.32 66279.324 * 66247.617*

6 64811.41 64811.687 * 66297.93 66297.937 * 66263.453* 66263.44

7 64833.35 64833911 * 66319.728 * 66319.730 * 66281.822* 66281.81

8 64857.95 64859.233 * 66344.70 66344.69 64874.22 64894 .27 66302.74

9 64884.26 64887.580 * 66372.87 66372.87 64896.82 66326.04

10 64925.08 64918.800 * 66404.21 66404.227 * 66351.93

11 64958.69 64952.532 * 66438.76 66438.76 64972.440 *

12 64996.32 64988.027 * 66476.47 66476.47 65005.499 *

13 65037.34 65043.406 * 66517.37 66517.36 65024.35

14 65081.53 65086.157 * 66561.42 66561.429 *

15 65128.48 65133.05 66608.64 66608.64

16 65177.37 65183.59 66659.01 66659.01

17 65240.16 65237.52 66712.53 66712.53

18 65296.03 65294.81 66769.20 66769.20

19 65356.01 65355.34 66829.024 * 66829.00

20 65419.06 66891.96 66891.95

21 65485.96 66958.030 * 66957.98

22 67027.17

23 67099.18

separately, and the 4+ and — signs pertaining to Lambda
doubling in the diagonal element refer to the e and f sym-
metry states, respectively. While the D' A and d*A states
have nearly degenerate e and f components, the I' £~ state
exhibits only f components, two fine structure levels of the
e’ X~ state have e character and one has f; and for the a® = *
state there are two f'and one e levels. The interactions be-
tween the A'IT state and the D' A and I' £~ states are due
to L-uncoupling and thus produce heterogeneous interac-
tions with J-dependent matrix elements, while interaction
with the triplet states is due to spin-orbit interaction repre-
sented by J-independent matrix elements [8]. Note that the
matrix is symmetric, the lower left non-diagonal elements
(not shown) are equivalent to those of the corresponding
upper right elements. An approximation is made by neglect-
ing the mutual interactions between the perturbing states,
therefore the corresponding matrix elements are set to
Zero.

In this study highly accurate level energies of A' TT, low-
J levels are determined (up to J =21 forv=0and toJ =
23 for v = 1, respectively), while in previous investigations
the rotational manifold could be followed to much higher
J-values. For A'TI, v = 0 values up to J = 75 were listed
[13], while for A'TI, v = 1 extensive measurements were
performed, and a listing of up to J = 70 is available in a

Thesis study [15]. Representations in terms of molecular
constants are given in the open literature [10,14,16,36].

In the perturbation analysis, a least-squares fitting pro-
cedure using the Pgopher software [37] was applied to the
experimental data. It turned out to be necessary to include
literature data from Le Floch and co-workers [13,15] to
constrain fitting of the parameters pertaining particularly to
the perturber states that cross the A' IT rotational manifolds
at high-J values. Also included in the global fitting are level
energies for the J = 2275 states for the A'TT v = 0 state
from Ref. [13] and level energies from J = 2470 states for
the A'TT v = 1 state from Ref. [15]. For the A'TT v = 0 state,
the perturbing states as in the previous work of Le Floch
et al. [13] are comprised in the fit, namely the D' A v =0 and
I,thel'!X-v=1and2,thee’~ " v=1,2and 3,the *A v
=4and 5,and the 2> + v =9 states. While for the AT v
= 1 state, we also include the perturbing states as indicated
in Figure 1 of Ref. [35], which are the D'A v = 1 and 2,
the'S-v=2and3,thee’T - v=3,the d?Av=>5and 6
and the a® =+ v =10 and 11 states. We have also included
transitions from the ground state X! = * to the perturber
statese’Y " v=1and2; PPAv=4,5,6;2a°S T v=9and
10; I'Y~ v = 1 and 3 obtained from Refs. [10,13,15,16].
Each datapoint from the literature was weighted according
to the claimed accuracy. Relative weights of 1.0, 0.2, 0.04,
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0.04 and 0.01 are assigned to the present laser spectroscopy
. data, the present FTS data, the data from Le Floch [13,15],
o PR the data from Morton and Noreau [16], and the data from
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Effective Hamiltonian and matrix elements for a perturbation analysis of the rotational level structure of the A'IT state (i = 0, 1) and its perturbing states. For the A'TI

diagonal element, the + and — signs refer to the e- and f~symmetry states, respectively.

Table 6.

PT+(v=09,10,11) BAG =4, 5, 6)

D'A(v=0, 1,2) I's-(v=1,2,3) X (v=1,2,3)

AlTI(v = §)

o~

ni(dy)L -

L-S

ni(a),

~

n[(ev)L

)N?

q
2

T,+ (B +

A'TI

D'A

I's-

N-9)

T, + BN?_
~DN* + HN®
2
FA(3S52-8%) + ¥(

_|_

T, + BN?_
—DN*+ HN®
A(35%-5?)

2
3

J’_

ex”
a?xt

$BA

:M Herzberg et al. [10], respectively. The parameters were ini-
~3

tialised using the centrifugal distortion constants D and H,
as well as the overall A-doubling constant ¢ values of Ref.
[13] for A'TT v =0, and using the D constant for A'TTv=1
from Ref. [8]. The A-doublet splitting is highly influenced
by the local perturbations as has been pointed out in Ref.
[13]. We note that the g-parameter could have been set to
zero while still retaining the capacity of the model to re-
produce the experimental values to a similar accuracy. Pre-
sumably this is because the parameters associated with the
perturbation already encode the information of A-doubling
itself. (We note that some hint of a systematic trend in the
fitting residues could be observed at high-J levels, however,
these are within the measurement uncertainty.) Neverthe-
less, we retained the g-parameter in the model where the
initial parameter values were set to the value in Ref. [13].

The residuals of the combined fit, including literature
data and all possible perturbing states, are plotted in Figure
7. The contribution to the rms residual value of laser spec-
troscopy data is 0.002 cm~! and the contribution of FTS
datais 0.014 cm~!. The rms residual value of the combined
data set including the less accurate literature data yields
0.09 cm~!, demonstrating that the fitting model satisfacto-
rily reproduces the comprehensive experimental data set.
In total, some 787 transitions were used in the global fitting
procedure, of which 141 transitions are from the present
spectroscopic measurements. Inspection of the correlation
matrix indicates a satisfactorily low correlation between
the 39 fitted model parameters. We note that judiciously
fixing parameters which pertain to molecular constants of
perturber states with minimal effect further reduces the cor-
relations between the fitted parameters.

The final set of fitted parameters are summarised in Ta-
ble 7. For the A' TT v = 0 state, the perturbers with significant
effect include the e~ v =1,2 and 3, @A v = 4 and 5,
I'S-v=1and2,D'Av=0and 1l anda* = * v =9 states.
For the A'TT v = 1 state the perturbers are the D'A v =1,
thee’~ " v=3,the PAv=5and6,I!X~ v=2and 3 and
the a* X * v =10 and 11 states. We note that the molecular
constants with an uncertainty indicated within parenthesis
() are fitted parameters. The other constants without indi-
cated uncertainty value are taken from literature and fixed
during the fitting. It was necessary to fix these parameters
to reduce the correlation between parameters.

The improvements in this study mostly affect the molec-
ular constants 7, and B for the A!TT v = 0 and | and
e~ v = 1 states, and for the T,, B and 4 constants for
the d3A v = 5 state, owing to the more accurate dataset
for the low-J transitions in this study. We note that our
molecular constants, e.g. T, and B, are defined differently
in Field [8] and Le Floch ef al. [13] as listed in table 4.2
of Ref. [38]. The definition that we adopt in this study is
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Table 7. Compilation of the molecular constants for the A'TT v = 0 and v = 1 states of '2C'°0 and all perturbing states following from
the present analysis. In cases where an uncertainty is specified in () brackets the value was determined from the fit; in cases where this is

not specified a value was taken from literature. All values in vacuum cm™".

Singlet states

AlTI(v = 0)

Ay = 1)

T, 64746.762 (4) 66228.801 (3)

B 1.604069 (8) 1.58126 (1)

g (x 109 3.1(6) —26(5)

D(x 10° 7.348 (8) 7.41 (1)

H(x 102) 92 —22(2)

Triplet states erx-(v=1) er-(v=2) ex-(v=3)
T, 64801.136 (4) 65877.55% 66934.08*
B 125708 (3) 1.23909 (2) 122273
A 0.517¢ 0.568? 0.7782
D (x 10% 6.77% 6.75% 6.72%
H(x 10?) o0 o0 o0

o 15.104 (2) —17.47 9) 21.6 (5)
m 3.02)
Triplet states EAv=4) EAV=5) BAWV=6)
T, 65102.12 (1) 66173.07 (1) 67225.80
B 123327 (1) 121628 (4) 1.19941 (3)
y —16.465 (6) —16.674 (6) —16.909°
A 0.9932 1.22 1.2

v (x 10% —8.54° g0 _gp
D(x 109 6.47° 6.47° 6.44°
H(x 102) —0.8 —0.8 —0.8°
Ap (x 104 —10 —10 —1e

= —21.69 (2) 17.8 2)

" —16.916 (5) 18.6 (1)
Triplet states 3T t(v=09) 3Tt (v=10) a’Ttw=11)
T, 65492.66* 66520.44° 67529.59°
B 1.181342? 1.16640 (9) 1.14921°
A —1.153¢% —1.146° —1.153
y (x 10%) 0.72° —0.72> 4.47b

D (x 10% 6.27% 6.26° 6.26°
H(x 102) —0.4° —0.49 —0.4¢

o 24210

m 49(1) 3.6 (3)
Singlet states D'A(v=0) D'A(v=1)

T, 65421.952 66464.59*

B 1.251% 1.2332

D(x 109 7 70

H(x 102) —03° —0.3°

& 0.030? 0.040?

£ 0.073 (4)

Singlet states I's-(v=1) I's-(v=2) I's-(v=23)
T, 65617.26* 66667.132 67696.60°¢
B 124332 (4) 1.2254 (1) 120759 (4)
D(x 10 6.87° 6.89° 6.89°
H(x 102) 3 3 3

£ —0.076 (1) 0.085 (3)

£, 0.079 (2) 0.043 (2)

aData from Ref. [13] and converted, see text. "Data from Ref. [38] and converted, see text. °Constant fixed to that of d> A, v = 5 as first-order approximation.
dConstant fixed to that of a’> £+, v = 9 as first-order approximation. *Data from Ref. [36]. {Constant fixed to that of I' £, v = 2 as first-order approximation.



Downloaded by [Vrije Universiteit Amsterdam], [W. Ubachs] at 06:05 07 December 2014

Molecular Physics 2173

convenient in terms of extracting parameters directly from
the fit of the experimental data. In this study the level energy
is expressed as a polynomial series in x = J(J 4+ 1), and
thus combine effects from molecular parameters of other
interacting states. Although an explicit relation between the
different definitions can be derived from the effective ele-
ments of the Hamiltonian in Ref. [38], not all values of
isolated molecular parameters were available, and thus a
direct comparison was not possible. In addition, the spin-
orbit interaction parameters (7;) in our definition are larger
by a factor /3 than in Ref. [8,13]. We note that when the
values of parameters are taken from literature (both for fixed
parameters and for initialisation of fitted parameters), we
have carried out the appropriate conversion by taking into
account the definitions of Ref. [38]. The improved constants
for e> =~ and d® A in the present analysis stem from the few
transitions recorded at much improved absolute accuracy
in the present measurements. For the perturber states that
affect the low-J rotational states the A'TT v = 0 and 1 lev-
els, accurate interaction parameters are obtained from the
present deperturbation analysis. The current set of molecu-
lar constants gives an accurate description of the structure
of A'TT —X'= * (0,0) and (1,0) bands, that improves upon
previous analyses. The values of matrix elements for other
perturbations occurring at higher J-values are determined
but should be treated with some caution. Their purpose
is to describe the structure of A'TT, v = 0 and 1 at the
highest level of accuracy; they do not represent physical in-
formation at the highest accuracy levels on the perturbation
crossings at higher J-values, which were not observed in
the present spectroscopic study.

Simulated spectra using the parameters in Table 7 are
shown with the FTS spectra in Figure 8 for the A'II
—X!'s+ (0,0) band and in Figure 9 for the A'TT —X'® +
(1,0) band. The positions of the observed transitions be-
longing to the perturbing &>~ v =1 level and *A v =5
level are also indicated in the figures. It should be noted that
in addition to A'TT —X'=* transitions, the A — X!+
v = 5 transitions have been recently observed in quasar
absorption spectra [39].

5. Conclusion

We have obtained high-resolution spectra of the two lowest-
v (0,0) and (1,0) bands of the A'TT —X!X+ system of
12C16Q, using two different advanced spectroscopic meth-
ods achieving high accuracy on absolute transition frequen-
cies. The combined data were used to perform an improved
analysis of the perturbations by a large number of states,
in particular of the X~ —X'=* (1,0) and A —X'E+
(5,0) bands, crossing at low values of J. The present anal-
ysis is of importance to astronomical observations, where
CO is often observed in cold environments with population
of J < 20 quantum states.
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