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Abstract

Electric quadrupole transitions in the a'A; — X %, band of '°O, near 1.27 um are
reported for the first time. They were first detected in atmospheric solar spectra acquired
with a ground based Fourier transform spectrometer (FTS) in Park Falls, WI .
Subsequently high-sensitivity CW-Cavity Ring Down Spectroscopy (CW-CRDS)
experiments were carried out at Grenoble University in the 7717-7917 cm™ region in
order to provide quantitative intensity information for electric quadrupole transitions.
Measured intensities were used as input data for calculation of the complete list of
electric quadrupole transitions with AJ=%2, +1 and 0. The calculation was carried out for
the intermediate coupling case and assuming that these transitions are possible only
through spin-orbit perturbation of the £2=0 component of the ground electronic state by b
129+ state. The calculated line list agrees well with experimental measurements and was
used to improve the residuals of the solar atmospheric spectrum. Emission probability for

the electric quadrupole band was determined to be (7.94+0.80)x107" s,



Introduction

Electronic transitions of oxygen have been a subject of over a hundred of theoretical,
laboratory and field (atmospheric) studies for over a century. Of particular interest are
transitions that involve X °Z4, a'Agand b*Z," electronic states that arise from the ground
electron configuration of oxygen. Since all three of these states have gerade symmetry,
only magnetic dipole (M1) and electric quadrupole transitions (E2) are possible between
them. The majority of the previous works have reported the magnetic dipole components
with an exception of studies of the so-called Noxon band ,(b129+— alAg) near 1.91 um
[1] that is purely electric quadrupole in nature. Also electric quadrupole transitions within
the ground electronic state have been known for a long time [2-4] and are already
tabulated in the HITRAN database [5]. Studies of the singlet-triplet electric quadrupole
transitions are relatively limited. The b*Z," — X %, electric quadrupole transitions near
760 nm were first observed by Brault [6] who identified eight lines in the solar spectrum.
The first laboratory observation of a single line was reported in the work of Naus et al
[7], and very recently Long et al [8] have carried out high-quality quantitative
measurements of nine E2 transitions in the A-band using frequency-stabilized cavity
ring-down spectroscopy (FS-CRDS) technique. The latter study allowed determination
of the band strength of the electric quadrupole component of the A-band which was
reported to be equal to only ~8x10® of the magnetic dipole component intensity. No
electric quadrupole lines in the alAg — X 329' band near 1.27 um (from hereon referred
as 1Delta band) were identified before. Even sensitive CRDS studies such as those by
Newman et al [9, 10] did not report the E2 contributions due to their anticipated
weakness. Indeed, the theoretical predictions of the emission probability for the E2
component in the classic work of Klotz et al [11] gives value of 5x10” s which is
significantly lower than the value measured for the magnetic dipole component 2.19x10™
s' [9]. However, even this value (which is underestimated as will be shown in the
discussion section) is still larger than the one predicted in the same paper for the
quadrupole transitions for the A-band (1.55x107 s). Moreover, Sveshnikova and
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Minaev [12] have predicted even larger value of 2.3x10° s™, although in the later



publication Minaev and Agren [13], corroborated value from Klotz et al [11]. Thus,
considering that 1Delta transitions are located at a lower wavenumber, one would expect
their E2 band intensity to be at least an order of magnitude stronger than that of the A-
band (see Eq. (19) of Ref. [14]).

In accordance with this logic, we report the identification of electric quadrupole
transitions in the 1Delta band in solar atmospheric spectra and their subsequent
confirmation in the laboratory using cavity ring down spectroscopy. In addition, an
extensive line list of all E2 lines with intensities larger than 10 cm/molecule was
generated assuming intermediate coupling Hund’s case (a-b). This list was used in
combination with magnetic dipole line list in order to simulate the solar atmospheric

spectrum and yielded improved residuals.

It is our pleasure to contribute this article to the special issue to celebrate Laurence
Rothman’s jubilee. His contributions to the spectroscopy of oxygen [2, 3, 15-19] are
many and invaluable as reference data for atmospheric, planetary and industrial
applications. It makes this paper particularly appropriate for the special issue that
addition of the oxygen molecule to the AFGL spectral database was Laurence Rothman’s

first task when he started to work on that project.
First identification in atmospheric solar spectra

Solar spectra were acquired with a ground based Fourier transform spectrometer (FTS) in
Park Falls, W1 (460m asl). This instrument is a Bruker IFS125HR belonging to the Total
Carbon Column Observing Network (TCCON) [20] (PI; Paul Wennberg, Caltech), as
described by Washenfelder et al.[21]. The 7800-8000 cm™ region containing the O,
absorption band is important for high-accuracy measurements of atmospheric greenhouse
gases (e.g., CO,, CHy4). This is because ratioing the column abundance of CO, or CH, to
that of O,, cancels many common systematic errors (e.g. pointing errors, instrument line
shape (ILS) uncertainties, zero level offsets). The 1Delta O, band has therefore received

a great deal of scrutiny from the TCCON community to ensure that the retrieved O,



column amounts are free from systematic error. This scrutiny led to the discovery of the
missing quadrupole lines which are the subject of this paper.

The spectrum in Figure 1 was measured in December 2004 at a solar zenith angle of
82.45°, thus representing an airmass of 7. It was cold on the day of the measurement (-
20°C) which means that the interfering H,O lines are relatively weak, making it easier to
see the defects in the O, spectroscopy. In spectra acquired in summer, the spectral fitting
residuals tend to be dominated by H,O. In Figure 1a the solar spectrum was fitted using
latest official release of HITRAN database [5], while in Figure 1b it was fitted using a
superior Oy line list provided by Prof. Andrew Orr-Ewing, based on the work of Newman
et al [10] with some minor adjustments described in Ref [21]. This list has been used for
an update of the HITRAN2008 [5] oxygen line parameters, which is now located on the
HITRAN website in the file 07_hit09.par.

Approximate location for Figure 1.

In Figure 1b one can see that there are several lines (most prominently between 7890 and
8000 cm™) that are not accounted for in the reference line lists. These missing lines
appear as dips in the residuals. From fits to other spectra measured from Park Falls, we
knew that their depth was proportional to the airmass, so we were confident that they
originated in the Earth’s atmosphere, not the sun’s, nor inside the spectrometer. And
since they were the same depth year-round, they were not due to a varying gas such as
H,0. Although this pointed towards the missing lines as being O,, it was difficult to
explain why their spacing of 16 cm™ was so large considering that rotational constant of
0, is 1.4 cm™. It was therefore certain that these lines were not magnetic dipole
oxygen lines.

A previous detection of the electric quadrupole transitions in the solar spectrum of
oxygen A band [6], where eight lines were observed with a similar spacing, suggested
that the missing 1Delta lines might be electric quadrupole in nature. We therefore used
the same program and input constants that were used for calculation of magnetic dipole
transitions in HITRAN database [18] to predict the electric quadrupole line positions of

the a'A; — X *Z, band. The comparison of calculated line positions with the observed



solar spectrum immediately confirmed that the unidentified lines in Figure 1b are in fact
electric quadrupole lines. The lines that are apparent from the Figure are R(1)S(0),
T(3)S(4), T(5)S(6), T(7)S(8), T(9)S(10), T(11)S(12) and T(13)S(14). Notation of the
branches is given as AN(N)AJ(J) (see details below). Not all the quadrupole lines give
rise to dips in the residuals — those that overlap saturated magnetic dipole absorptions are
masked.

It was apparent that in order to fit the solar spectrum with better residuals than those in
Figure 1b one has to include reliable reference data not only for electric quadrupole line
positions but also for their intensities. The intensities that can be estimated directly from
the solar spectrum can not be very accurate due to the overlap with interfering
absorptions (e.g. H,O, O, magnetic dipole, solar absorptions) and the difficulty of
evaluating the effective path length at high solar zenith angles. In order to determine
better intensity data, very high-sensitivity CRDS experiments at the Grenoble University
were carried out. The measurement of the isolated electric quadrupole lines provided
necessary input parameters for calculations of the E2 lines with intensity greater than 10
% cm™/(molecule cm™). This calculated line list was then included into the fit of the
solar spectrum in Figure 1, yielding improved residuals (Figure 1c). Note that only
AJ=%2 lines were included in the fit to avoid potential correlation of AJ=x1 and 0
quadrupole lines with corresponding magnetic dipole lines. The details of the laboratory

experiments and line list calculations are given below.

Laboratory measurements

The high-sensitivity absorption spectrum of oxygen was recorded at Grenoble
University by CW-Cavity Ring Down Spectroscopy (CW-CRDS) in the 7717-7917 cm™
region. The fibered distributed feedback (DFB) laser CW-CRDS spectrometer used for
these recordings has been described in Refs.[22-24]. Each DFB laser diode has a typical
tuning range of about 40 cm™ by temperature tuning from -5°C to 60°C. The whole
5850-7917 cm™ is accessible by using a series of 65 DFB lasers. For the present
experiment, six DFB laser diodes were sufficient to cover the 7717-7917 cm™ region of

interest.



Approximate location for Figure 2.

The electro-polished stainless steel ringdown cell (I= 2 m, inner diameter @= 11
mm) is fitted by a pair of super-mirrors. The reflectivity of the used mirrors (about
99.997 %) corresponds to empty cell ring down times of about =~ 200 ps. About one
hundred ringdown events were averaged for each spectral data point; the complete
temperature scan of one DFB laser (15000 spectral points) required about 70 minutes.
The achieved noise equivalent absorption is about amin ~ 4x10™ cm™ over the whole
spectrum. The pressure (measured by an MKS 100 Torr full range capacitance gauge
with a 0.1% accuracy) and the ringdown cell temperature were monitored during the
spectrum recording. Fig. 2 shows the overview of the spectrum recorded at a pressure of
50.00 Torr and a temperature of 300.2 K. The spectrum does not cover the high energy
part of the a'A; — X ®Zy band as, to the best of our knowledge, no fibered DFB laser are
commercially available above 7917 cm™.

Each 40 cm™ wide spectrum recorded with one DFB laser was calibrated
independently on the basis of the wavelength values provided by a Michelson-type
wavemeter (Burleigh WA-1650, 60 MHz resolution and 100 MHz accuracy). The
calibration was further refined by stretching the whole spectrum in order to match
accurate positions of reference lines (see Ref. [24] for details). The magnetic dipole line
positions of the alAg —X 329' band of *°0, positions as provided in the recent HITRAN
update were used for calibration. The typical uncertainty on the line positions is
estimated to be less than 1x10™ cm™.

The DFB linewidth is about one thousandth of the Doppler broadening leading to
a mostly Gaussian line profile. The line centres were determined by using an interactive
least squares multi-line fitting program assuming a line profile of VVoigt type.

An interactive multi-line fitting program was used to determine the line positions

and intensities (http://sourceforge.net/projects/fityk/ version v0.8.6). The complete

spectroscopic information retrieved from the recorded spectrum will be presented in a
separate contribution. In the present paper, we focus on the quadrupole transitions which

were unambiguously identified on the basis of the accurate values of their predicted


http://sourceforge.net/projects/fityk/

positions. The first step of the line profile fitting consisted in the manual determination
of the set of overlapping transitions surrounding the quadrupole transitions that could be
fitted independently. At 50.0 Torr, the pressure broadening has a significant contribution
to the observed line profile and a Voigt function was adopted for the fitting. The local
baseline (assumed to be a linear function of the wavenumber) and the three parameters of
each Voigt profile (line centre, integrated absorbance, HWHM of the Lorentzian
component) were fitted. The HWHM of the Gaussian component was fixed to its
theoretical value (0.00858 cm™). Overall 16 electric quadrupole transitions with
intensities ranging between 7.21x10%° and 1.94x10?® cm/molecule were measured (see
Fig. 3). Their measured line positions and intensities are listed in Table 1. Note that as a
consequence of frequent blending with much stronger lines it is quite difficult to estimate
the experimental uncertainty for intensity measurements and the uncertainties given in
Table 1 are crude estimations.

Approximate location for Figure 3.

Approximate location for Table 1.
Theoretical background and line list calculation

The rotational energy-level diagram of the alAg and X 329' states of ‘°0, species is shown
in Figure 4 (within Hunds case (b) coupling formalism) together with allowed quadrupole
transitions. For *°0, species all rotational levels with total parity (-) are absent in both
electronic states which leaves only one A-doubling component of each rotational level in
the upper state and only odd rotational levels in the ground state (note that each of the
rotational levels in the ground state is split into 3 spin-components, J=N+S). Quadrupole
transitions with AJ=+2, £1 and O are allowed, which leads to 13 possible branches
T(N)S(J), S(N)S(J), R(N)S(J), P(N)O(J), O(N)O(J), N(N)O(J) with AJ=+2, S(N)R(J),
R(N)R(J), P(N)P(J), O(N)P(J) with AJ=t1 and R(N)Q(J), Q(N)Q(J), P(N)Q(J) with
AJ=0. The AJ= %1 and O transitions coincide with much stronger magnetic dipole

transitions and therefore are not observable.

Approximate location for Figure 4.



The line positions were predicted using the same program and input constants that were
used for calculation of magnetic dipole 1Delta transitions in HITRAN database [18].
Significantly more complicated situation is with predicting intensities for the quadrupole
transitions. The lower rotational levels of the ground X 329' electronic state of oxygen
obey intermediate Hund’s coupling case. At higher J values spin-uncoupling to the pure
case (b) occurs. Original predictions of the infrared quadrupole transitions within the
ground state [3] have assumed the pure case (b). However, better agreement with
observations was obtained [4] within a frame of intermediate coupling as suggested by
Balasubramanian et al [25]. This approach was further extended by Balasubramanian
and Narayanan [26] for the E2 transitions in the A band, by combining ideas from Chiu
[27] and Watson [28]. We have adapted the framework of Ref. [26] for deriving
intensities of the 1Delta E2 transitions.

In the intermediate coupling case the eigenfunctions corresponding to three rotational

term series Fi(J) (i=1,2,3) of the X 329' state are given by [25]

| F1> = SJ|3Ei1>+CJ |320>

| F2> :|32¢1> (1)
| F3> =G, |32i1> =S, |320>,

where F; component correspond to J=N+S rotational levels, F, to J=N and F3 to J=N-S.

The coefficients s; and c; are given by following equations:

s = [RO-FEQO
I TV RO-RA)
c. = [EO-RO)
I TVRO-RQ) - )

In the Hund’s case (b) limit s;= (J+1)/(2J+1) and c¢; = J/(2J+1) [28].
The subscripts +1 and 0 in Eg. (1) indicate the values of 2 (£2=A+2) of a particular spin-

component in the ground state, where

|3 X,)= ﬁ[l3 Z_1>i'|3 2] 3)



Naturally for the upper state the eigenfunction will be given as:

[ AL =41 A A (4)

The line strength formula for electric quadrupole transitions involving states with non-
zero electron spin was derived by Balasubramanian et al [25] as

S(J3',J3") :[—Z(ZJSH+1)]| Zag..a*‘ <I‘1'A'S'Z',l)'|(~?2/1 [n"A"SUE" 0"
00 ? (5)

xC(J'"2J", Q" AQ) |7,
where ag are linear coefficients for the linear combination of the intermediate coupling
case basis functions. The purely orbital operator Q,; (4 = £2, +1 and 0) is a molecule-

fixed spherical component of the E2 operator and C(J''2J", Q2" AQ)") is a Clebsch-Gordon

coefficient. The normal selection rules for the electric quadrupole transitions are AA=%2,
+1 and 0 and AS=0 [11], therefore the observed E2 transitions are possible only due to
perturbations, since S'=0 and S"'=1. In this case there is a spin-orbit perturbation of the
=0 component of the ground state by b 129+, and of the ©2=+1 components by a much
higher lying 'T1 state. The later contribution is usually neglected [11-13], and we have
decided to do the same in this work for simplicity. In Figure 4 transitions that involve
|[F,> component of the ground state are shown as dashed lines, because they are purely
=11 and are not considered in the calculation of the line list. Nevertheless, it is worth
noting that this will introduce a small error. The reason for that is that we did tentatively
observed O(N)O(J) and S(N)S(J) transitions which are weaker by about two orders of
magnitude than other AJ=#2 transitions. We are working on the more extensive
experimental effort that will include accurate measurements of O(N)O(J) and S(N)S(J)
transitions and more lines from other branches than the ones reported here, that work will
also include the contribution of (2=+1 in the theoretical treatment [29]. Therefore, only
Q20 matrix element is included into Eq. (5) in the frame of the current work. Using
appropriate Clebsch-Gordon coefficients [30] and Egs. (1) and (5) following expressions
for the line strengths S(J7J”) were derived for each branch represented by solid arrows in

Figure 3.
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T(N)S(J):  Qic,[(J+3)(J +4)/3(23 +3)]

RIN)S(J):  Q2s,[(3 +3)(J +4)/3(2J +3)]

P(N)O(J):  Qzc, [0 -2)( -3)/3(23 -1)]

N(N)O(J):  Qxs,[(J-2)J -3)/3(2J -1)]

S(N)R(J):  Q&c,[2(d +3)/3]

O(N)PM):  Qxs;[2(0-2)/3]

RIN)QU):  Q2c,[2(2d +1)(J +2)(J -1)/(2] -1)(2J +3)]
P(N)QUJ):  Q2s,[2(29 +1)(J +2)(J -1) /(23 -1)(2J +3)]

(6)

It is not surprising that the E2 line strengths formulae derived here are identical to the
ones derived for the 'A—'S transitionsin Table 1 of Ref. [27] multiplied by
corresponding c; or s; coefficients.

The line intensities in HITRAN units (cm™/(molecule cm™)) were calculated using the
following equation [3]:

S=CQZv°S(J'; 3" exp(—C,E"/T)[L—exp(—c,v/T)], (7)

where ¢, is the second radiation constant, T=296 K is the standard temperature used in
HITRAN, E ”is the lower state energy, and v is the wavenumber of the transition.

The value of CQ? was chosen to satisfy the measured intensities of 2 experimental lines
R(1)S(0) and N(13)O(12) that had the smallest experimental uncertainty. The
experimental intensity was converted from measured value at 300 K to the one at 296 K.
It is worth noting that only for R(1)S(0) line the difference between intensities at these
two temperatures exceeds 1%. The R(1)S(0) line was given a highest weight because it is
a well isolated strong line, see Figure 2. In addition it is the only electric quadrupole line
with AJ=%2 that involve only £2=0 component of the ground state, is insensitive to which
Hund’s coupling case is assumed and therefore is a perfect input parameter for the chosen
model.

In Figure 3 the predicted electric quadrupole lines with AJ=+2 are shown, together with
experimental results (recall that we neglected S(N)S(J) and O(N)O(J) lines and therefore
they are not shown). The agreement is quite satisfactory; all the predicted intensities are
within experimental uncertainties from measured values. Predicted lines with AJ=%2 that

are stronger than 10 cm™/(molecule cm™) are also given in Table 2. The complete line
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list for quadrupole transitions that include transitions with AJ=+2, +1 and 0 is given in the
supplementary file. Considering that we have neglected the contribution from the ©Q=+1
components in the ground state and experimental uncertainties of the input values the
intensities of the lines are expected to have uncertainty of 5-10%, while the line positions
should be reliable to 0.001 cm™.

Approximate location for Table 2.
Discussion

The electric quadrupole a'A, — X *% transitions observed in this work have shown that
their intensities, while still being quite weak in comparison with magnetic dipole
transitions, are not negligible as was previously thought. Indeed the predicted (previous
section) integrated intensity of all AJ=%2, £1 and O transitions of the E2 band given in
supplementary material is (1.13+0.11)x10% cm™/(molecule cm®) while integrated
intensity of the magnetic dipole band is (3.10+0.10)x10%* cm™/(molecule cm?) [9].
Therefore the ratio of magnetic dipole to electric quadrupole contributions to the alAg —
X 329' band is only ~275 while for the A band it is ~120,000 [8]. This implies that
despite that magnetic dipole intensities of the A band being much stronger than those of
1Delta band, the electric quadrupole intensities of the A band are in fact weaker. From
the integrated band intensity one can derive total emission probability (Einstein A
coefficient) [31] which in this case is equal to (7.94+0.80)x10 s. The theoretical
calculations of Klotz et al [11] gives value of 5x107 s™. One can note that Equation (7c)
of Ref. [11] (which was used there to calculate emission probability) is missing a factor
of (3/2), which is needed to reflect relative degeneracy in the X 329' and alAg states [9,
31]. If the factor of (3/2) is introduced, the theoretical Einstein A coefficient becomes
equal to 7.5x107 s™, a value that is remarkably close to the one obtained in this work.
Total emission probability of the E2 band in the A band can be derived from the
integrated band intensity (1.8+0.1)x10?" cm™/(molecule cm™) reported by Long et al [8]

and is equal to (7.0£0.1)x10”7 s*. The corresponding value from Klotz et al [11] is
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1.55x107 s which also misses a factor accounting for relative degeneracy of the X >%y
and b 'z," states, which in this case is a factor of 3. Although the resulting theoretical
value of 4.65x107 s™ is smaller than the value derived from integrated intensity from
Ref. [8] it still shows fairly good agreement. Finally it is worth noting that the emission
probability of the electric quadrupole a'A; — X 24 transitions is much smaller than the
one of the spin-allowed by electric quadrupole selection rules, b12g+ — alAg transitions,

which is most recently measured to be (1.20 +0.25)x107% s [32].

The predicted line list shows that electric quadrupole transitions with AJ=+1 and 0 are
slightly stronger than those with AJ=%2. Indeed as it was already mentioned the
integrated intensity of all allowed E2 transitions is (1.13+0.11)x10%® cm™/(molecule cm®
%), however, the integrated intensity of only AJ=+2 lines is just ( 2.18+0.22)x10%" cm’
Y(molecule cm?®). The AJ=+1 and O transitions cannot be observed, due to their
coincidence with corresponding magnetic dipole lines. Nevertheless, they can introduce
up to 1.5% error into intensities of magnetic dipole lines. It will be interesting in the
future to reevaluate results from previous magnetic dipole transition measurements (such
as the ones in Ref. [9]) for consistency between the branches that coincide with those of

electric quadrupole transitions and those that do not.
Conclusion

The electric quadrupole a'A, — X %4 transitions were observed and identified for the
first time in ground-based solar absorption spectra, thanks to a long absorption path
through the atmosphere and a good line list representing the O, magnetic dipole
transitions.  In order to provide an accurate reference data to fit the quadrupole
transitions observed in the solar spectrum, high-sensitivity CRDS experiments were
carried out at the Grenoble University under controlled conditions. Experiments have
confirmed the assumption that the contribution from the ©2=+1 component of the ground
electronic state is insignificant in comparison with that from ©2=0 component. Intensities

of two of the stronger quadrupole transitions, well isolated from the magnetic dipole

13



lines, were measured and used to derive the input parameters for calculation of the
complete electric quadrupole line list. The line list was then used to fit the solar spectrum
yielding an improvement. The Einstein A coefficient derived in this work agrees well
with the theoretical prediction by Klotz et al [11] corrected by a factor of 3/2. Strongest
AJ=%2 quadrupole transitions will be added to the next edition of the HITRAN database.
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Figure captions.

Figure 1. Solar FTS spectrum of the a *Aq- X *Z4" band of oxygen measured in
December 2004 from Park Falls, Wisconsin (442 m asl) at a solar zenith angle of 82.45°.
a) Fitted usingthe HITRANZ2008 file of magnetic dipole transitions; b) Fitted using
updated HITRANZ2008 file (07_hit09.par) of magnetic dipole transitions based on the
work of Orr-Ewing; ¢) adding the calculated electric quadrupole line list. In each panel,
the black diamond symbols represent the measured spectrum, and the black line
represents the calculation. The residual trace at the top of each panel represents their
difference (Measured-Calculated). The various colored lines represent the various
contributions to the calculated transmittance. The O, collision induced absorption (orange
curve) is fitted separately from the discrete O, absorption (red curve). Note that the RMS
residual in panel c¢) is almost a factor 2 better than that in panel a). The spectrum,
acquired in 75 s of integration time, was one of over 300 measured on this day. It
represents an effective atmospheric path length of over 50 km.

Figure 2. Overview of the alAg — X 329' band of oxygen recorded by CW-CRDS
positions (P=50.0 Torr, T= 300.2 K). The two enlargements show the N(13)O(12) and
R(1)S(0) electric dipole transitions lying between the much stronger magnetic dipole
transitions.

Figure 3. Predicted and observed intensities of the electric quadrupole transitions with
AJ=%2. Transitions that involve J”=N"" levels are not shown, as they were ignored within
the model applied in calculation. Quantum identifications of few lines are shown as
reference points.

Figure 4. The energy level diagram of the X 329' and alAg states of *°0,. Allowed
electric quadrupole transitions are shown with arrows. Dashed arrows indicate transitions
from the spin-component of the ground state that is purely [£2=1 in nature. The A-
doubling of the rotational levels of the excited state is not shown, because for each
rotational level one of the components is missing in *°0y.
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Table(s)

Table 1. Experimental line positions and intensities.

1 S,
cm/molecule

7723922  1.15(10)E-29  N(19)O(18)

v, ctm Assignment

7760599  2.69(49)E-29  N(15)0(14)
7778728 2.93(30)E-29  N(13)0(12)
7796.716  2.80(34)E-29  N(11)O(10)
7814558  2.90(35)E-29 N(9)O(8)
7816.000  7.21(14)E-30  P(23)0(24)
7832258  1.89(22)E-29 N(7)0(6)
7837280  2.29(52)E-29  P(15)O(16)
7844.068  2.87(57)E-29  P(13)O(14)
7850.698  3.10(93)E-29  P(11)O(12)
7857.171  3.49(11)E-29  P(9)O(10)
7892.018  1.94(8)E-28 R(1)S(0)
7895612  7.64(220)E-29  R(3)S(2)
7909.781  1.19(18)E-28 T(1)S(2)
7910920  9.58(240)E-29  R(9)S(8)

7915717  6.98(115)E-29  R(11)S10)




Table(s)

Table 2. Predicted line positions and intensities for transitions with AJ=+2, except
S(N)S(J) and O(N)O(J) branches

v, cm? S, cm/molecule  Assignment

7705.3788 7.37E-30 N21020
7723.9231 1.15E-29 N19018
7742.3307 1.66E-29 N17016
7760.5998 2.20E-29 N15014
7778.7286 2.66E-29 N13012
7796.7154 2.86E-29 N11010
7808.5976 5.19E-30 P23024
7814.5587 2.61E-29 N 90 8
7816.0008 8.77E-30 P21022
7823.2496 1.38E-29 P19020
7830.3439 2.03E-29 P17018
7832.2583 1.81E-29 N 706
7837.2836 2.76E-29 P15016
7844.0684 3.46E-29 P13014
7849.8173 5.69E-30 N 50 4
7850.6977 3.94E-29 P11012
7857.1707 3.99E-29 P 9010
7863.4862 3.45E-29 P708
7869.6413 2.27E-29 P50 6
7875.6298 6.80E-30 P304
7892.0174 1.96E-28 R1S0
7895.6124 9.68E-29 R3S 2
7900.8507 1.03E-28 R 5S4
7905.9615 1.03E-28 R7S6
7909.7810 1.13E-28 T1S2
7910.9190 9.41E-29 R9S 8



7915.7162
7920.3493
7924.8158
7926.6632
7929.1137
7933.2407
7937.1948
7940.9739
7943.3445
7959.8465
7976.1715
7992.3183
8008.2844
8024.0666
8039.6615
8055.0656
8070.2751
8085.2860

8.02E-29
6.38E-29
4.74E-29
1.24E-28
3.30E-29
2.15E-29
1.32E-29
7.60E-30
1.28E-28
1.24E-28
1.12E-28
9.44E-29
7.43E-29
5.48E-29
3.80E-29
2.47E-29
1.51E-29
8.69E-30

R11S10
R13S12
R15S14
T3S54
R17S16
R19S18
R21S20
R23522
T5S6
T7S8
T 9S10
T11S12
T13S14
T15S16
T17S18
T19S20
T21S22
T23524




B2.45° Z,

0.4Bkm o= 0.5408% fdz= 4.439:0.(

141222=aaaaa.022

' 2
t=olar

-

|

Il

|

It . . 1
Y e A
S SN
| TR —e—ASSANRI—-
.II,
T ——
- A
L5 s
-
y
-~ [
DD O = w = o L=
[ I - o ) =] o [
BOPISIY % FOURYILISURI],
~

8000

7900 7950

TaE0

7800

' 2
t=olar

= 4389101

M

I

Il

0.4Bkm o= 0.3162% [dz
r

L

lW"
a0

I

B2.45° 7,
B2.45° 7,

T
|

141222=ana8a.022 ¢

BOPISIY % BOURYTLUSURI],

~
0

000

7E50

Ta00

7800

0.48km @,,= 0.2908% [dz= 4.385+0.(

141222=aaaaa.022

BNpISaY

|

Il

I

I

Wavenumber (cm)

i
I

1

1"

L

fEil'IIi,'I\l’\l

\
|

"y

1.0
0.8
.8
4
ol
a

= = o o
% SOURYILISURI],

8000

7900 7950

TaE0

7800



Figure(s)

Flf-\ 6_
=
O
O
o 4
—
N
o
C 2-
QL
L LG
=S RN o A T I T A
O 7750 7800 7850 7900
O
— 0.003 J
S | N13012 b Riso
Q. 0.002- 0.01-
o
S

0.001-
<

0.000- 0.00-

7778.5 7779.0 7891.8  7892.0  7892.2

Wavenumber (cm™) Wavenumber (cm”)



Figure(s)

Intensity, cm " /(molecule cm *)

-28 [ _
2.0x10 _ % RODS(O) _
1.8x107°° | -

T | 8 NNOQE) _
1.6x10%° - | ® P(N)O(QJ) -

L | © RIN)SW) :
1.4x10 - v T(N)SQ) —
19v102 L * Experiment vYv 1

. _ , _

-28
1.0x10 - v TDS(12) —_
8.0x10™ | i RADSIO) -
6.0x10% |- J L .

: N(13)0(12) o -
4.0x10% | ! : v -
i o l
o
= = .Q (] [ % v
! | ! | ! | ! | ! | ! | |
7700 7750 7800 7850 7900 7950 8000 8050

-1
Wavenumber, cm

8100



AJ=0

AJ=%1

AJ=%2

O “— o - O ) - 0 o
o N I @20 |
(6)0(6)0
) (OT)O®)
PR A @460
R O R
J (6)d(6)Y
) (oT)d(6)s
o OGN |
’ (6)o(6)O
J (oT)o(6)d
J N ©s©y
J (6)s(6)S
) (ODs6)L
n1/__ H__ ,nlu_ o 0 I~ © o mlu_8
AT
(@]

N=



e-component, for online publication only
Click here to download e-component, for online publication only: supplementary.dat


http://ees.elsevier.com/jqsrt/download.aspx?id=46479&guid=33f73cd1-cd69-4e98-a952-6cba3d9885c1&scheme=1



