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Abstract

Frequency-stabilized cavity ring-down spectroscopy (FS-CRDS) was employed to
measure over 100 transitions in the R-branch of the b'Z, «X’Z,(0,0) band for the rare
0, isotopologues. The use of '"O- and '"*O-enriched mixtures allowed for line positions to
be measured for the '°0'70, 160180, 170,, "0"0, and 180, isotopologues. Simultaneous
fits to the upper and lower states were performed for each isotopologue using the FS-
CRDS positions supplemented by microwave, millimeter, submillimeter, terahertz, and
Raman ground state positions from the literature. Positions, line intensities, pressure
broadening parameters, and collisional narrowing parameters are reported for the '°0'*0
and '°0'0 isotopologues which are based upon the present study and our earlier FS-
CRDS work (Long et al., JQSRT, 111, 2021 and Robichaud et al., JPCA, 113, 13089).
The calculated line intensities include a term for the observed Herman-Wallis-like
interaction and correct a frequency-dependent error which is present in existing
spectroscopic databases.

Keywords:  Oxygen, A-band, Cavity ring-down spectroscopy, Remote Sensing,
Isotopologue, Galatry profile.

1. Introduction

The O, A-band [b12g+<—)(62g'(0,0)] is utilized extensively in remote sensing to determine
surface pressure [1-2], aerosol and cloud optical properties [3-4], cloud-top heights [5],
and optical pathlength. Recent remote sensing measurements have demonstrated high
precision (e.g. surface pressure determinations with a reproducibility better than 0.1% [1-
2] and optical pathlength to better than 0.3% [6-7]), requiring spectroscopic parameters
with even higher precision. Additionally, many A4-band transitions from the dominant
1°0, isotopologue are heavily saturated under atmospheric observing conditions. Also,
transitions from rare O, isotopologues have significant absorption strengths, requiring
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high-precision spectroscopic parameters for these transitions [8]. Despite the importance
of O, rare isotopologues to remote sensing applications, only a few high resolution
studies have measured rare isotopologue spectroscopic parameters.

Babcock and Herzberg performed the first quantitative analysis of '°0'’0O and
%0"0 spectroscopic parameters using high-resolution atmospheric spectra [9]. Since
these early measurements, a variety of techniques including Fourier-transform
spectroscopy (FTS) [10-11], cavity ring-down spectroscopy (CRDS) [12], frequency-
modulation spectroscopy (FMS) [13], and noise-immune cavity-enhanced optical
heterodyne molecular spectroscopy (NICE-OHMS) [14] have been employed to measure
rare isotopologue spectroscopic parameters. A major experimental challenge in these
studies has been to obtain sufficient signal-to-noise in the high resolution spectra to
retrieve accurate spectroscopic parameters for the rare isotopologues of O,. See
Robichaud et al. for a complete literature summary [15].

Recently, Robichaud et al. [15] used frequency-stabilized cavity ring-down
spectroscopy (FS-CRDS) to perform the most precise rare isotopologue measurements of
O; to date. These measurements were the first comprehensive study of line intensities and
lineshape parameters for the ''O'0 and '"O, isotopologues. These FS-CRDS
measurements presently form the basis for the '°0'*0 and '°0'’O transitions found in the
HITRAN 2008 database [16].! The tuning range of the external-cavity diode laser, which
was used in the Robichaud et al. FS-CRDS study [15], unfortunately limited our earlier
measurements to the P-branch of the b12g+<—X3Zg'(O,O) band. The present study extends
FS-CRDS measurements to the R-branch transitions and uses an ''O-enriched sample to
significantly improve the spectroscopic parameters determined for the 'O isotopologues.
We combine our present results with those of our earlier FS-CRDS studies [15,18] to
1géenf:7rate a spectroscopic database for the b'Z, «X°%,(0,0) transitions of '°0'*0 and

0'0.

2. Experiment

The frequency-stabilized cavity ring-down spectrometer utilized for these measurements
is located at the National Institute of Standards and Technology (NIST) Gaithersburg,
MD and has been described in detail previously [19-20]. Briefly, FS-CRDS differs from
traditional cw-CRDS techniques by actively stabilizing the intracavity length to an
external frequency reference (in our case a co-resonant frequency-stabilized HeNe laser),
which in turn eliminates drift in the cavity’s comb of transmission modes. The probe
laser frequency is then stepped from one TEM cavity mode to the next, resulting in an
extremely linear and stable frequency axis [21]. Each of these modes is separated by the
cavity free spectral range (FSR), which is typically determined to better than 1 part in
10%. Sub-FSR frequency steps are made by shifting the HeNe laser frequency with an
acousto-optic modulator in a double-pass alignment. In the present study, we used this
procedure to take 2 FSR frequency steps (~100 MHz) to increase the sampling density of
our measured spectra.

! Contrary to the description found in the HITRAN 2008 publication [16] (which states that the given
transition frequencies were taken from Robichaud et al. [15]), the '°0'’O transition frequencies found in
HITRAN 2008 are identical to those found in HITRAN 2004 [17].



The probe laser used in the present study was an external cavity diode laser with
an output power of 6-10 mW, a wavelength tuning range of 759-771 nm, and a linewidth
of 300 kHz (1 s averaging time). Cavity mirrors with reflectivities of 99.98% were
employed (cavity finesse ~15,000), leading to a noise-equivalent absorption coefficient of
6x107"° cm™ Hz "2 for an acquisition rate of 20 Hz and relative uncertainty in the
measured decay time of 0.1%. The reference laser was a frequency-stabilized HeNe laser
with a long-term frequency uncertainty of 1 MHz (over 8 h). The cavity FSR was
determined to be 201.970(10) MHz through the procedure of Lisak et al. [22].

Two isotopically enriched O, samples were employed for these measurements.
The first was an '*O-enriched sample (nominally 50% '*O) which had been previously
utilized in our measurements of the P-branch O, isotopologue transitions [15]. The
supplier of this sample was unable to measure the isotopologue composition with
sufficient accuracy for the present study. Therefore, we performed a mass spectral
analysis of this sample using a double-focusing magnetic-sector mass spectrometer with
electron impact ionization [15]. An 0-enriched sample (nominally 50% 0) was
supplied with a mass spectral analysis and isotopologue fractions; as a result, no
additional analysis was required. The analyses for both samples are given in Table 1.

Spectral scans of each of the isotopically enriched samples were performed over
the R-branch (13125-13165 cm™") with a nominal step size of 100 MHz (~0.003 cm™).
The '*O-enriched sample and '"O-enriched sample were scanned at 0.214 kPa (1.60 Torr)
and 0.234 kPa (1.75 Torr), respectively. Pressure was measured with a NIST-calibrated
capacitance diaphragm gauge having a full-scale response of 1.33 kPa (10 Torr) and a
relative combined standard uncertainty less than 0.1%. The sample cell was placed within
an insulated box to mitigate temperature variations. During these scans, temperatures
ranged from 299.5-300.0 K as measured by a NIST-calibrated 2.4 kQ thermistor. The
temperature uncertainty in these experiments was examined in detail by Havey et al. [23]
and shown to be less than 28 mK.

The importance of using a Galatry profile [24] (which accounts for collisional
narrowing [25]) as opposed to a Voigt profile in quantitative measurements of line
intensities and lineshape parameters of the b12g+<—X3 %, (0,0) band has been demonstrated
by our group and others [18,26-27]. However, for the purposes of determining the line
center of isolated transitions, symmetric profiles, such as the Voigt or Galatry, yield
identical positions when fit to a given set of data. Therefore, since the primary goal of
the present study was to experimentally determine transition frequencies, for
computational efficiency all transitions were fit with a Voigt profile.”> Moreover, for the
present case (< 0.234 kPa), collisional narrowing should be negligible (< 1 MHz)
compared to the Doppler width (~ 850 MHz FWHM), thus ensuring effective
equivalence between the Voigt and Galatry profiles. Importantly, our earlier FS-CRDS
measurements [15,18,27] retrieved line intensities and lineshape parameters, and
therefore, it was necessary to utilize the Galatry profile in those studies.

Line intensity, position, and pressure broadening coefficient were fit by least-
squares minimization. For the isotopologues which did not contain '’O, the Gaussian
width was constrained to the theoretical Doppler width, whereas for the '’O-containing
isotopologues, the Gaussian width was floated to account for unresolved hyperfine

2 No other spectroscopic line parameters determined in the present study (e.g. intensity, pressure
broadening parameter) were reported or utilized in the generation of the line lists (Tables 4-5) given below.



splitting. Note that the observed hyperfine structure was the subject of a separate
publication [28].

3. Results and discussion

The b12g+<—X32g'(0,0) band is triply forbidden as an electric dipole transition but occurs
as a magnetic dipole transition [9]. The rotational energy levels of O, are commonly
described by three quantum numbers: N, the orbital angular momentum; S, the spin; and
J, the total angular momentum (i.e. J=N+S). The X3Eg' ground state of O, (for N">0) is
split into three levels having J"=N"-1, N", N"+1; while the upper state has only one level
with J'=N'. The '°O, and '®0, isotopologues follow Bose-Einstein statistics and only odd
levels of N" have non-zero spin-statistical weights, whereas the other isotopologues can
have any value of N”'. The b12g+<—X32g'(0,0) band magnetic dipole transitions occur as
doublets designated as AN (N'") AJ (J"'), leading to four branches: PP, PO, RR, and RQ.

Our previous FS-CRDS study [15] focused upon the P-branch (i.e. PP and PQ
branches), while this study measured the R-branch. The R-branch of each isotopologue
exhibits dense, overlapping rotational structure with a bandhead near 13165 cm™'. Near
the bandhead, the isotopologue transitions become heavily blended (especially in
isotopically enriched mixtures); thus limiting the range of transitions we can measure
quantitatively.

3.1. Line positions

Frequencies for the rare isotopologue transitions were measured relative to the '°O,
positions which we recently have measured with FS-CRDS [21]. Those earlier
measurements were referenced to the hyperfine components of *’K; thus allowing for
combined uncertainties below 1 MHz (~3x10~ e¢m™). Each rare isotopologue transition
was referenced to the frequency of the nearest spectrally isolated '°O, transition. Rare
isotopologue transition frequencies were corrected for pressure shifting using the J-
dependent '°O, pressure shifts [29] since accurate pressure-shifting parameters for the
rare isotopologues are not known and could not be accurately determined from the
present data. This approximation should introduce negligible uncertainty since the
pressure shift was only ~0.5 MHz (1.5x10 cm™') at the low pressures used in the
present study. The estimated zero-pressure transition frequencies are given in the
Supplementary Information (Tables S1-S5).

3.2 Line position calculations

Molecular constants for each of the rare isotopologues were then determined through a
simultaneous fit to the lower (X32g') and upper (12g+) states using SPFIT [30] and the
formalism of Rouillé¢ et al. [31]. FS-CRDS measurements (the present study and
Robichaud et al. [15]) were used for the b12g+<—)(62g'(0,0) band transition frequencies
while lower state transition energies were further constrained by including microwave
[32-36], millimeter [37-38], submillimeter [38-39], terahertz [40], and Raman [41]
measurements. These global fits included a total of 127 [15,32], 203 [15,33-35,39-41],
539 [37] 98 [15,32], and 135 [15,36,38,40-41] transitions for the '°0'’0, '°0"0, 0,



70"0, and 'O, isotopologues, respectively.® The resulting lower and upper state
molecular constants and their corresponding uncertainties are given in Tables 2-3.
Following HITRAN convention, lower state energies for the '°0, and '*0, are set relative
to the N"=1, J"=0 level, whereas for the remaining isotopologues they are relative to the
N"=0, J"=1 level. For comparison molecular constants determined in previous studies
have been presented in Tables 8 and 9 of Robichaud et al. [15].

3.3 Line intensities

As was previously noted for the '°0, 4-band [18], the calculated line intensities found in
the HITRAN 2008 [16] and GEISA [42] databases contain an erroneous frequency
dependence (note that the two databases have identical values for all included
[b12g+<—X3Zg'(O,O)] isotopologue transitions). This error masked a quadratic Herman-
Wallis (HW)-like rotation-vibration interaction [43-44] which is present in numerous
high-resolution studies [18,23,26-27,45-46]. An identical error is present in the '°O'®0
databases. The '®0O'’O line intensities in the databases exhibit a different, but still
erroneous, frequency dependence.

Once the line intensities for the rare isotopologues are correctly calculated using
the standard model of Gamache et al. [47] with the Honl-London factors of Watson [48]
and compared to the FS-CRDS measurements [15] there is evidence of a quadratic HW-
like deviation. This effect, which is described by the term Fpy, is given by Watson [44]
as:

Fo =(1+a1m+a2m2)2 (1)

where m = -J" (P-branch) and m = J''+1 (R-branch). As seen in Figure 2, the HW-like
interaction for the rare isotopologues is nearly identical to that observed for the '°O,
isotopologue. It should be expected that the HW coefficients for the different
isotopologues would be very similar. To first order the linear HW coefficient has a u’l/ 2
dependence (where p is the reduced mass), while the quadratic HW coefficient has a p™'-
dependence [49-50]. As a result, in the most extreme case (i.e. '°O, vs. '*0,), these
coefficients would only differ by ~5% and ~12%, respectively. This subtle effect is below
our instrumental sensitivity limit. Therefore, the HW coefficients determined for 1602
were utilized for all isotopologues when calculating intensities for our line list.

Band intensities were determined by a new fit of the measurements of Robichaud
et al. [15] using the standard intensity model of Gamache et al. [47] with the quadratic
HW like correction given in Eq. (1). These fitted band intensities differ by as much as
7% from those given in Robichaud et al. [15], because those were based on the erroneous
J-dependent intensities given in HITRAN 2004 [17]. The present measured band
intensities were compared to those calculated based upon the '°O, measurements, and as
can be seen in Table 1 there are no significant differences. As a result, calculated band
intensities were utilized in the line list calculations (as described subsequently) instead of
those based on the Robichaud et al. measurements [15].

3 For the rare isotopologues, the terms H and H, are not well constrained, resulting in the large uncertainties
given. Global fits performed with these parameters fixed to zero led to similar fit residuals.



3.4. Calculated line parameters for the '°0'*0 and '°0" O isotopologues

We calculated HITRAN-style line parameters for the '°O™0 and '°0'’0 isotopologues
using our collected FS-CRDS measurements [15,18,23,27,29]. The results are presented
in Tables 4 and 5. Transition frequencies (V') and lower state energies (E'") were
calculated using the lower and upper state molecular constants given in Tables 2 and 3.
Lower state energies are reported relative to the N"=0, J"=1 level in accordance with
HITRAN convention. Honl-London factors (L) were also calculated using these
molecular constants and the formalism of Watson [48].

Band intensities were then determined by scaling the '°O, band intensity
determined in Long et al. [ 18] by the natural isotopic abundance [17] as shown in Table 1
(see Calculated Band Intensities). Line intensities were then calculated using these band
intensities and the standard intensity model of Gamache et al. [47] with the quadratic
HW-like correction as described in Long et al. [18]. As was shown above, the rare
isotopologues exhibited a similar HW deviation, thus, the HW coefficients previously
determined for '°0, [18] were used for all of the isotopologues. Additionally, Tables 4
and 5 give calculated intensities for transitions up to J"=41 for the '°0'*0 and '°0'’0
isotopologues at 7T;.;=296 K and natural terrestrial isotopic abundance [17]. Uncertainties
for these calculated intensities can be estimated based upon the experimental
uncertainties given in Robichaud et al. [15]. Einstein-4 coefficients were then calculated
through the formalism of Gamache et al. [47] (see Eq. 2 of Long et al. [18]).

The earlier FS-CRDS study [15] revealed no discernible difference in pressure
broadening for the different isotopologues. Therefore, self- and air-broadening
parameters (y) were calculated based upon the correlations recently determined for the
%0, isotopologue [18]. The J-dependent correlations for the collisional narrowing
parameters (17) of '°O, [18] were mass-corrected for the rare isotopologues based upon
the gas kinetic theory formulation: #4=kzT/(2nm,Dp), where m, and D are the absorber’s
mass and diffusion coefficient, respectively. Note that this mass correction is in
agreement with the experimentally determined mass-dependence of the collisional
narrowing parameter determined by Ritter and Wilkerson [26] and Robichaud et al. [15].
The pressure-shifting parameters (6) for the rare isotopologues were constrained to the
190, correlation [18,29] since we did not measure precise pressure shifts under the limited
pressure range of the present experiment.

4. Conclusions

Frequency-stabilized cavity ring-down spectroscopy (FS-CRDS) has been used to
measure R-branch transitions in the b'Z, «-X’%,(0,0) band for all five rare O,
isotopologues. This study complements our earlier work which focused on the P-branch.
The combined FS-CRDS data set was employed to produce a recommended Galatry line
list for the 00 and '°0'0 isotopologues out to J'=40 and includes line positions,
intensities, pressure broadening parameters, and collisional narrowing parameters. The
reported line positions and molecular constants are based upon a simultaneous fit to the
upper and lower states which included FS-CRDS measurements and a variety of earlier
lower state measurements. The line intensity calculations included a Herman-Wallis-like



interaction and correct a frequency-dependent error which is found in present
spectroscopic databases. We anticipate that the use of the reported line parameters will
significantly reduce remote sensing residuals for these rare isotopologues.
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Table 1: Composition of Isotopically Enriched Samples

Iso. Natural '80-Enriched "O-Enriched Calculated Band Measured Band
Abundance® Sampleb Sample® Intensityd (cm molec.”) Intensity® (cm molec.™)

10, 0.995262 0.2784 (51) 0.1523 2.231E-22 2.231(7)E-22
%00 0.000742 0.0099 (4) 0.3816 1.663E-25 1.77(7)E-25
%00 0.00399141 0.3672 (18) 0.0828 8.947E-25 9.13(5)E-25

0, 1.38x107 not determined 0.2593 3.093E-29 not determined
080 1.49x10°® 0.0174 (4) 0.1115 3.340E-28 3.37(8)E-28

80,  4.00178x10° 0.3271 (32) 0.0125 8.970E-28 8.66(9)E-28

"Based upon the HITRAN 2004 recommended values [17]. °Composition determined by mass
spectrometer. Values in parentheses are standard uncertainties (15). Note that '°O'®0 abundance is actually
°0"0 + "0, (i.e. mass 34). The uncertainty due to this assumption should be less than 0.01%. “Supplier
provided composition data. YBand intensities at 7,.=296 K and natural terrestrial abundance as determined
by scaling the FS-CRDS determined '°0, band intensity by the natural abundance [17]. “Band intensities at
T=296 K and natural terrestrial isotopic abundance as determined by a fit to the FS-CRDS rare
isotopologue measurements. This fit employed the Gamache et al. intensity model [47] with the Honl-
London factors of Watson [48] and a quadratic Herman-Wallis-like correction [44] as described in the text.
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Table 2. Lower state (X32g') molecular constants determined through the described global fit for each of the
0, isotopologues (Iso.). All values are in cm™. Lower state energy levels are defined by Rouillé et al. [31].
Values in parentheses are standard uncertainties in the final digit. '°0, parameters were determined through

a global fit as described in Long et al. [51].

Iso. By Dy H, Ao Ao’ A" o o' o'
(109 (103 (10 (103 (107 (107 (10%

1616 1.437676078(29) 4.84178(14)  4.28(19)  1.98475118(5) 1.9470(3) 9.70(3)  -8.4253696(58) -8.136(22)  -4.04(15)

1617 1.3953309(28)  4.541(12) 1.98471099(30)  1.8887(38) -8.176541(78)  -7.13(59)

1618 1.357852204(61) 4.3141(22)  -28(22) 1.98467434(16)  1.83330(86) 9.57(81)  -7.956002(11)  -7.275(39)

1717 1.3529812(23) 3.9(10) 1.98466937(57)  1.82776(88) -7.9278(11) -7.194(90)

1718 1.3154968(23)  4.0485(84) 1.98463263(69)  1.7847(96) -7.70718(12) -7.0(1)

1818 1.278008487(57) 3.82340(42)  3.8(11) 1.984595545(42) 1.72139(23) 7.73(24) -7.4866992(46) -6.418(16)  -3.8(1)
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Table 3. Upper state (b12g+) molecular constants determined through the described global fit for each of the
0, isotopologues (Iso.). All values are in cm™. Upper state energy levels are given by T+BJ(J+1)-
DJAJ+1)+HF(J+1)’. Values in parentheses are standard uncertainties in the final digit. '°O, parameters
were determined through a global fit as described in Long et al. [51].

Iso. T B D (10 H (109
1616 13122.0057456(89) 1.39124922(11) 5.36909(28) 0.0165(33)
1617 13123.803741(92)  1.3502891(32)  5.028(31)

1618 13124.793138(23)  1.31404418(43) 4.7858(18)  -36(25)

1717 13124.92252(26)  1.309331(24)  4.43(88)

1718 13125.92895(11)  1.2730753(29)  4.487(11)

1818 13126.516194(33)  1.27800849(41) 4.2381(13)
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Table 4. Line parameters of b12g+<—X32g'(0,0) magnetic dipole transitions for '°0'*0 (1618). Transition
frequencies (V') and lower state energies (E"") were calculated using the molecular parameters determined
during the global fit (see Tables 2 and 3) and the formalism of Rouillé et al. [31]. Line intensities (S) at
T=296 K and natural terrestrial isotopic abundance [17] were calculated using the standard model of
Gamache et al. [47] with the Honl-London factors (L, also calculated with the molecular parameters of
Tables 2 and 3) of Watson [48] and a band intensity S,=8.947x10° cm molec.”’. These intensities
included a quadratic Herman-Wallis-like correction [44], given by (1+a,m+a,m*)* where a;= —2.6580x10™*
and a,= 3.3622x10°°. Einstein-A coefficients were calculated based upon these intensities as described in
the text. Note 1 cm™' atm™' = 0.295872 MHz Pa™'. Uncertainties are comparable to those given in Table 4
of Robichaud et al. [15].

Transition L v N A E" Vair Vself 0 Mair Tself
(cm™) (cm molec.™) () (cm™) (MHzPa') (MHzPa') (MHzPa') (MHzPa') (MHzPa")
P41Q40 20.3643 12941361526 1.487E-30  0.02142  2325.43140 7.29E-03 8.48E-03  -3.02E-03 5.93E-03 5.15E-03
P40P40 20.5000  12945.953401 2.538E-30  0.02213  2216.96355 7.41E-03 8.59E-03  -3.00E-03 6.34E-03 5.11E-03
P40Q39 19.8643  12947.629006 2.478E-30  0.02143 221528795 7.41E-03 8.59E-03  -3.00E-03 5.89E-03 5.11E-03
P39P39 20.0000  12952.120128 4.174E-30  0.02216  2109.45667 7.55E-03 8.72E-03  -2.98E-03 6.28E-03 5.07E-03
P39Q38 19.3643  12953.803756 4.071E-30  0.02144 2107.77304 7.55E-03 8.72E-03  -2.98E-03 5.84E-03 5.07E-03
P38P38 19.5000  12958.194499 6.772E-30  0.02219  2004.58270 7.70E-03 8.85E-03  -2.96E-03 6.22E-03 5.02E-03
P38Q37 18.8643  12959.886163 6.599E-30  0.02145  2002.89103 7.70E-03 8.85E-03  -2.96E-03 5.79E-03 5.02E-03
P37P37 19.0000  12964.176885 1.084E-29  0.02222  1902.34587 7.86E-03 9.00E-03  -2.94E-03 6.15E-03 4.96E-03
P37Q36 18.3643  12965.876597 1.055E-29  0.02146  1900.64616 7.86E-03 9.00E-03  -2.94E-03 5.73E-03 4.96E-03
P36P36 18.5000  12970.067641 1.711E-29  0.02225  1802.75031 8.04E-03 9.15E-03  -2.91E-03 6.08E-03 4.91E-03
P36Q35 17.8643  12971.775414 1.665E-29  0.02147  1801.04253 8.04E-03 9.15E-03  -2.91E-03 5.66E-03 4.91E-03
P35P35 18.0000  12975.867106 2.666E-29  0.02228  1705.80000 8.24E-03 932E-03  -2.89E-03 6.00E-03 4.84E-03
P35Q34 17.3643  12977.582955 2.591E-29  0.02148  1704.08415 8.24E-03 932E-03  -2.89E-03 5.59E-03 4.84E-03
P34P34 17.5000  12981.575607 4.098E-29  0.02232 1611.49884 8.46E-03 9.50E-03  -2.87E-03 5.91E-03 4.78E-03
P34Q33 16.8643  12983.299546 3.979E-29  0.02149  1609.77490 8.46E-03 9.50E-03  -2.87E-03 5.52E-03 4.78E-03
P33P33 17.0000  12987.193454 6.211E-29  0.02236 1519.85059 8.70E-03 9.69E-03  -2.84E-03 5.81E-03 4.71E-03
P33Q32 16.3644  12988.925501 6.024E-29  0.02151 1518.11854 8.70E-03 9.69E-03  -2.84E-03 5.44E-03 4.71E-03
P32P32 16.5000  12992.720944 9.286E-29  0.02240  1430.85890 8.96E-03 9.89E-03  -2.82E-03 5.71E-03 4.63E-03
P32Q31 15.8644 12994461116 8.997E-29  0.02152 1429.11872 8.96E-03 9.89E-03  -2.82E-03 5.35E-03 4.63E-03
P31P31 16.0000  12998.158360 1.369E-28  0.02243  1344.52730 9.23E-03 1.01E-02  -2.79E-03 5.60E-03 4.55E-03
P31Q30 153644  12999.906677 1.325E-28  0.02153  1342.77898 9.23E-03 1.01E-02  -2.79E-03 5.25E-03 4.55E-03
P30P30 15.5000  13003.505971 1.991E-28  0.02248  1260.85922 9.52E-03 1.03E-02  -2.77E-03 5.48E-03 4.47E-03
P30Q29 14.8644  13005.262455 1.924E-28  0.02154  1259.10274 9.52E-03 1.03E-02  -2.77E-03 5.15E-03 4.47E-03
P29P29 15.0000  13008.764033 2.856E-28  0.02252 1179.85797 9.83E-03 1.05E-02  -2.74E-03 5.36E-03 4.39E-03
P29Q28 143644  13010.528707 2.756E-28  0.02156  1178.09330 9.83E-03 1.05E-02  -2.74E-03 5.04E-03 4.39E-03
P28P28 14.5000  13013.932787 4.036E-28 0.02257 1101.52674 1.01E-02 1.08E-02  -2.71E-03 5.23E-03 4.30E-03
P28Q27 13.8644  13015.705676 3.890E-28  0.02157  1099.75385 1.01E-02 1.08E-02  -2.71E-03 4.93E-03 4.30E-03
P27P27 14.0000  13019.012462 5.627E-28  0.02262  1025.86861 1.05E-02 1.10E-02  -2.69E-03 5.10E-03 421E-03
P27Q26 133644  13020.793595 5.414E-28  0.02158  1024.08748 1.05E-02 1.10E-02  -2.69E-03 4.82E-03 421E-03
P26P26 13.5000  13024.003273 7.733E-28  0.02268  952.88657 1.08E-02 1.12E-02  -2.66E-03 4.96E-03 4.13E-03
P26Q25 12.8644  13025.792682 7.428E-28  0.02160  951.09716 1.08E-02 1.12E-02  -2.66E-03 4.70E-03 4.13E-03
P25P25 13.0000  13028.905423 1.047E-27  0.02273  882.58346 1.11E-02 1.15E-02  -2.63E-03 4.83E-03 4.04E-03
P25Q24 12.3644  13030.703143 1.004E-27  0.02161  880.78574 1.11E-02 1.15E-02  -2.63E-03 4.59E-03 4.04E-03
P24P24 12.5000  13033.719101 1.398E-27  0.02279  814.96204 1.15E-02 1.17E-02  -2.60E-03 4.70E-03 3.96E-03
P24Q23 11.8644  13035.525171 1.338E-27  0.02163  813.15597 1.15E-02 1.17E-02  -2.60E-03 4.47E-03 3.96E-03
P23P23 12.0000  13038.444484 1.840E-27  0.02286  750.02495 1.18E-02 1.19E-02  -2.57E-03 4.57E-03 3.88E-03
P23Q22 11.3644  13040.258949 1.756E-27  0.02164  748.21048 1.18E-02 1.19E-02  -2.57E-03 4.36E-03 3.88E-03

15



P22P22
P22Q21
P21P21
P21Q20
P20P20
P20Q19
P19P19
P19Q18
PISPIS
P18Q17
P17P17
P17Q16
PI6P16
P16Q15
PISP15
P15Q14
P14P14
P14Q13
P13P13
P13Q12
PI2P12
P12Ql11
PIIP11
P11QL0
P10P10
P10Q9
P9P9
P9Q8
P8P8
P8Q7
P7P7
P7Q6
PGP6
P6Q5
P5P5
P5Q4
P4P4
P4Q3
P3P3
P3Q2
P2P2
P2Q1
PIPI
ROQ!
RIR1
R1Q2
R2R2
R2Q3
R3R3
R3Q4

11.5000
10.8644
11.0000
10.3644
10.5000
9.8644
10.0000
9.3644
9.5000
8.8644
9.0000
8.3644
8.5000
7.8644
8.0000
7.3644
7.5000
6.8644
7.0000
6.3644
6.5000
5.8644
6.0000
5.3644
5.5000
4.8645
5.0000
4.3645
4.5000
3.8645
4.0000
3.3646
3.5000
2.8647
3.0000
2.3649
2.5000
1.8653
2.0000
1.3662
1.5000
0.8697
1.0000
0.6303
0.5000
1.1338
1.0000
1.6347
1.5000
2.1351

13043.081737
13044.904646
13047.631011
13049.462421
13052.092445
13053.932422
13056.466167
13058.314787
13060.752291
13062.609642
13064.950922
13066.817107
13069.062149
13070.937292
13073.086052
13074.970302
13077.022698
13078.916235
13080.872144
13082.775192
13084.634433
13086.547273
13088.309598
13090.232590
13091.897660
13093.831279
13095.398629
13097.343514
13098.812502
13100.769551
13102.139268
13104.109789
13105.378901
13107.364921
13108.531365
13110.536270
13111.596614
13113.626722
13114.574588
13116.643966
13117.465220
13119.617605
13120.268426
13127.421207
13128.152519
13130.044563
13130.604991
13132.536326
13132.969465
13134.926032

2.385E-27
2.271E-27
3.046E-27
2.894E-27
3.832E-27
3.630E-27
4.746E-27
4.482E-27
5.789E-27
5.447E-27
6.949E-27
6.512E-27
8.206E-27
7.658E-27
9.532E-27
8.851E-27
1.089E-26
1.005E-26
1.221E-26
1.120E-26
1.346E-26
1.225E-26
1.455E-26
1.312E-26
1.541E-26
1.375E-26
1.598E-26
1.408E-26
1.619E-26
1.403E-26
1.599E-26
1.357E-26
1.533E-26
1.266E-26
1.422E-26
1.132E-26
1.265E-26
9.532E-27
1.066E-26
7.359E-27
8.323E-27
4.874E-27
5.695E-27
3.665E-27
2.845E-27
6.508E-27
5.539E-27
9.137E-27
7.984E-27
1.147E-26

0.02293
0.02166
0.02301
0.02168
0.02310
0.02169
0.02319
0.02170
0.02329
0.02172
0.02341
0.02175
0.02354
0.02177
0.02368
0.02180
0.02386
0.02183
0.02405
0.02186
0.02428
0.02190
0.02455
0.02194
0.02488
0.02200
0.02528
0.02206
0.02579
0.02215
0.02645
0.02225
0.02736
0.02239
0.02867
0.02260
0.03072
0.02292
0.03441
0.02350
0.04302
0.02494
0.08603
0.01807
0.00861
0.01951
0.01230
0.02010
0.01434
0.02042

687.77471
685.95181
628.21376
626.38235
571.34441
569.50443
517.16885
515.32023
465.68920
463.83185
416.90743
415.04124
370.82543
368.95028
327.44497
325.56072
286.76774
284.87420
248.79528
246.89223
213.52906
211.61622
180.97044
179.04745
151.12066
149.18704
123.98087
122.03598
99.55209
97.59505
77.83528
75.86476
58.83125
56.84523
42.54074
40.53584
28.96436
26.93426
18.10264
16.03326
9.95599
7.80360
4.52471
0.00000
4.52471
2.63267
9.95599
8.02465
18.10264
16.14607

1.21E-02
1.21E-02
1.23E-02
1.23E-02
1.26E-02
1.26E-02
1.28E-02
1.28E-02
1.30E-02
1.30E-02
1.32E-02
1.32E-02
1.34E-02
1.34E-02
1.36E-02
1.36E-02
1.37E-02
1.37E-02
1.39E-02
1.39E-02
1.40E-02
1.40E-02
1.42E-02
1.42E-02
1.43E-02
1.43E-02
1.45E-02
1.45E-02
1.47E-02
1.47E-02
1.50E-02
1.50E-02
1.53E-02
1.53E-02
1.57E-02
1.57E-02
1.61E-02
1.61E-02
1.67E-02
1.67E-02
1.73E-02
1.73E-02
1.82E-02
1.73E-02
1.67E-02
1.67E-02
1.61E-02
1.61E-02
1.57E-02
1.57E-02

1.21E-02
1.21E-02
1.23E-02
1.23E-02
1.25E-02
1.25E-02
1.27E-02
1.27E-02
1.29E-02
1.29E-02
1.30E-02
1.30E-02
1.32E-02
1.32E-02
1.33E-02
1.33E-02
1.35E-02
1.35E-02
1.36E-02
1.36E-02
1.38E-02
1.38E-02
1.39E-02
1.39E-02
1.41E-02
1.41E-02
1.43E-02
1.43E-02
1.45E-02
1.45E-02
1.47E-02
1.47E-02
1.50E-02
1.50E-02
1.53E-02
1.53E-02
1.57E-02
1.57E-02
1.62E-02
1.62E-02
1.67E-02
1.67E-02
1.74E-02
1.67E-02
1.62E-02
1.62E-02
1.57E-02
1.57E-02
1.53E-02
1.53E-02

-2.54E-03
-2.54E-03
-2.50E-03
-2.50E-03
-2.47E-03
-2.47E-03
-2.44E-03
-2.44E-03
-2.40E-03
-2.40E-03
-2.37E-03
-2.37E-03
-2.33E-03
-2.33E-03
-2.30E-03
-2.30E-03
-2.26E-03
-2.26E-03
-2.22E-03
-2.22E-03
-2.18E-03
-2.18E-03
-2.15E-03
-2.15E-03
-2.11E-03
-2.11E-03
-2.07E-03
-2.07E-03
-2.02E-03
-2.02E-03
-1.98E-03
-1.98E-03
-1.94E-03
-1.94E-03
-1.90E-03
-1.90E-03
-1.85E-03
-1.85E-03
-1.81E-03
-1.81E-03
-1.77E-03
-1.77E-03
-1.72E-03
-1.77E-03
-1.81E-03
-1.81E-03
-1.85E-03
-1.85E-03
-1.90E-03
-1.90E-03

4.45E-03
4.26E-03
4.34E-03
4.16E-03
4.23E-03
4.07E-03
4.14E-03
3.99E-03
4.05E-03
3.92E-03
3.98E-03
3.85E-03
3.91E-03
3.79E-03
3.85E-03
3.74E-03
3.79E-03
3.69E-03
3.73E-03
3.64E-03
3.67E-03
3.59E-03
3.61E-03
3.53E-03
3.54E-03
3.47E-03
3.46E-03
3.41E-03
3.37E-03
3.33E-03
3.27E-03
3.24E-03
3.14E-03
3.13E-03
2.99E-03
3.00E-03
2.81E-03
2.85E-03
2.59E-03
2.66E-03
2.32E-03
2.42E-03
1.97E-03
4.25E-03
4.29E-03
4.28E-03
4.33E-03
431E-03
4.37E-03
4.34E-03

16

3.80E-03
3.80E-03
3.72E-03
3.72E-03
3.65E-03
3.65E-03
3.59E-03
3.59E-03
3.52E-03
3.52E-03
3.47E-03
3.47E-03
3.41E-03
3.41E-03
3.35E-03
3.35E-03
3.30E-03
3.30E-03
3.25E-03
3.25E-03
3.19E-03
3.19E-03
3.13E-03
3.13E-03
3.06E-03
3.06E-03
2.99E-03
2.99E-03
2.91E-03
2.91E-03
2.82E-03
2.82E-03
2.72E-03
2.72E-03
2.60E-03
2.60E-03
2.46E-03
2.46E-03
2.29E-03
2.29E-03
2.08E-03
2.08E-03
1.84E-03
2.08E-03
2.29E-03
2.29E-03
2.46E-03
2.46E-03
2.60E-03
2.60E-03



R4R4
R4Q5
R5RS
R5Q6
R6R6
R6Q7
R7R7
R7Q8
R8RS
R8QY
R9R9
R9Q10
RIOR10
R10Q11
RIIRII
R11Q12
RI2R12
R12Q13
RI3RI13
R13Q14
R14R14
R14Q15
RI5RI15
R15Q16
RIGR16
R16Q17
RI7R17
R17Q18
RISRIS
R18Q19
RI9R19
R19Q20
R20R20
R20Q21
R2IR21
R21Q22
R22R22
R22Q23
R23R23
R23Q24
R24R24
R24Q25
R25R25
R25Q26
R26R26
R26Q27
R27R27
R27Q28
R28R28
R28Q29

2.0000
2.6353
2.5000
3.1354
3.0000
3.6355
3.5000
4.1355
4.0000
4.6355
4.5000
5.1356
5.0000
5.6356
5.5000
6.1356
6.0000
6.6356
6.5000
7.1356
7.0000
7.6356
7.5000
8.1356
8.0000
8.6356
8.5000
9.1356
9.0000
9.6356
9.5000
10.1356
10.0000
10.6356
10.5000
11.1356
11.0000
11.6356
11.5000
12.1356
12.0000
12.6356
12.5000
13.1356
13.0000
13.6356
13.5000
14.1356
14.0000
14.6356

13135.245790
13137.221279
13137.433807
13139.424838
13139.533343
13141.537898
13141.544215
13143.560991
13143.466228
13145.494336
13145.299174
13147.337981
13147.042835
13149.091875
13148.696981
13150.755900
13150.261369
13152.329893
13151.735743
13153.813656
13153.119839
13155.206967
13154.413376
13156.509579
13155.616062
13157.721224
13156.727595
13158.841619
13157.747658
13159.870463
13158.675921
13160.807439
13159.512042
13161.652214
13160.255666
13162.404443
13160.906424
13163.063763
13161.463934
13163.629799
13161.927802
13164.102161
13162.297618
13164.480442
13162.572959
13164.764225
13162.753388
13164.953075
13162.838454
13165.046543

1.010E-26
1.342E-26
1.181E-26
1.495E-26
1.309E-26
1.601E-26
1.392E-26
1.660E-26
1.431E-26
1.675E-26
1.429E-26
1.647E-26
1.391E-26
1.583E-26
1.323E-26
1.491E-26
1.232E-26
1.376E-26
1.124E-26
1.246E-26
1.007E-26
1.109E-26
8.847E-27
9.695E-27
7.641E-27
8.332E-27
6.488E-27
7.045E-27
5.418E-27
5.861E-27
4.452E-27
4.799E-27
3.601E-27
3.869E-27
2.867E-27
3.073E-27
2.248E-27
2.403E-27
1.736E-27
1.851E-27
1.321E-27
1.406E-27
9.906E-28
1.052E-27
7.319E-28
7.759E-28
5.331E-28
5.641E-28
3.826E-28
4.043E-28

0.01565
0.02062
0.01655
0.02076
0.01722
0.02086
0.01772
0.02094
0.01812
0.02100
0.01845
0.02105
0.01872
0.02109
0.01894
0.02113
0.01913
0.02116
0.01929
0.02119
0.01944
0.02121
0.01956
0.02122
0.01968
0.02124
0.01977
0.02125
0.01986
0.02127
0.01994
0.02128
0.02001
0.02129
0.02008
0.02130
0.02014
0.02131
0.02019
0.02131
0.02024
0.02132
0.02028
0.02132
0.02033
0.02133
0.02037
0.02133
0.02040
0.02134

28.96436
26.98888
42.54074
40.54971
58.83125
56.82670
77.83528
75.81850
99.55209
97.52399
123.98087
121.94206
151.12066
149.07162
180.97044
178.91152
213.52906
211.46054
248.79528
246.71737
286.76774
284.68061
327.44497
325.34877
370.82543
368.72026
416.90743
414.79340
465.68920
463.56639
517.16885
515.03734
571.34441
569.20424
628.21376
626.06499
687.77471
685.61737
750.02495
747.85908
814.96204
812.78768
882.58346
880.40063
952.88657
950.69530
1025.86861
1023.66893
1101.52674
1099.31865

1.53E-02
1.53E-02
1.50E-02
1.50E-02
1.47E-02
1.47E-02
1.45E-02
1.45E-02
1.43E-02
1.43E-02
1.42E-02
1.42E-02
1.40E-02
1.40E-02
1.39E-02
1.39E-02
1.37E-02
1.37E-02
1.36E-02
1.36E-02
1.34E-02
1.34E-02
1.32E-02
1.32E-02
1.30E-02
1.30E-02
1.28E-02
1.28E-02
1.26E-02
1.26E-02
1.23E-02
1.23E-02
1.21E-02
1.21E-02
1.18E-02
1.18E-02
1.15E-02
1.15E-02
1.11E-02
1.11E-02
1.08E-02
1.08E-02
1.05E-02
1.05E-02
1.01E-02
1.01E-02
9.83E-03
9.83E-03
9.52E-03
9.52E-03

1.50E-02
1.50E-02
1.47E-02
1.47E-02
1.45E-02
1.45E-02
1.43E-02
1.43E-02
1.41E-02
1.41E-02
1.39E-02
1.39E-02
1.38E-02
1.38E-02
1.36E-02
1.36E-02
1.35E-02
1.35E-02
1.33E-02
1.33E-02
1.32E-02
1.32E-02
1.30E-02
1.30E-02
1.29E-02
1.29E-02
1.27E-02
1.27E-02
1.25E-02
1.25E-02
1.23E-02
1.23E-02
1.21E-02
1.21E-02
1.19E-02
1.19E-02
1.17E-02
1.17E-02
1.15E-02
1.15E-02
1.12E-02
1.12E-02
1.10E-02
1.10E-02
1.08E-02
1.08E-02
1.05E-02
1.05E-02
1.03E-02
1.03E-02

-1.94E-03
-1.94E-03
-1.98E-03
-1.98E-03
-2.02E-03
-2.02E-03
-2.07E-03
-2.07E-03
-2.11E-03
-2.11E-03
-2.15E-03
-2.15E-03
-2.18E-03
-2.18E-03
-2.22E-03
-2.22E-03
-2.26E-03
-2.26E-03
-2.30E-03
-2.30E-03
-2.33E-03
-2.33E-03
-2.37E-03
-2.37E-03
-2.40E-03
-2.40E-03
-2.44E-03
-2.44E-03
-2.47E-03
-2.47E-03
-2.50E-03
-2.50E-03
-2.54E-03
-2.54E-03
-2.57E-03
-2.57E-03
-2.60E-03
-2.60E-03
-2.63E-03
-2.63E-03
-2.66E-03
-2.66E-03
-2.69E-03
-2.69E-03
-2.71E-03
-2.71E-03
-2.74E-03
-2.74E-03
-2.77E-03
-2.77E-03

4.40E-03
4.36E-03
4.43E-03
4.37E-03
4.45E-03
4.39E-03
4.46E-03
4.40E-03
4.48E-03
4.41E-03
4.49E-03
4.42E-03
4.51E-03
4.43E-03
4.52E-03
4.44E-03
4.53E-03
4.44E-03
4.54E-03
4.45E-03
4.56E-03
4.46E-03
4.57E-03
4.47E-03
4.59E-03
4.48E-03
4.60E-03
4.49E-03
4.62E-03
4.50E-03
4.64E-03
4.52E-03
4.67E-03
4.53E-03
4.69E-03
4.55E-03
4.72E-03
4.56E-03
4.74E-03
4.58E-03
4.77E-03
4.60E-03
4.80E-03
4.62E-03
4.82E-03
4.63E-03
4.85E-03
4.65E-03
4.87E-03
4.67E-03
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2.72E-03
2.72E-03
2.82E-03
2.82E-03
2.91E-03
2.91E-03
2.99E-03
2.99E-03
3.06E-03
3.06E-03
3.13E-03
3.13E-03
3.19E-03
3.19E-03
3.25E-03
3.25E-03
3.30E-03
3.30E-03
3.35E-03
3.35E-03
3.41E-03
3.41E-03
3.47E-03
3.47E-03
3.52E-03
3.52E-03
3.59E-03
3.59E-03
3.65E-03
3.65E-03
3.72E-03
3.72E-03
3.80E-03
3.80E-03
3.88E-03
3.88E-03
3.96E-03
3.96E-03
4.04E-03
4.04E-03
4.13E-03
4.13E-03
4.21E-03
4.21E-03
4.30E-03
4.30E-03
4.39E-03
4.39E-03
4.47E-03
4.47E-03



R29R29
R29Q30
R30R30
R30Q31
R31R31
R31Q32
R32R32
R32Q33
R33R33
R33Q34
R34R34
R34Q35
R35R35
R35Q36
R36R36
R36Q37
R37R37
R37Q38
R38R38
R38Q39
R39R39
R39Q40
R40R40
R40Q41

14.5000
15.1356
15.0000
15.6356
15.5000
16.1356
16.0000
16.6357
16.5000
17.1357
17.0000
17.6357
17.5000
18.1357
18.0000
18.6357
18.5000
19.1357
19.0000
19.6357
19.5000
20.1357
20.0000
20.6357

13162.827691
13165.044166
13162.720619
13164.945467
13162.516742
13164.749950
13162.215551
13164.457109
13161.816519
13164.066417
13161.319105
13163.577337
13160.722753
13162.989311
13160.026890
13162.301768
13159.230925
13161.514119
13158.334255
13160.625760
13157.336255
13159.636069
13156.236287
13158.544406

2.708E-28
2.857E-28
1.889E-28
1.991E-28
1.300E-28
1.368E-28
8.817E-29
9.269E-29
5.899E-29
6.194E-29
3.892E-29
4.083E-29
2.534E-29
2.655E-29
1.627E-29
1.703E-29
1.030E-29
1.077E-29
6.435E-30
6.727E-30
3.967E-30
4.143E-30
2.413E-30
2.517E-30

0.02044
0.02134
0.02047
0.02134
0.02049
0.02134
0.02052
0.02135
0.02054
0.02135
0.02057
0.02135
0.02059
0.02135
0.02061
0.02135
0.02063
0.02135
0.02064
0.02134
0.02066
0.02134
0.02068
0.02134

1179.85797
1177.64149
1260.85922
1258.63437
1344.52730
1342.29409
1430.85890
1428.61734
1519.85059
1517.60069
1611.49884
1609.24061
1705.80000
1703.53344
1802.75031
1800.47543
1902.34587
1900.06268
2004.58270
2002.29119
2109.45667
2107.15685
2216.96355
2214.65543

9.23E-03
9.23E-03
8.96E-03
8.96E-03
8.70E-03
8.70E-03
8.46E-03
8.46E-03
8.24E-03
8.24E-03
8.04E-03
8.04E-03
7.86E-03
7.86E-03
7.70E-03
7.70E-03
7.55E-03
7.55E-03
7.41E-03
7.41E-03
7.29E-03
7.29E-03
7.17E-03
7.17E-03

1.01E-02
1.01E-02
9.89E-03
9.89E-03
9.69E-03
9.69E-03
9.50E-03
9.50E-03
9.32E-03
9.32E-03
9.15E-03
9.15E-03
9.00E-03
9.00E-03
8.85E-03
8.85E-03
8.72E-03
8.72E-03
8.59E-03
8.59E-03
8.48E-03
8.48E-03
8.38E-03
8.38E-03

-2.79E-03
-2.79E-03
-2.82E-03
-2.82E-03
-2.84E-03
-2.84E-03
-2.87E-03
-2.87E-03
-2.89E-03
-2.89E-03
-2.91E-03
-2.91E-03
-2.94E-03
-2.94E-03
-2.96E-03
-2.96E-03
-2.98E-03
-2.98E-03
-3.00E-03
-3.00E-03
-3.02E-03
-3.02E-03
-3.04E-03
-3.04E-03

4.90E-03
4.68E-03
4.92E-03
4.70E-03
4.94E-03
4.71E-03
4.96E-03
4.72E-03
4.98E-03
4.74E-03
5.00E-03
4.75E-03
5.01E-03
4.76E-03
5.02E-03
4.76E-03
5.04E-03
4.77E-03
5.05E-03
4.78E-03
5.06E-03
4.79E-03
5.07E-03
4.79E-03

4.55E-03
4.55E-03
4.63E-03
4.63E-03
4.71E-03
4.71E-03
4.78E-03
4.78E-03
4.84E-03
4.84E-03
4.91E-03
4.91E-03
4.96E-03
4.96E-03
5.02E-03
5.02E-03
5.07E-03
5.07E-03
5.11E-03
5.11E-03
5.15E-03
5.15E-03
5.19E-03
5.19E-03
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Table 5. Line parameters of b12g+<—X32g'(0,0) magnetic dipole transitions for '°0'’0 (1617). Transition
frequencies (V') and lower state energies (E"") were calculated using the molecular parameters determined
during the global fit (see Tables 2 and 3) and the formalism of Rouillé et al. [31]. Line intensities (S) at
T=296 K and natural terrestrial isotopic abundance [17] were calculated using the standard model of
Gamache et al. [47] with the Honl-London factors (L, also calculated with the molecular parameters of
Tables 2 and 3) of Watson [48] and a band intensity Sy= 1.663x107° ¢m molec.”. These intensities
included a quadratic Herman-Wallis-like correction [44], given by (1+a,m+a,m*)* where a;= —2.6580x10™*
and a,= 3.3622x10°°. Einstein-A coefficients were calculated based upon these intensities as described in
the text. Note 1 cm™' atm™ = 0.295872 MHz Pa™'. Uncertainties are comparable to those given in Table 6
of Robichaud et al. [15].

Transition

L v S A E" Vair Vself 5 Hair Hself
(cm™) (cmmolec.) (s (cm™) (MHz Pa') (MHzPa') (MHzPa') (MHzPa') (MHzPa')

P41Q40
P40P40
P40Q39
P39P39
P39Q38
P38P38
P38Q37
P37P37
P37Q36
P36P36
P36Q35
P35P35
P35Q34
P34P34
P34Q33
P33P33
P33Q32
P32P32
P32Q31
P31P31

P31Q30
P30P30
P30Q29
P29P29
P29Q28
P28P28
P28Q27
P27P27
P27Q26
P26P26
P26Q25
P25P25

P25Q24
P24P24
P24Q23

20.3546 12935.320248  2.260E-31 0.02323 2389.43349 7.29E-03 8.48E-03  -3.02E-03 6.11E-03 5.31E-03
20.5000 12940.090586  3.916E-31 0.02401 2277.92727 7.41E-03 8.59E-03  -3.00E-03 6.53E-03 5.27E-03
19.8546 12941.757977  3.820E-31 0.02324 2276.25988 7.41E-03 8.59E-03  -3.00E-03 6.06E-03 5.27E-03
20.0000 12946.425220  6.532E-31 0.02405 2167.46318 7.55E-03 8.72E-03  -2.98E-03 6.47E-03 5.22E-03
19.3546 12948.100865  6.367E-31  0.02326 2165.78753 7.55E-03 8.72E-03  -2.98E-03 6.02E-03 5.22E-03
19.5000 12952.665349  1.075E-30 0.02408 2059.70473 7.70E-03 8.85E-03  -2.96E-03 6.41E-03 5.17E-03
18.8546 12954.349261  1.047E-30 0.02327 2058.02082 7.70E-03 8.85E-03  -2.96E-03 5.96E-03 5.17E-03
19.0000 12958.811310  1.744E-30 0.02412 1954.65617 7.86E-03 9.00E-03  -2.94E-03 6.34E-03 5.11E-03
18.3546  12960.503501  1.697E-30  0.02328 1952.96397 7.86E-03 9.00E-03  -2.94E-03 5.90E-03 5.11E-03
18.5000 12964.863425  2.791E-30 0.02415 1852.32164 8.04E-03 9.15E-03  -2.91E-03 6.26E-03 5.05E-03
17.8546 12966.563910  2.713E-30  0.02330 1850.62115 8.04E-03 9.15E-03  -2.91E-03 5.84E-03 5.05E-03
18.0000 12970.822007 4.404E-30 0.02419 1752.70517 8.24E-03 9.32E-03  -2.89E-03 6.18E-03 4.99E-03
17.3546 12972.530801  4.278E-30 0.02331 1750.99638 8.24E-03 9.32E-03  -2.89E-03 5.76E-03 4.99E-03
17.5000 12976.687356  6.854E-30  0.02423 1655.81069 8.46E-03 9.50E-03  -2.87E-03 6.09E-03 4.92E-03
16.8546 12978.404475  6.651E-30 0.02332 1654.09357 8.46E-03 9.50E-03  -2.87E-03 5.69E-03 4.92E-03
17.0000 12982.459761 1.052E-29 0.02427 1561.64201 8.70E-03 9.69E-03  -2.84E-03 5.99E-03 4.85E-03
16.3546 12984.185223  1.020E-29 0.02334 1559.91655 8.70E-03 9.69E-03  -2.84E-03 5.60E-03 4.85E-03
16.5000 12988.139499  1.591E-29 0.02431 1470.20284 8.96E-03 9.89E-03  -2.82E-03 5.88E-03 4.77E-03
15.8546 12989.873323  1.541E-29 0.02335 1468.46902 8.96E-03 9.89E-03  -2.82E-03 5.51E-03 4.77E-03
16.0000 12993.726835  2.374E-29 0.02436 1381.49677 9.23E-03 1.01E-02  -2.79E-03 5.77E-03 4.69E-03
15.3546 12995.469042  2.296E-29 0.02336 1379.75457 9.23E-03 1.01E-02  -2.79E-03 5.41E-03 4.69E-03
15.5000 12999.222023  3.491E-29 0.02440 1295.52730 9.52E-03 1.03E-02  -2.77E-03 5.65E-03 4.61E-03
14.8546  13000.972635 3.371E-29 0.02338 1293.77668 9.52E-03 1.03E-02  -2.77E-03 5.30E-03 4.61E-03
15.0000 13004.625304  5.060E-29 0.02445 1212.29779 9.83E-03 1.05E-02  -2.74E-03 5.52E-03 4.52E-03
14.3546 13006.384347  4.880E-29 0.02339 1210.53874 9.83E-03 1.05E-02  -2.74E-03 5.19E-03 4.52E-03
14.5000 13009.936909  7.230E-29 0.02451 1131.81152 1.01E-02 1.08E-02  -2.71E-03 5.39E-03 4.43E-03
13.8546 13011.704410 6.962E-29 0.02340 1130.04402 1.01E-02 1.08E-02  -2.71E-03 5.08E-03 4.43E-03
14.0000 13015.157057 1.018E-28 0.02456 1054.07165 1.05E-02 1.10E-02  -2.69E-03 5.25E-03 4.34E-03
13.3546 13016.933046  9.788E-29  0.02342 1052.29566 1.05E-02 1.10E-02  -2.69E-03 4.96E-03 4.34E-03
13.5000 13020.285953  1.413E-28 0.02462  979.08123 1.08E-02 1.12E-02  -2.66E-03 5.11E-03 4.25E-03
12.8546 13022.070465 1.356E-28 0.02343  977.29672 1.08E-02 1.12E-02  -2.66E-03 4.84E-03 4.25E-03
13.0000 13025.323794  1.932E-28 0.02468  906.84320 1.11E-02 1.1SE-02  -2.63E-03 4.98E-03 4.16E-03
12.3546 13027.116866  1.851E-28 0.02345  905.05013 1.11E-02 1.15E-02  -2.63E-03 4.73E-03 4.16E-03
12.5000 13030.270762  2.603E-28 0.02475  837.36040 1.15E-02 1.17E-02  -2.60E-03 4.84E-03 4.08E-03
11.8546 13032.072436  2.488E-28 0.02346  835.55873 1.15E-02 1.17E-02  -2.60E-03 4.61E-03 4.08E-03
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P23P23
P23Q22
P22P22
P22Q21
P21P21
P21Q20
P20P20
P20Q19
P19P19
P19QI8
P18P18
P18Q17
P17P17
P17Q16
P16P16
P16Q15
P15P15
P15Q14
P14P14
P14Q13
P13P13
P13QI2
P12P12
P12Q11
P1IP11
P11QI0
P10P10
P10Q9
P9P9
P9Q8
P8P8
P8Q7
P7P7
P7Q6
P6P6
P6Q5
P5P5
P5Q4
P4P4
P4Q3
P3P3
P3Q2
P2P2
P2Q1
PIPI
ROQI
RIRI
RI1Q2

12.0000
11.3546
11.5000
10.8546
11.0000
10.3546
10.5000
9.8546
10.0000
9.3546
9.5000
8.8546
9.0000
8.3546
8.5000
7.8546
8.0000
7.3546
7.5000
6.8546
7.0000
6.3546
6.5000
5.8546
6.0000
5.3547
5.5000
4.8547
5.0000
4.3547
4.5000
3.8548
4.0000
3.3548
3.5000
2.8549
3.0000
2.3551
2.5000
1.8555
2.0000
1.3563
1.5000
0.8597
1.0000
0.6403
0.5000
1.1437

13035.127030
13036.937353
13039.892757
13041.711783
13044.568092
13046.395881
13049.153171
13050.989794
13053.648120
13055.493658
13058.053050
13059.907598
13062.368065
13064.231733
13066.593254
13068.466175
13070.728695
13072.611027
13074.774454
13076.666392
13078.730587
13080.632369
13082.597136
13084.509064
13086.374132
13088.296594
13090.061596
13091.995098
13093.659535
13095.604765
13097.167946
13099.125864
13100.586813
13102.558824
13103.916109
13105.904385
13107.155796
13109.163968
13110.305822
13112.340671
13113.366126
13115.442748
13116.336633
13118.502056
13119.217258
13126.504300
13127.318812
13129.203464

3.454E-28
3.295E-28
4.515E-28
4.297E-28
5.812E-28
5.517E-28
7.367E-28
6.972E-28
9.193E-28
8.671E-28
1.129E-27
1.061E-27
1.364E-27
1.277E-27
1.621E-27
1.511E-27
1.894E-27
1.756E-27
2.174E-27
2.005E-27
2.452E-27
2.246E-27
2.715E-27
2.467E-27
2.947E-27
2.654E-27
3.135E-27
2.792E-27
3.262E-27
2.867E-27
3.316E-27
2.866E-27
3.284E-27
2.779E-27
3.158E-27
2.600E-27
2.936E-27
2.326E-27
2.617E-27
1.961E-27
2.210E-27
1.513E-27
1.725E-27
9.990E-28
1.182E-27
7.728E-28
5.902E-28
1.362E-27

0.02482
0.02348
0.02490
0.02350
0.02499
0.02351
0.02508
0.02353
0.02519
0.02355
0.02530
0.02357
0.02543
0.02360
0.02557
0.02362
0.02573
0.02365
0.02591
0.02368
0.02613
0.02371
0.02637
0.02375
0.02667
0.02380
0.02702
0.02385
0.02746
0.02391
0.02802
0.02399
0.02874
0.02410
0.02972
0.02424
0.03114
0.02444
0.03337
0.02477
0.03738
0.02535
0.04673
0.02678
0.09347
0.01995
0.00935
0.02138

770.63555
768.82523
706.67127
704.85225
645.47007
643.64228
587.03433
585.19771
531.36635
529.52081
478.46832
476.61377
428.34229
426.47862
380.99023
379.11731
336.41400
334.53167
294.61534
292.72340
255.59588
253.69410
219.35715
217.44522
185.90056
183.97810
155.22743
153.29393
127.33895
125.39372
102.23621
100.27830
79.92020
77.94819
60.39178
58.40350
43.65172
41.64354
29.70066
27.66582
18.53917
16.46255
10.16767
8.00224
4.58648
0.00000
4.58648
2.70183

1.18E-02
1.18E-02
1.21E-02
1.21E-02
1.23E-02
1.23E-02
1.26E-02
1.26E-02
1.28E-02
1.28E-02
1.30E-02
1.30E-02
1.32E-02
1.32E-02
1.34E-02
1.34E-02
1.36E-02
1.36E-02
1.37E-02
1.37E-02
1.39E-02
1.39E-02
1.40E-02
1.40E-02
1.42E-02
1.42E-02
1.43E-02
1.43E-02
1.45E-02
1.45E-02
1.47E-02
1.47E-02
1.50E-02
1.50E-02
1.53E-02
1.53E-02
1.57E-02
1.57E-02
1.61E-02
1.61E-02
1.67E-02
1.67E-02
1.73E-02
1.73E-02
1.82E-02
1.73E-02
1.67E-02
1.67E-02

1.19E-02
1.19E-02
1.21E-02
1.21E-02
1.23E-02
1.23E-02
1.25E-02
1.25E-02
1.27E-02
1.27E-02
1.29E-02
1.29E-02
1.30E-02
1.30E-02
1.32E-02
1.32E-02
1.33E-02
1.33E-02
1.35E-02
1.35E-02
1.36E-02
1.36E-02
1.38E-02
1.38E-02
1.39E-02
1.39E-02
1.41E-02
1.41E-02
1.43E-02
1.43E-02
1.45E-02
1.45E-02
1.47E-02
1.47E-02
1.50E-02
1.50E-02
1.53E-02
1.53E-02
1.57E-02
1.57E-02
1.62E-02
1.62E-02
1.67E-02
1.67E-02
1.74E-02
1.67E-02
1.62E-02
1.62E-02

-2.57E-03
-2.57E-03
-2.54E-03
-2.54E-03
-2.50E-03
-2.50E-03
-2.47E-03
-2.47E-03
-2.44E-03
-2.44E-03
-2.40E-03
-2.40E-03
-2.37E-03
-2.37E-03
-2.33E-03
-2.33E-03
-2.30E-03
-2.30E-03
-2.26E-03
-2.26E-03
-2.22E-03
-2.22E-03
-2.18E-03
-2.18E-03
-2.15E-03
-2.15E-03
-2.11E-03
-2.11E-03
-2.07E-03
-2.07E-03
-2.02E-03
-2.02E-03
-1.98E-03
-1.98E-03
-1.94E-03
-1.94E-03
-1.90E-03
-1.90E-03
-1.85E-03
-1.85E-03
-1.81E-03
-1.81E-03
-1.77E-03
-1.77E-03
-1.72E-03
-1.77E-03
-1.81E-03
-1.81E-03

4.71E-03
4.50E-03
4.59E-03
4.39E-03
4.47E-03
4.29E-03
4.36E-03
4.20E-03
4.27E-03
4.11E-03
4.18E-03
4.04E-03
4.10E-03
3.97E-03
4.03E-03
3.91E-03
3.96E-03
3.85E-03
3.90E-03
3.80E-03
3.84E-03
3.75E-03
3.78E-03
3.69E-03
3.72E-03
3.64E-03
3.64E-03
3.58E-03
3.57E-03
3.51E-03
3.47E-03
3.43E-03
3.37E-03
3.34E-03
3.24E-03
3.23E-03
3.08E-03
3.10E-03
2.90E-03
2.93E-03
2.67E-03
2.74E-03
2.39E-03
2.49E-03
2.03E-03
4.38E-03
4.42E-03
4.41E-03

3.99E-03
3.99E-03
3.91E-03
3.91E-03
3.84E-03
3.84E-03
3.76E-03
3.76E-03
3.70E-03
3.70E-03
3.63E-03
3.63E-03
3.57E-03
3.57E-03
3.51E-03
3.51E-03
3.46E-03
3.46E-03
3.40E-03
3.40E-03
3.34E-03
3.34E-03
3.29E-03
3.29E-03
3.22E-03
3.22E-03
3.16E-03
3.16E-03
3.08E-03
3.08E-03
3.00E-03
3.00E-03
2.91E-03
2.91E-03
2.80E-03
2.80E-03
2.68E-03
2.68E-03
2.53E-03
2.53E-03
2.36E-03
2.36E-03
2.15E-03
2.15E-03
1.89E-03
2.15E-03
2.36E-03
2.36E-03
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R2R2
R2Q3
R3R3
R3Q4
R4R4
R4Q5
R5RS
R5Q6
R6R6
R6Q7
R7R7
R7Q8
R8RS
R8Q9
R9R9
R9Q10
RIOR10
R10Q11
RIIRI1
R11Q12
RI2R12
RI12Q13
RI3R13
R13Q14
RI4R14
R14Q15
RI5R1S
R15Q16
RI6R16
R16Q17
RI7R17
RI17Q18
RISRIS
R18Q19
RI9R19
R19Q20
R20R20
R20Q21
R21R21
R21Q22
R22R22
R22Q23
R23R23
R23Q24
R24R24
R24Q25
R25R25
R25Q26

1.0000
1.6445
1.5000
2.1449
2.0000
2.6451
2.5000
3.1452
3.0000
3.6452
3.5000
4.1453
4.0000
4.6453
4.5000
5.1453
5.0000
5.6454
5.5000
6.1454
6.0000
6.6454
6.5000
7.1454
7.0000
7.6454
7.5000
8.1454
8.0000
8.6454
8.5000
9.1454
9.0000
9.6454
9.5000
10.1454
10.0000
10.6454
10.5000
11.1454
11.0000
11.6454
11.5000
12.1454
12.0000
12.6454
12.5000
13.1454

13129.838819
13131.765269
13132.268342
13134.221497
13134.607224
13136.580313
13136.855296
13138.844696
13139.012382
13141.015927
13141.078288
13143.094581
13143.052814
13145.080902
13144.935744
13146.974947
13146.726853
13148.776671
13148.425903
13150.485957
13150.032645
13152.102641
13151.546817
13153.626524
13152.968148
13155.057378
13154.296352
13156.394954
13155.531133
13157.638984
13156.672184
13158.789179
13157.719185
13159.845237
13158.671805
13160.806841
13159.529702
13161.673658
13160.292519
13162.445343
13160.959892
13163.121537
13161.531442
13163.701868
13162.006779
13164.185952
13162.385503
13164.573392

1.148E-27
1.906E-27
1.654E-27
2.386E-27
2.088E-27
2.787E-27
2.438E-27
3.096E-27
2.696E-27
3.307E-27
2.860E-27
3.419E-27
2.931E-27
3.437E-27
2.918E-27
3.369E-27
2.831E-27
3.227E-27
2.682E-27
3.026E-27
2.486E-27
2.781E-27
2.258E-27
2.507E-27
2.011E-27
2.218E-27
1.758E-27
1.929E-27
1.510E-27
1.648E-27
1.274E-27
1.385E-27
1.057E-27
1.144E-27
8.625E-28
9.306E-28
6.925E-28
7.449E-28
5.473E-28
5.870E-28
4.257E-28
4.554E-28
3.261E-28
3.480E-28
2.460E-28
2.620E-28
1.828E-28
1.942E-28

0.01336
0.02197
0.01559
0.02229
0.01700
0.02249
0.01799
0.02263
0.01871
0.02273
0.01926
0.02281
0.01969
0.02287
0.02004
0.02292
0.02033
0.02296
0.02058
0.02300
0.02079
0.02303
0.02097
0.02305
0.02112
0.02307
0.02126
0.02309
0.02138
0.02311
0.02149
0.02312
0.02158
0.02314
0.02167
0.02315
0.02175
0.02316
0.02182
0.02317
0.02188
0.02317
0.02194
0.02318
0.02200
0.02319
0.02205
0.02319

10.16767
8.24122
18.53917
16.58601
29.70066
27.72757
43.65172
41.66232
60.39178
58.38823
79.92020
77.90391
102.23621
100.20813
127.33895
125.29975
155.22743
153.17761
185.90056
183.84051
219.35715
217.28715
255.59588
253.51617
294.61534
292.52611
336.41400
334.31540
380.99023
378.88238
428.34229
426.22529
478.46832
476.34226
531.36635
529.23132
587.03433
584.89037
645.47007
643.31724
706.67127
704.50963
770.63555
768.46513
837.36040
835.18123
906.84320
904.65531

1.61E-02
1.61E-02
1.57E-02
1.57E-02
1.53E-02
1.53E-02
1.50E-02
1.50E-02
1.47E-02
1.47E-02
1.45E-02
1.45E-02
1.43E-02
1.43E-02
1.42E-02
1.42E-02
1.40E-02
1.40E-02
1.39E-02
1.39E-02
1.37E-02
1.37E-02
1.36E-02
1.36E-02
1.34E-02
1.34E-02
1.32E-02
1.32E-02
1.30E-02
1.30E-02
1.28E-02
1.28E-02
1.26E-02
1.26E-02
1.23E-02
1.23E-02
1.21E-02
1.21E-02
1.18E-02
1.18E-02
1.15E-02
1.15E-02
1.11E-02
1.11E-02
1.08E-02
1.08E-02
1.05E-02
1.05E-02

1.57E-02
1.57E-02
1.53E-02
1.53E-02
1.50E-02
1.50E-02
1.47E-02
1.47E-02
1.45E-02
1.45E-02
1.43E-02
1.43E-02
1.41E-02
1.41E-02
1.39E-02
1.39E-02
1.38E-02
1.38E-02
1.36E-02
1.36E-02
1.35E-02
1.35E-02
1.33E-02
1.33E-02
1.32E-02
1.32E-02
1.30E-02
1.30E-02
1.29E-02
1.29E-02
1.27E-02
1.27E-02
1.25E-02
1.25E-02
1.23E-02
1.23E-02
1.21E-02
1.21E-02
1.19E-02
1.19E-02
1.17E-02
1.17E-02
1.15E-02
1.15E-02
1.12E-02
1.12E-02
1.10E-02
1.10E-02

-1.85E-03
-1.85E-03
-1.90E-03
-1.90E-03
-1.94E-03
-1.94E-03
-1.98E-03
-1.98E-03
-2.02E-03
-2.02E-03
-2.07E-03
-2.07E-03
-2.11E-03
-2.11E-03
-2.15E-03
-2.15E-03
-2.18E-03
-2.18E-03
-2.22E-03
-2.22E-03
-2.26E-03
-2.26E-03
-2.30E-03
-2.30E-03
-2.33E-03
-2.33E-03
-2.37E-03
-2.37E-03
-2.40E-03
-2.40E-03
-2.44E-03
-2.44E-03
-2.47E-03
-2.47E-03
-2.50E-03
-2.50E-03
-2.54E-03
-2.54E-03
-2.57E-03
-2.57E-03
-2.60E-03
-2.60E-03
-2.63E-03
-2.63E-03
-2.66E-03
-2.66E-03
-2.69E-03
-2.69E-03

4.46E-03
4.45E-03
4.50E-03
4.47E-03
4.53E-03
4.49E-03
4.56E-03
4.51E-03
4.58E-03
4.52E-03
4.60E-03
4.53E-03
4.62E-03
4.54E-03
4.63E-03
4.55E-03
4.64E-03
4.56E-03
4.66E-03
4.57E-03
4.67E-03
4.58E-03
4.68E-03
4.59E-03
4.69E-03
4.59E-03
4.71E-03
4.60E-03
4.72E-03
4.61E-03
4.74E-03
4.63E-03
4.76E-03
4.64E-03
4.78E-03
4.65E-03
4.81E-03
4.67E-03
4.83E-03
4.68E-03
4.86E-03
4.70E-03
4.89E-03
4.72E-03
491E-03
4.74E-03
4.94E-03
4.76E-03

2.53E-03
2.53E-03
2.68E-03
2.68E-03
2.80E-03
2.80E-03
2.91E-03
2.91E-03
3.00E-03
3.00E-03
3.08E-03
3.08E-03
3.16E-03
3.16E-03
3.22E-03
3.22E-03
3.29E-03
3.29E-03
3.34E-03
3.34E-03
3.40E-03
3.40E-03
3.46E-03
3.46E-03
3.51E-03
3.51E-03
3.57E-03
3.57E-03
3.63E-03
3.63E-03
3.70E-03
3.70E-03
3.76E-03
3.76E-03
3.84E-03
3.84E-03
3.91E-03
3.91E-03
3.99E-03
3.99E-03
4.08E-03
4.08E-03
4.16E-03
4.16E-03
4.25E-03
4.25E-03
4.34E-03
4.34E-03
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R26R26
R26Q27
R27R27
R27Q28
R28R28
R28Q29
R29R29
R29Q30
R30R30
R30Q31
R31R31
R31Q32
R32R32
R32Q33
R33R33
R33Q34
R34R34
R34Q35
R35R35
R35Q36
R36R36
R36Q37
R37R37
R37Q38
R38R38
R38Q39
R39R39
R39Q40
R40R40
R40Q41

13.0000
13.6454
13.5000
14.1454
14.0000
14.6454
14.5000
15.1454
15.0000
15.6454
15.5000
16.1454
16.0000
16.6454
16.5000
17.1454
17.0000
17.6454
17.5000
18.1454
18.0000
18.6454
18.5000
19.1454
19.0000
19.6454
19.5000
20.1454
20.0000
20.6454

13162.667199
13164.863780
13162.851444
13165.056692
13162.937800
13165.151696
13162.925820
13165.148346
13162.815044
13165.046185
13162.605000
13164.844743
13162.295205
13164.543538
13161.885164
13164.142076
13161.374371
13163.639853
13160.762306
13163.036352
13160.048441
13162.331043
13159.232232
13161.523386
13158.313128
13160.612828
13157.290562
13159.598804
13156.163959
13158.480739

1.338E-28
1.419E-28
9.646E-29
1.022E-28
6.855E-29
7.249E-29
4.800E-29
5.069E-29
3.313E-29
3.494E-29
2.254E-29
2.374E-29
1.512E-29
1.590E-29
9.993E-30
1.050E-29
6.514E-30
6.837E-30
4.186E-30
4.390E-30
2.653E-30
2.779E-30
1.658E-30
1.735E-30
1.022E-30
1.069E-30
6.211E-31
6.490E-31
3.723E-31
3.888E-31

0.02209
0.02320
0.02213
0.02320
0.02217
0.02320
0.02221
0.02321
0.02224
0.02321
0.02227
0.02321
0.02230
0.02321
0.02233
0.02321
0.02235
0.02321
0.02237
0.02321
0.02240
0.02321
0.02241
0.02321
0.02243
0.02321
0.02245
0.02320
0.02246
0.02320

979.08123

976.88465
1054.07165
1051.86640
1131.81152
1129.59762
1212.29779
1210.07526
1295.52730
1293.29615
1381.49677
1379.25703
1470.20284
1467.95451
1561.64201
1559.38510
1655.81069
1653.54521
1752.70517
1750.43112
1852.32164
1850.03903
1954.65617
1952.36501
2059.70473
2057.40503
2167.46318
2165.15494
2277.92727
2275.61049

1.01E-02
1.01E-02
9.83E-03
9.83E-03
9.52E-03
9.52E-03
9.23E-03
9.23E-03
8.96E-03
8.96E-03
8.70E-03
8.70E-03
8.46E-03
8.46E-03
8.24E-03
8.24E-03
8.04E-03
8.04E-03
7.86E-03
7.86E-03
7.70E-03
7.70E-03
7.55E-03
7.55E-03
7.41E-03
7.41E-03
7.29E-03
7.29E-03
7.17E-03
7.17E-03

1.08E-02
1.08E-02
1.05E-02
1.05E-02
1.03E-02
1.03E-02
1.01E-02
1.01E-02
9.89E-03
9.89E-03
9.69E-03
9.69E-03
9.50E-03
9.50E-03
9.32E-03
9.32E-03
9.15E-03
9.15E-03
9.00E-03
9.00E-03
8.85E-03
8.85E-03
8.72E-03
8.72E-03
8.59E-03
8.59E-03
8.48E-03
8.48E-03
8.38E-03
8.38E-03

-2.71E-03
-2.71E-03
-2.74E-03
-2.74E-03
-2.77E-03
-2.77E-03
-2.79E-03
-2.79E-03
-2.82E-03
-2.82E-03
-2.84E-03
-2.84E-03
-2.87E-03
-2.87E-03
-2.89E-03
-2.89E-03
-2.91E-03
-2.91E-03
-2.94E-03
-2.94E-03
-2.96E-03
-2.96E-03
-2.98E-03
-2.98E-03
-3.00E-03
-3.00E-03
-3.02E-03
-3.02E-03
-3.04E-03
-3.04E-03

4.97E-03
4.77E-03
5.00E-03
4.79E-03
5.02E-03
4.81E-03
5.05E-03
4.82E-03
5.07E-03
4.84E-03
5.09E-03
4.85E-03
5.11E-03
4.87E-03
5.13E-03
4.88E-03
5.15E-03
4.89E-03
5.16E-03
4.90E-03
5.18E-03
4.91E-03
5.19E-03
4.92E-03
5.20E-03
4.92E-03
5.21E-03
4.93E-03
5.22E-03
4.94E-03

4.43E-03
4.43E-03
4.52E-03
4.52E-03
4.61E-03
4.61E-03
4.69E-03
4.69E-03
4.77E-03
4.77E-03
4.85E-03
4.85E-03
4.92E-03
4.92E-03
4.99E-03
4.99E-03
5.05E-03
5.05E-03
5.11E-03
5.11E-03
5.17E-03
5.17E-03
5.22E-03
5.22E-03
5.27E-03
5.27E-03
5.31E-03
5.31E-03
5.35E-03
5.35E-03
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Figure 1. Upper panel: Recorded absorption spectrum of the R-branch of the O, 4-band at 0.234 kPa (1.75
Torr) '"O-enriched gas (see Table 1 for composition) at 299.5 K. Lower panel: The above scan between
13134.0-13138.5 cm™' with isotopologue assignments shown.
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Figure 2. Comparison of measured FS-CRDS intensities (S;) to intensities calculated using the
standard model of Gamache et al. [47] with the Honl-London factors of Watson [48] (S,,) for the
1%0,, 1*0'%0, and '*0, isotopologues. Also shown is a quadratic Herman-Wallis (HW) correlation
[44] of the form F=(1+a1m+a2m2)2 where a; and a, were determined via a fit to the '°0,
measurements to be —2.6580x10™* and 3.3622x107°, respectively. As can be seen, this correlation
matches the '°0'0 and '*0, measurements to within the experimental uncertainty.
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Appendix A: Supplementary Material

Table S1. Measured '°0'’0 (1617) line positions, uncertainties (Unc), and the difference between observed
line positions (Obs) and those calculated (Calc) using the parameters found in Tables 2 and 3. All
measurements were made on the '’O-enriched sample (see Table 1 for isotopic composition).

Assignment AN N” AJJ' Position (cm™)  Unc (10° cm™)  Obs-Calc (10° cm™)  Sample
ROQ1 13126.50416 25 -14 17
RIR1 13127.31879 25 -2 17
R1Q2 13129.20387 25 41 17
R2R2 13129.83936 25 54 17
R3Q4 13134.22093 24 -57 17
R4R4 13134.60675 24 -48 17
R4Q5 13136.58025 24 -6 17
R5R5 13136.85489 24 -41 17
R5Q6 13138.84470 24 1 17
RO6R6 13139.01246 24 7 17
R6Q7 13141.01599 48 7 17
R7R7 13141.07838 48 9 17
R8R8 13143.05334 48 52 17
R7Q8 13143.09510 48 52 17
R9R9 13144.93589 24 14 17
R8Q9 13145.08106 24 16 17
R10R10 13146.72690 24 4 17
R9Q10 13146.97505 24 11 17
RI11R11 13148.42558 24 -33 17
R10Q11 13148.77642 72 -25 17
R12R12 13150.03266 24 1 17
R11Q12 13150.48610 48 15 17
R13R13 13151.54712 24 30 17
R12Q13 13152.10239 24 -25 17
R14R14 13152.96802 24 -13 17
R13Q14 13153.62646 24 -6 17
R15R15 13154.29624 48 -12 17
R14Q15 13155.05754 24 16 17
R16R16 13155.53118 24 4 17
R15Q16 13156.39490 24 -5 17
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Table S2. Measured '°0'*0 (1618) line positions, uncertainties (Unc), and the difference between observed
line positions (Obs) and those calculated (Calc) using the parameters found in Tables 2 and 3.
Measurements were made on either the '"O-enriched (17) or '®O-enriched (18) sample (see Table 1 for
isotopic compositions).

Assignment AN N” AJJ' Position (cm™)  Unc (10° cm™)  Obs-Calc (10° cm™)  Sample

ROQ1 13127.42102 24 -19 18
RIR1 13128.15250 24 -2 18
R1Q2 13130.04493 24 37 18
R2R2 13130.60487 24 -12 18
R2Q3 13132.53661 24 28 18
R3R3 13132.96980 24 34 18
R3Q4 13134.92577 24 -26 18
R4R4 13135.24562 24 -17 18
R4Q5 13137.22106 24 -22 18
R5R5 13137.43362 24 -19 18
R5Q6 13139.42508 24 24 18
R6R6 13139.53362 24 28 18
R8RS 13143.46604 48 -19 17
R7Q8 13143.56077 72 -22 17
RY9R9 13145.29942 47 25 17
R8Q9 13145.49450 48 16 17
R10R10 13147.04291 72 7 17
R9Q10 13147.33810 72 12 17
RI1IRI1 13148.69669 72 -29 17
R10Q11 13149.09159 72 -29 17

26



Table S3. Measured '"0'70 (1717) line positions, uncertainties (Unc), and the difference between observed
line positions (Obs) and those calculated (Calc) using the parameters found in Tables 2 and 3. All
measurements were made on the '"O-enriched sample (see Table 1 for isotopic composition).

Assignment AN N'" AJJ" Position (cm")  Unc (10°cm?) Obs-Calc (10° cm™) Sample

R1Q2 13130.15582 25 118 17
R2R2 13130.70447 24 -84 17
R2Q3 13132.63690 24 -40 17
R3R3 13133.06098 24 -37 17
R3Q4 13135.01845 24 8 17
R4R4 13135.32964 24 6 17
R4Q5 13137.30543 24 4 17
R5R5 13137.50982 24 -2 17
R5Q6 13139.50152 72 43 17
R6R6 13139.60232 24 36 17
R8RS 13143.52076 48 -26 17
R7Q8 13143.62248 48 -12 17
R9R9 13145.34761 24 6 17
R8Q9 13145.54933 24 20 17
R10R10 13147.08496 48 -15 17
R9Q10 13147.38627 72 -4 17
RI1IRI1 13148.73287 72 -61 17
R10Q11 13149.13360 48 -46 17
R11Q12 13150.79213 72 -13 17
R12Q13 13152.36039 72 -34 17
R14R14 13153.14054 72 -25 17
R13Q14 13153.83907 72 -20 17
R14Q15 13155.22859 73 94 17
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Table S4. Measured '"0"*0 (1718) line positions, uncertainties (Unc), and the difference between observed
line positions (Obs) and those calculated (Calc) using the parameters found in Tables 2 and 3. All
measurements were made on the '"O-enriched sample (see Table 1 for isotopic composition).

Assignment AN N'" AJJ" Position (cm")  Unc (10°cm?) Obs-Calc (10° cm™) Sample

ROQ1 13128.47552 26 44 17
RIR1 13129.11188 26 45 17
R1Q2 13131.01134 25 -103 17
R2Q3 13133.42487 101 10 17
R3R3 13133.77793 24 -52 17
R3Q4 13135.73912 24 -4 17
R4R4 13135.98394 24 -7 17
R4Q5 13137.96239 24 -5 17
R5R5 13138.10400 24 -8 17
R5Q6 13140.09715 48 0 17
R6R6 13140.13850 48 0 17
R7R7 13142.08746 48 36 17
R6Q7 13142.14478 48 41 17
R8RS 13143.94964 24 -5 17
R7Q8 13144.10457 24 0 17
R9R9 13145.72637 24 28 17
R8Q9 13145.97833 24 37 17
R9Q10 13147.76485 24 28 17
R1IRI11 13149.01928 24 -20 17
R10Q11 13149.46426 24 -11 17
R12R12 13150.53621 72 17 17
R11Q12 13151.07750 24 28 17
R13R13 13151.96521 24 -32 17
R12Q13 13152.60288 24 -12 17
R14R14 13153.30771 24 0 17
R13Q14 13154.04153 24 2 17
R15R15 13154.56239 24 6 17
R14Q15 13155.39282 24 27 17
R16R16 13155.72892 24 -19 17
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Table S5. Measured '*0'*0 (1818) line positions, uncertainties (Unc), and the difference between observed
line positions (Obs) and those calculated (Calc) using the parameters found in Tables 2 and 3.
Measurements were made on either the '"O-enriched (17) or '®O-enriched (18) sample (see Table 1 for
isotopic compositions).

Assignment AN N'" AJJ" Position (cm")  Unc (10°cm?) Obs-Calc (10° cm™) Sample

RIR1 13129.97558 24 33 18
R1Q2 13131.88468 24 11 18
R3R3 13134.50922 24 -35 18
R3Q4 13136.47434 24 9 18
R5RS 13138.71252 24 7 18
R5Q6 13140.70756 24 2 18
R7Q8 13144.60107 49 10 17
RY9R9 13146.11954 26 49 17
R11IR11 13149.31970 26 -25 17
R13R13 13152.18353 26 -23 17
R13Q14 13154.25810 73 -2 17
R15R15 13154.70863 28 -4 17
R17R17 13156.89267 29 -3 17
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